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ARTICLE INFO ABSTRACT

Keywords: Despite remarkable progress in the last decade, metastatic prostate cancer (mPCa) remains incurable. The
BRCA approval of PARP inhibitors (PARPis) represents a milestone in this field, which definitively enters the era of
Biomarker precision medicine, as mPCa is often enriched for defects of homologous recombination repair genes. PARPis are
Olaparib . . . . . . o

Rucaparib now used as single agents for patients with metastatic castration-resistant PCa. Moreover, combinations of

PARP inhibitor
Prostate cancer

PARPis plus androgen-receptor targeted agents and immune checkpoint inhibitors, and earlier applications of
PARPis in the metastatic hormone-sensitive PCa are under evaluation, representing the possible upcoming ap-

plications of these agents. Mechanisms of sensitization and resistance have been only partially elucidated. In our
review, we summarize the current clinical evidence regarding PARPis in mPCa and the future directions of these

targeted agents.

1. Introduction

Despite significant improvements in our therapeutic armamentarium
over the last ten years, prostate cancer (PCa) still holds the record for the
most common tumor and the second leading cancer-related death cause
among men worldwide (Siegel et al., 2022). Androgen-deprivation
therapy (ADT) still represents the cornerstone of PCa treatment, with
solid evidence for the use of taxanes (docetaxel, cabazitaxel),
androgen-receptor targeting agents (ARTA - enzalutamide, apaluta-
mide, abiraterone), and radiometabolic therapies in the metastatic
setting (Chen et al., 2022). It has been recently demonstrated that
around one out of four patients with metastatic castration-resistant PCa
(mCRPC) carries mutations in breast cancer gene (BRCA)— 1 and — 2 or
other Homologous recombination repair (HRR) genes, with a negative
prognostic role for survival and disease progression, but good sensitivity
to Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPis) (Conteduca
et al., 2021; Cui et al., 2017; Robinson, 2015; Farmer et al., 2005). Two

PARPis, olaparib, and rucaparib, are currently Food and Drug Admin-
istration (FDA)- and European Medical Agency (EMA)-approved for
mCRPC patients (FDA olaparib online; EMA olaparib online; FDA
rucaparib online). HRR alterations have also been found in metastatic
hormone-sensitive prostate cancer (mHSPC), where they exert a nega-
tive prognostic role for survival and time to conversion towards mCRPC.
However, the potential targetability of these findings has not been
completely understood (Lee et al., 2022). More recent studies are
focusing on the potential synergism of PARPis with other drugs, such as
ARTA, trying to approach the HRR pathway earlier, as it could modulate
the androgen receptor (AR) signaling.

Herein, we review the role of PARPis in the metastatic setting of PCa,
aiming to resume the current results and the possible future directions of
these agents and their pioneering role in the era of personalized medi-
cine in this disease.

* Twitter handle: Prostate cancer often carries HR genes alterations. PARP inhibitors are safe and effective in the mCRPC setting, and further developments are

expected in this field.
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2. DNA damage and PARPis mechanism

Five major Deoxyribonucleic acid (DNA) repair pathways, including
base excision repair (BER), nucleotide excision repair (NER), mismatch
repair (MMR), HR, and non-homologous end splicing (NHEJ), are active
during different phases of the cell cycle to repair DNA damage and
guarantee genetic stability (Chatterjee and Walker, 2017) (Fig. 1).

Alterations that modify or remove a single base are repaired by DNA
glycosylases belonging to the BER pathway that remove the altered
bases, allowing the induction of single-stranded DNA breaks (SSBs) by
specific endonucleases, recruited by PARP1 (Bednarz-Knoll et al., 2019;
David et al., 2007). The NER system repairs a broad spectrum of SSBs
that impair proper DNA coiling, removing an oligonucleotide and using
the opposite DNA strand as a template for excision repair (Hoeijmakers,
2001; Ogi et al., 2010). The MMR system is involved in the repair per
base pair mismatch and the regulation of the HR pathway for improved
functioning of DNA double-strand breaks (DSBs) repair (Spies and
Fishel, 2015). HR, a high-fidelity pathway, represents the principal
repair mechanism of DSBs. This mechanism begins with the MRE11
Homolog (MRE11)-RAD50 homolog (RAD50)-Nibrin (NBS1) (MRN)
complex that recognizes and senses DSBs, activating
Ataxia-telangiectasia mutated (ATM) kinase. This results in the activa-
tion of several proteins, including BRCA1 and BRCA2, that induce sister
chromatid use as models for stretching DNA filaments (Li and Heyer,
2008). An alternative repair process for DSBs is NHEJ which, unlike HR,
does not require an intact template (Chang et al., 2017). However, this
repair mechanism is less faithful than the previous one, resulting in more
prone to errors such as deletions and consequent loss of genetic infor-
mation (Shrivastav et al., 2008).

The principle of using HRR-targeting agents is to induce cell death by
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blocking a complementary pathway in cells lacking HR, disrupting two
biological processes involved in DNA repair, defined as ‘synthetic
lethality’ (Lord and Ashworth, 2017; Gourley et al., 2019). In particular,
the inhibition of PARP1 and PARP2 favors the accumulation of errors in
DSBs. Without a functioning HR pathway, DSBs can be repaired by a
poorly faithful process such as NHEJ, with a significant possibility of
errors (Ashworth and Lord, 2018).

The cytotoxic action of PARPis depends on two main mechanisms:
the catalytic inhibition of PARP and the trapping of PARP-DNA com-
plexes. In the first case, the catalytic inhibition of PARylation, essential
for the activation of BER, prevents the repair of SSBs, determining the
blockage and damage of the replication fork. The resolution of this block
requires a functioning HR pathway, otherwise leading to apoptosis.
Moreover, PARPis mediate the second mechanism after binding the
catalytic domain. The allosteric effect mediated by the entrapment of
PARP-DNA (‘PARP trapping’) changes the binding affinity for DNA,
preventing it from dissociating and resulting in DSBs (Murai et al., 2012;
Murai et al., 2014; Fong et al., 2009).

3. HRR mutations incidence and detection in metastatic PCa

The incidence of germline mutations in HRR genes in patients with
metastatic PCa ranges from 11% to 33%. BRCAZ2 is the most frequently
detected aberration (5.3-13%), followed by ATM (1.6-7.3%), Check-
point kinase 2 (CHEK2-1.9%), BRCA1 (0.3-0.9%), and Rad51 recom-
binase (RAD51-0.4%) (Pritchard, 2016; Mateo, 2015). Some studies
have reported a difference in the incidence of genomic alterations be-
tween metastatic and localized disease, increasing from 10% to 27%,
resulting from the selective pressure of treatments on tumor evolution
(Robinson, 2015). However, a retrospective study conducted by Mateo
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Fig. 1. Mechanisms for DNA damage repair.
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et al. showed that, out of 470 biopsies from treatment-naive PC patients
who developed mCRPC, the most frequently detected aberrations were
BRCA2 (7%), Cyclin-dependent kinase 12 (CDK12-5%), ATM (4%),
TP53 (27%), and Phosphatase and tensin homolog (PTEN-12%). These
mutations had a similar prevalence between the primary and metastatic
samples, suggesting that they were already present from the early stages
of PCa development, and implying that prostate specimens could be
sufficient for patient profiling without resorting to further biopsies
(Mateo, 2020b). However, the heterogeneity of primary tumors mainly
limits data, and further studies are needed to validate these findings.

Two genetic tests for identifying HRR alterations can be performed:
germinal or somatic. The germline test, mainly carried out on blood,
evaluates the hereditary DNA pathogenic or probably pathogenic mu-
tations of all types of body cells, being also useful to identify hereditary
mutations. Unlike the germline test, the somatic test identifies the tumor
DNA alterations, and, although occasionally, it can detect germline
mutations, its use is inadequate to draw conclusions about germline
status. It requires germline confirmation (Capoluongo et al., 2017).
More recently, liquid biopsy has emerged as a promising surrogate for
tumor biopsy, which is also helpful in overcoming spatial and temporal
heterogeneity by allowing longitudinal disease monitoring
(Alix-Panabieres and Pantel, 2021). Circulating tumor DNA (ctDNA), the
plasmatic DNA derived from tumor sites or circulating tumor cells, is an
FDA-approved liquid biopsy biomarker analyzed with next-generation
sequencing (NGS) on plasma samples (Alix-Panabieres and Pantel,
2021). The US National Comprehensive Cancer Network (NCCN)
guidelines recommend genetic testing (somatic and/or germline) for
patients with high-risk, regional, and metastatic PCa (mPCa) or with a
significant family history of cancer (Mohler, 2019). The European So-
ciety for Medical Oncology (ESMO) guidelines recommend germline
testing for all patients with mPCa and genetic testing in patients with
localized PCa and a family history supporting a hereditary predisposi-
tion to cancer (Parker et al., 2020). The Philadelphia Consensus Con-
ference recommends testing all patients with mPCa and a significant
family history of PCa or malignancies in the hereditary breast and
ovarian cancer (HBOC) syndrome or Lynch syndrome spectrum. The test
can be performed on blood or tissue in metastatic disease, preferably
using NGS. Identification of somatic mutations in BRCA2 or BRCA1 re-
sults in need for germline testing due to familial implications. For pa-
tients with localized PCa, the Philadelphia consensus suggests using an
initial test evaluating priority genes (BRCA1/2 and MMR), possibly
followed by an extended test (Giri, 2020). Finally, the European Asso-
ciation of Urology (EAU) considers genetic testing on ctDNA as an
alternative option (Mottet, 2021) (Table 1).

A deal to concern with is represented by the choice of the optimal
detection method for HRR testing. So far, tumor testing from a fresh
biopsy is considered the gold standard. If not available, archival samples
from the primary tumor or metastatic sites could be obtained, with some
drawbacks: the heterogeneity within the tumor tissue, sometimes with a
small number of representative cells, especially in case of multifocal
disease, or with high tumor-infiltrating lymphocytes which reduce the
detection capability. Moreover, paraffin could lead to DNA degradation
in older samples, and some sites are more challenging to analyze. For
example, bone tissue requires prior decalcification. In this regard, a
recent consensus of Italian scientific societies recommended performing
the somatic test primarily due to a higher probability of finding a mu-
tation. Moreover, histological samples not over seven years should be
used, preferably different tissues from bone metastases for the somatic
testing, with specialized laboratories and expert pathologists to identify
the most representative tumor areas (Russo et al., 2022).

4. PARPis monotherapy in mPCa
After a significant survival impact in other tumor subtypes, espe-

cially ovarian cancer, several PARPis have been tested also in mPCa
(Table 2).

Table 1
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Recommendations for genomic testing in prostate cancer.

Guidelines Tumor testing Germline Testing

NCCN, 2019 Recommended for HRR and Recommend for any patients
consider for MSI/MMR with PCa and Ashkenazi
alterations for all metastatic Jewish ancestry or strong
patients. Consider testing at family history of cancer and
earlier stages. for all patients with high-risk

localized or mPCa.

ESMO, 2020 Consider for HRR genes and Recommended in patients
MMR defects and MSI in with a family history of
patients with mCRPC cancer; should be considered

in all patients with mPCa.

Philadelphia Recommended in all patients =~ Recommended in mHSPC

Consensus with mPCa and in patients and mCRPC. To consider in
Conference, with a significant family patients in with non-mPCa
2019 history of PCa or and one of the following:
malignancies in the HBOC Ashkenazi Jewish ancestry;
syndrome or Lynch T3a or higher; intraductal/
syndrome spectrum. ductal pathology; Grade
Group 4 or above. a family
history of PCa; a family
history of PCa.
EAU, 2021 Recommended for HRR and To consider for patients with:

MMR defects in all mPCa
preferably on metastatic

mPCa; high risk PCa and a
family history of PCa.

carcinoma tissue, or
alternatively on primary
tumor. To consider, although
still less common, genetic
testing on ctDNA.

ctDNA: circulating tumor DNA; EAU: European Association of Urology; ESMO:
European Society of Medical Oncology; HBOC: hereditary breast and ovarian
cancer; HRR: homologous recombination repair; mCRPC: metastatic castration-
resistant prostate cancer; mHSPC: metastatic hormone-sensitive prostate cancer;,
(m)PCa: (metastatic) prostate cancer; MMR: mismatch repair; MSI: microsatel-
lite instability; NCCN: National Comprehensive Cancer Network

Olaparib showed promising results in a single-arm phase II trial,
TOPARP, enrolling patients with mCRPC. In the first part of the study
(TOPARP-A, NCT01682772), patients were included regardless of the
presence of HRR mutations for the absence of a validated biomarker.
However, the study required archival tissue or fresh tumor biopsies for
HRR sequencing. Primary endpoints included response rate (RR),
objective response, reduction in prostatic specific antigen (PSA) levels
> 50% (PSA50) from baseline, or conversion of circulating tumor cell
(CTC) count from > 5 at baseline to <5 in 7.5 mL of blood during
treatment confirmed four weeks later. RR was 33% in the overall pop-
ulation, reaching 88% among patients with deleterious mutations in
DNA repair genes and only 6% in those without the mutations. Sec-
ondary endpoints, radiographic progression-free survival (rPFS), and
overall survival (OS) were also significantly longer in patients with HRR
mutations (9.8 vs. 13.8 months, respectively) than in negative patients
(2.7 vs. 7.5 months, respectively) (Mateo, 2015).

The next part of the study, TOPARP-B (NCT01682772), evaluated
the anticancer effects of olaparib in mCRPC patients with HRR muta-
tions progressing to platinum-based chemotherapy. Patients received
olaparib 300 or 400 mg twice daily. BRCA1/2 mutation predicted more
significant responses and a longer median rPFS, with an overall response
rate (ORR) of 83.3%, while in patients with ATM and Partner and
localizer of BRCA2 (PALB2) alterations, radiographic ORR was 8.3% and
33.3%, respectively; PSA50 was reached in 5.2% and 66.6% of cases,
respectively (Mateo, 2020a).

Based on these positive results, the phase III trial PROfound
(NCT02987543) was designed. In this study, patients with mCRPC and
genetic alteration in prespecified 15 HRR-related genes were random-
ized 2:1 to olaparib versus abiraterone or enzalutamide, after a first-line
ARTA failure. Patients were divided into two prospective cohorts: cohort
A included 245 patients with at least one alteration in BRCA1, BRCAZ2, or
ATM,; cohort B included 142 patients with alterations in any of 12 other



Table 2

Studies of PARP inhibitors monotherapy in metastatic prostate cancer.

Study Phase  Experimental Number of Previously Setting Genes evaluated; used samples Evaluation Primary Results of primary endpoint
arm Patients treatment samples endpoint
TOPARP-A I Olaparib 49 mCRPC, > 1 taxane Unselected 113 genes panel (including BRCA1, BRCA2, ATM, Tumor RR RR 33% ITT, 88% HRR mutations
(NCT01682772) FANCA, CHEK2, PALB2, HDAC2, RAD51, MLH3, ERCC3,
MRE11, NBN)
TOPARP-B I Olaparib 49 mCRPC, > 1 taxane >1HRR NGS on genes related to HRR or PARP sensitivity Tumor RR 54.3% in 400 mg group, 39.1% in
(NCT01682772) 300 mg mutations (BRCA1, BRCA2, ATM, CDK12, PALB2, CHECK1, CHEK2, 300 mg group (BRCA1/2 83%,
Olaparib 49 ARIDIA, ATRX, FANCA, FANCF, FANCG, FANCI, PALB2 57%, ATM 37%, CDK12
400 mg FANCM, MSH2, NBN, RAD50, WRN) 25%)
PROfound 11 Olaparib (vs. 162 mCRPC, > 1 ARTA; >1HRR Cohort A (BRCA1, BRCA2, ATM); Tumor rPFS Cohort A: 7.4 vs 3.6 months
(NCT02987543) ARTA) (cohort A) prior taxane mutations Cohort B (BRIP1, BARD1, CDK12, CHEK1, CHEK2, (HR=0.34; 95% CI, 0.25-0.47)
83 (cohort allowed FANCL, PALB2, PPP2RA, RAD51B, RAD51C, RAD51D, Cohort B: 5.8 vs. 3.5 months
B) RAD54L) (HR=0.49; 95% CI, 0.38-0.63)
TRITON-2 i Rucaparib 115 mCRPC, > 1 ARTA, 8/sBRCA1/2 BRCA1, BRCA2 Tumor or ORR, PSA- ORR: sBRCA1/2 43.9%, gBRCA1/2
(NCT02952534) and > 1 taxane mutations plasma RR 42.9%
PSA-RR: sBRCA1/2 50.7%,
gBRCA1/2 61.4%
78 &/s non-BRCA ATM, BARD1, BRIP1, CDK12, CHEK2, FANCA, NBN, ORR: ATM 10.5%, CDK12 0%,
HRR mutations ~ PALB2, RAD51, RAD51B, RAD51C, RAD51D, RAD54 CHEK2 11.1%, other mutations
28.6%
PSA-RR: ATM 4.1%, CDK12 6.7%,
CHEK2 16.7%
TRITON-3 III Rucaparib mCRPC, > 1 ARTA; BRCA1/2 or BRCA1, BRCA2, ATM Tumor or Imaging- 10.2 vs. 6.4 mos (overall)
(NCT02975934) taxane for mHSPC ATM mutations plasma based PFS 11.2 vs. 6.4 mos (BRCAm)
allowed 8.1 vs. 6.8 mos (ATMm)
TALAPRO-1 1T Talazoparib 75 mCRPC, > 1 taxane HRR mutations ATM, ATR, BRCA1, BRCA2, CHEK2, FANCA, NBN, Tumor ORR BRCA1/2 43.9%, PALB2 33.3%,
(NCT03148795) and > 1 ARTA PALB2, RAD51C, MLH1, MRE11A ATM 11.8%
GAHALAD i Niraparib 81 mCRPC, > 1 taxane HRR mutations BRCA1/2, ATM, FANCA, CHEK2, PALB2, BRIP1, HDAC Tumor or ORR BRCA1/2 41%, non-BRCA 9%
(NCT02854436) and > 1 ARTA plasma

ARTA: androgen receptor targeted agent; ATM: ataxia-telangiectasia mutated; ATR: ATR serine/threonine kinase gene; BARD1: BRCA1 associated RING domain 1; (s/g)BRCA1/2: (somatic/germline) breast cancer gene 1/
2; BRIP1: BRCA1 interacting protein 1; CDK12: cyclin-dependent kinase 12; CHEK2: Checkpoint kinase 2; CT: chemotherapy; FANCA/L: Fanconi anemia complementation group A/L; HDAC: histone deacetylase; HR:
hazard ratio; HRR: homologous recombination repair; ITT: intention to treat; MLH1: MutL homolog 1; MRE11: meiotic recombination 11 homolog A; NBN: nibrin; NGS: next generation sequencing; ORR: overall response
rate; PALB2: partner and localizer of BRCA2; PPP2RA: protein phosphatase 2 A; PSA-RR: PSA response rate; RAD51/54: RAD51/54 recombinase; rPFS: radiographic progression-free survival; RR: compete response rate
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genes including CDK12, CHEK2, Protein phosphatase 2 A (PPP2R2A),
RAD51B, RAD54L, BRCA1 associated ring domain 1 (BARD1), BRCA1
interacting protein (BRIPI). In cohort A, the median PFS (primary
endpoint) was 7.4 versus 3.6 months in the control arm (hazard ratio
[HR] 0.34; 95% confidence interval [CI], 0.25-0.47; p < 0.001); OS was
19.1 months in the olaparib arm and 14.7 months in the control arm (HR
0.69; 95% CI, 0.5-0.97; p = 0.02). In cohort B, PFS was 5.8 versus 3.5
months (HR 0.49; 95% CI, 0.38-0.63; p < 0.001) (de Bono et al., 2020;
Hussain et al., 2020). In the overall population, OS was 17.3 versus 14.0
months in olaparib and control arms, respectively, without a statistically
significant difference. Main > grade (G)3 adverse events (AEs) were
anemia (21%) and fatigue (3%). Based on these results, FDA approved
olaparib for mCRPC patients with germline or somatic HRR gene mu-
tations [FDA Olaparib online]. However, the number of participants
with a mutation such as BARD1, BRIP1, RAD51 was minimal, and for
others with substantial numbers of mutation cases (i.e., CDK12, and
CHEK?2), results looked disappointing. Thus, EMA limited olaparib to
mCRPC patients with BRCA1 and BRCA2 mutations, after ARTA pro-
gression [EMA olaparib online].

The second PARPi approved in PCa treatment, rucaparib, has been
evaluated in the single-arm, open-label phase II study TRITON2
(NCT02952534) in patients with mCRPC and HRR gene alteration (15
genes panel) who had received one prior taxane-based chemotherapy
and at least one ARTA. The results were reported for patients with
BRCA1 or BRCA2 mutations (n = 115) and those with a non-BRCA HRR
gene alteration (n = 78) separately (Abida and Campbell, 2020a; Abida
and Patnaik, 2020b). In patients with BRCA1/2 alterations, the primary
endpoints, ORR for patients with soft-tissue disease and PSA response for
patients with non-measurable disease, were 43.5% and 54.8%, respec-
tively. Median rPFS was 9.0 months (Abida and Patnaik, 2020b). Among
patients with a non-BRCA alteration, responses to rucaparib were min-
imal. No differences were found between somatic and germline BRCA
mutations (Abida and Campbell, 2020a). These data led to the break-
through FDA approval of rucaparib for mCRPC patients with somatic or
germline BRCA1/2 mutation after progression to one taxane and at least
one ARTA [FDA rucaparib online]. Rucaparib was subsequently
compared with ARTA or taxanes in the randomized phase III TRITON3
(NCT02975934), enrolling mCRPC patients with a germline or somatic
BRCA1/2 or ATM mutation, after a previous ARTA. Imaging-based PFS
was the primary endpoint, OS and ORR were key secondary outcomes. A
total of 297 patients received rucaparib, and 135 ARTA or taxanes (56%
docetaxel). After a median follow up (mFU) of 62 months, mPFS was
10.2 versus 6.4 months in the overall population (HR 0.61; 95% CI,
0.47-0.8; p < 0.001), 11.2 vs. 6.4 months in the BRCA-mutant (HR 0.50;
95% CI, 0.36-0.69; p < 0.001), and 8.1 vs. 6.8 months in the ATM--
mutant subgroup (HR 0.95; 95% CI, 0.59-1.52; exploratory analysis). At
an interim analysis, mOS was 24.3 vs. 20.8 months (HR 0.81; 95% CI,
0.58-1.12; p = 0.21). ORR was 35% vs. 16% in the overall population,
45% vs. 17% in the BRCA-mutant subgroup, no response was recorded in
the ATM-mutant subgroup. The median treatment duration was 8.1 vs.
5.1 months. Most commonly, rucaparib caused fatigue, nausea, and
anemia, whereas in the control group, fatigue, diarrhea, and neuropathy
occurred more frequently. Treatment discontinuation occurred in 15%
of patients treated with rucaparib, versus 22% of the control group. 5
(2%) and 3 (2%) patients died in the two arms, respectively (Fizazi,
2023).

Talazoparib was evaluated in the single-arm, open-label phase II
TALAPRO-1 trial, enrolling mCRPC patients after progression to at least
one taxane-based regimen and one ARTA. The primary endpoint was
ORR. 127 patients with a mutation tested in an 11 HRR genes panel
received talazoparib. ORR was 29.8%, higher in BRCA2-mutant patients
(46%) than BRCAI1, ATM, and PALB2, without differences between
germline and somatic mutations. Median rPFS and OS were 5.6 and 26.4
months in the overall population, 11.2 and 24 months in BRCA1/2
mutated patients (n = 61), and 3.5 and 12.0 months in case of ATM
mutation (n = 11), respectively. The PALB2-mutant groups reached a
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mOS of 12.2 months. Hematological toxicity was confirmed as the most
common AE, with >G3 anemia in 31%, thrombocytopenia in 9%, and
neutropenia in 8% of patients (de Bono et al., 2021).

The open-label phase II GALAHAD study tested niraparib in HRR-
positive mCRPC patients (8 genes panel) who received at least one
taxane and at least one ARTA. In patients with biallelic BRCAI or BRCA2
mutations, there was an ORR of 41.4% and a CTC < 5 rate of 49% with a
conversion rate (>5-0 CTC) of 20%. Anemia (35%), neutropenia (10%),
thrombocytopenia (8.3%), and hypertension (5.3%) were the most re-
ported >G3 AEs. Two deaths from urosepsis and seizure were related to
the study drug (Smith, 2022).

5. Combination studies with PARPis

After improving response and survival in monotherapy, PARPis
started to be tested in combination with agents having different mech-
anisms of action. So far, the principal combinations of PARPis involve
ARTA and immune checkpoint inhibitors (ICIs). However, other studies
investigate combinations with chemotherapy and other targeted agents
(Table 3).

5.1. PARPis plus ARTA

There is a strong rationale for combining ARTA and PARPis, as
blocking the AR downregulates genes involved in DNA repair,
enhancing DNA damage (Asim, 2017; Li et al., 2017a; 2017b). In fact,
PARP promotes the transcription of the AR gene; therefore, AR blocking
causes PARP overexpression, increasing sensitivity to PARPis (Li et al.,
2017a; 2017b).

In the NCT01972217 phase II study, 141 mCPRC patients - previ-
ously treated with docetaxel, received abiraterone and were randomized
to add olaparib versus placebo (PBO). HRR alterations were detected in
56% of cases. Median rPFS (the primary endpoint) was 13.8 months with
olaparib versus 8.2 months with PBO (HR 0.65; 95% CI, 9.44-0.97;
p = 0.034). Nausea (37% vs. 18%), constipation (25% vs. 11%), and
pain (24% vs. 18%) were the most common AEs. >G3 AEs occurred in
54% vs. 28% of patients, more frequently anemia (21% vs. 0%), pneu-
monia (6% vs. 4%), and myocardial infarction (6% vs.0%). One
treatment-related death due to pneumonia was reported in the olaparib
+ abiraterone group (Clarke et al., 2018). No significant differences in
Health-related quality of life (HR-QoL) were reported (Saad et al.,
2022b). Retrospective biomarkers analyses did not show significant
differences between patients carrying HRR mutations and wild-type
patients (Saad et al., 2018).

MAGNITUDE (NCT03748641) was a randomized phase III study
including 670 naive mCRPC patients randomized to abiraterone plus
niraparib versus PBO. Patients were not selected for HRR status, even if
they were assigned to a pre-specified positive (n = 423) or negative
(n = 247) cohort. Patients could be included if abiraterone was started
no more than four months before. rPFS was the primary endpoint, which
had to be hierarchically tested first in the BRCA1/2-mutant subgroup,
then in the other HRR patients; OS, time-to-chemotherapy, and time-to-
symptomatic progression were the secondary endpoints. The HRR-
negative cohort was judged in a pre-specified interim analysis for fu-
tility, and enrollment was stopped in this cohort. In the HRR-positive
cohort, adding niraparib plus abiraterone significantly prolonged rPFS
compared to abiraterone + PBO (median rPFS 16.5 vs. 13.7 months; HR
0.53; 95% CI, 0.36-0.79; p =0.0014). Also, secondary endpoints
benefitted from the addition of niraparib to abiraterone. OS data were
immature, but a trend towards longer OS was suggested. ORR was
higher in the combination cohort (52% vs. 31% in BRCA-mutant; 60%
vs. 28% in HRR-positive patients), and the rate of complete responses
was 18% vs. 14% in BRCA-mutant, and 22% vs. 11% in HRR-positive
patients. AEs were reported in 99.1% vs. 94.1% of patients, severe AEs in
11.3% vs. 2.8%, and dose reduction was requested by 19.8% vs. 3.3% of
cases, with a discontinuation rate of 10.8% vs. 4.7%. However, QoL
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lines of therapy)

9wks, mPFS 39.6 wks
25/26 patients reported AEs, more

Table 3
Studies of PARPis combination in metastatic prostate cancer.
Study Phase  Administered agents Nr of Setting Primary Efficacy results Safety
patients endpoint
PARPis plus ARTA
NCT01972217 I Abiraterone 141 mCRPC (after rPFS Median rPFS: 13.8 vs. 8.2 months Most common AEs: nausea
+ Olaparib/PBO docetaxel) (p =0.034) (37% vs. 18%),
constipation (25% vs.
11%), pain (24% vs. 18%);
>G3 AEs: 54% vs. 28%,
more frequently anemia
(21% vs. 0%), pneumonia
(6% vs. 4%), myocardial
infarction (6% vs.0%);
1 TRAE death in the combo
group;
No QoL differences

MAGNITUDE 111 Abiraterone 670 (413 mCRPC (naive) rPFS HRR™: Median rPFS 16.5 vs. 13.7 AEs: 99.1% vs. 94.1%;

(NCT03748641) -+ niraparib/PBO HRRY) (hierarchic months (p = 0.0014); severe AEs: 11.3% vs.
test: HRR™ ORR 60% vs. 28%, 2.8%;
then HRR) CRR 22% vs. 11% dose reduction: 19.8% vs.

BRCAm: 3.3%;

ORR 52% vs. 31% in BRCAm; discontinuation rate;10.8%

CRR 18% vs. 14% vs. 4.7%.

HRR' cohort: closed for futility Comparable QoL
questionaries between the
two cohorts

PROpel 111 Abiraterone 796 mCRPC rPFS Median rPFS: ITT 24.8 vs. 16.6 AEs: 47% vs. 38%,
(NCT03732820) -+ prednisone/PBO (docetaxel as months (p < 0.0001), in HRR*: NR discontinuation rate 13.8%

mHSPC allowed) vs. 13.9 months, in HRR: 24 vs. 19 vs. 7.8%,

months, in BRCAm: NR vs. 8.4 comparable QoL between

months. the two cohorts

OS: HR= 0.86; p = 0.29

BRCAAway I Olaparib vs. Olaparib 161 mCRPC (naive, PFS mPFS NR (olaparib + abiraterone), 43 TRAEs: 23 fatigue, 17
(NCT03012321) + abiraterone vs. BRCA1/2 or ATM 11.3 months (olaparib; HR=0.14), nausea, 9 anemia

abiraterone mut) 11 months (abiraterone; HR=0.19)

PSA-RR 85% olaparib + abiraterone,

67% olaparib, 79% abiraterone

TALAPRO2 il Talazoparib/PBO 805 mCRPC (naive) rPFS median rPFS: NR vs. 21.9 months >G3 AEs: 71.9% vs. 40.6%;
(NCT03395197) + enzalutamide (p < 0.001). median time to QoL

rPFS 27.9 in HRD vs. 16.4 months in  deterioration 30.8 vs. 25.0

HRP (p < 0.001). mos (p = 0.04)

ORR 61.7% vs. 43.9%

PARPis plus ICIs

CheckMate 9KD 11 Olaparib 88 mCRPC: after CT ORR, PSA50- Cohort Al: ORR 10.3% (HRR+ Most common AEs in the
(NCT03338790) + Nivolumab (Cohort and ARTA RR 17.2%, HRR- 3.4%), PSA50-RR two cohorts: nausea (40%),

1) (Cohort Al); after 11.9% (HRR+ 18.2%, HRR- 5.0%); fatigue, anemia;

75 ARTA, CT naive median rPFS 4.9 months, mOS 13.9 >G3 AEs (50%): anemia,
(Cohort (Cohort A2) months. neutropenia, and ALT

2) Cohort A2: ORR 15.4% (HRR+ 25%, increase the most frequent

HRR- 5.1%), PSA50-RR 27.3%

(HRR+ 41.9%, HRR- 14.3%),

median rPFS 8.1 months, mOS 20.2

months.

KEYNOTE-365 Ib/II Olaparib 102 mCRPC after Safety, PSA- PSA-RR: 15%, ORR: 8.5%, mPFS: 4.5 AEs: 91%; >G3 AEs 48%. 6
(NCT02861573) + pembrolizumab docetaxel RR, ORR months, mOS: 14 months TRAEs-related deaths
cohort A

KEYLINK-010 I Pembrolizumab 739 mCRPC after rPFS Stopped for futility at interim

+ Olaparib vs. ARTA docetaxel and analysis: median rPFS 4.4 vs. 4.2
ARTA months (p = 0.55); mOS 15.8 vs.

14.6 months (p = 0.26)

MEDI4736 I/11 Olaparib 14 mCRPC after ORR, RP2D Median rPFS 16.1 months, 12-mos Most common >G3 AEs
(NCT02484404) + durvalumab ARTA rPFS 51.5% were anemia (24%),

lymphopenia (12%),
infection (12%), nausea
(12%)
Other combinations
TRAP 11 Olaparib 35? mCRPC HRR'/ATMm: PSA-RR 40%
(NCT03787680) -+ ceralasertib (ATR
inhibitor)
NCT02893917 I Olaparib vs. olaparib 90 mCRPC Median rPFS 8.5 (combo) vs. 4.0
+ cediranib (anti- months (mono) (p = 0.359)
VEGFR) HRR* 10.6 vs. 3.8 months

(HR=0.64,

NCT01085422 Veliparib + 26 mCRPC (after >2 PSA-RR PSA-RR 8%, ORR 0%, mPFS/TTP

(continued on next page)
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Study Phase = Administered agents Nr of

patients

Setting

Primary
endpoint

Efficacy results Safety

frequently nausea, fatigue, and
thrombocytopenia. >G3 AEs were:
thrombocytopenia (23.1%), anemia
(15.4%), colitis, fatigue, and
neutropenia (all 7.7%)

AEs: adverse events; ARTA: androgen receptor targeted agent; ATM: ATM: ataxia-telangiectasia mutated; ATR: Ataxia telangiectasia and Rad3-related; BRCAm: BRCA
mutant; CRR: compete response rate; CT: chemotherapy;: hazard ratio; HRR: homologous recombination repair; ICIs: immune checkpoint inhibitors; mCRPC: met-
astatic castration-resistant prostate cancer; mHSPC: metastatic hormone-sensitive prostate cancer; mOS: median overall survival; mPFS: median progression-free
survival; NR: not reached; ORR: overall response rate; PARPis: PARP-inhibitors; PBO: placebo; PSA-RR: PSA response rate; QoL: quality of life; rPFS: radiographic
progression-free survival; TTP: time to progression; TRAE: treatment-related adverse event; VEGFR: vascular endothelial growth factor receptor

questionaries yielded comparable results between the two cohorts (Chi
et al., 2022). At the second interim analysis presented at the American
Society for Clinical Oncology Genito-Urinary (ASCO-GU) 2023 sympo-
sium, niraparib plus abiraterone prolonged rPFS to 19.5 months in the
BRCA mutant subgroup, with a trend toward longer OS (Efstathiou et al.,
2023).

PROpel (NCT03732820) was a randomized phase III trial. Patients
were eligible if they had not previously received abiraterone; they could
have been treated with another ARTA but must have stopped treatment
over 12 months before enrollment; docetaxel in the hormone-sensitive
setting was allowed. Patients were randomized to abiraterone plus
olaparib 300 mg twice daily vs. PBO. Overall, 796 were randomized, of
which around 1 out of 3 had HRR mutations (10% were BRCA mutant).
Adding olaparib to abiraterone prolonged rPFS (the primary endpoint)
compared to PBO, with a median rPFS of 24.8 vs. 16.6 months (HR 0.66;
95% CI, 0.54-0.81; p < 0.0001). The benefit was consistent among all
the subgroups, although it was more significant in patients carrying HRR
alterations (not reached [NR] vs. 13.9 months; HR 0.50; 95% CI,
0.34-0.73) than in those without HRR alteration (24 vs. 19 months; HR
0.76; 95% CI, 0.60-0.97), and in patients carrying BRCA mutations (NR
vs. 8.4 months; HR 0.23; 95% CI, 0.12-0.43) (Saad et al., 2022a, 2022b;
Clarke, 2022). At the final analysis run in December 2022, there was a
trend towards OS benefit in the abiraterone plus olaparib group (mOS
42.1 mos) than PBO plus olaparib (34.7 mos), with medians NR in the
HRR/BRCA mutant subgroups (Clarke et al., 2023). No safety concerns
emerged from the study, even if a higher AEs rate was reported in the
combination group (47%) than in the abiraterone + PBO cohort (38%),
and a higher discontinuation rate emerged if patients received olaparib
(13.8%) than PBO (7.8%). QoL results were comparable between the
two cohorts (Saad et al., 2022a, 2022b; Clarke, 2022).

In the randomized BRCAAway (NCT03012321) phase II trial,
mCRPC patients were selected for carrying BRCA1/2, or ATM mutations.
161 patients were randomized in first line 1:1:1 to abiraterone alone vs.
olaparib vs. abiraterone plus olaparib. mPFS - the primary endpoint -
was NR in the combination group, 11.3 months in the olaparib group
(HR 0.14; 95% CI, 0.04-0.43), and 11.0 months in the abiraterone group
(HR 0.19; 95% CI, 0.06-0.61). PSA-RR was 85%, 67%, and 79% in the
olaparib + abiraterone, olaparib and abiraterone groups, respectively.
43 patients developed AEs, most commonly fatigue (n = 23), nausea
(n = 17), and anemia (n = 9) (Hussain et al., 2022).

The phase III TALAPRO-2 (NCT03395197) randomized mCRPC not
selected for HRR status to enzalutamide plus talazoparib/PBO. The
primary endpoint was rPFS in patients with evaluable soft tissue or bone
lesions. At a median follow-up of 25 months, median rPFS was NR in 402
patients treated with talazoparib plus enzalutamide versus 21.9 months
in the 403 PBO plus enzalutamide group (HR 0.63; 95% CI, 0.51-0.78;
p < 0.001). The benefit was more considerable in patients with HRR
alterations (rPFS 27.9 vs. 16.4 months; HR 0.46; 95% CI, 0.30-0.70;
p < 0.001). Adding talazoparib to enzalutamide increased ORR (61.7%
vs. 43.9%). OS data were still immature at the time of the ASCO-GU
presentation. 71.9% versus 40.6% of patients reported >G3 AEs,
mainly anemia, hypertension, and fatigue. Discontinuation rates did not

significantly differ between the two groups; however, the median time
to deterioration in the quality of life was significantly longer in the
talazoparib plus enzalutamide (30.8 mos) than in the PBO plus enzalu-
tamide group (25.0 mos, HR 0.78; 95% CI, 0.62-0.99; p = 0.04)
(Agarwal et al., 2023).

Together, the results of these studies have two major implications:
the overcoming of PCa patients’ selection based on HRR status, as there
is evidence of PARPis benefit both in HRR defective and in HRR wild
type patients; and secondly, the anticipation of PARPis in the earlier
phases of the disease, moving from mCRPC to mHSPC. Further studies
are ongoing (Rao et al., 2021; Agarwal et al., 2022; Rathkopf et al.,
2021) (Table 4).

5.2. PARPis plus immune checkpoint inhibitors

In pre-clinical models, PARPis synergize with anti-Programmed
Death-1 (PD-1)/PD-Ligand 1 (PD-L1) agents, resulting in reciprocal
potentiation of antitumor efficacy (Jiao et al., 2017; Shen et al., 2019;
Wang et al., 2019; Maiorano et al., 2022; Catalano et al., 2022). Some
effects include increased DSBs on DNA, PD-L1 upregulation, and Stim-
ulation of Interferon Gene (STING) signaling activation (Maiorano et al.,
2022). As ICIs, such as pembrolizumab, have already demonstrated
preliminary antitumor activity in mCRPC patients as monotherapy,
several studies tried to investigate the association of PARPis and ICIs,
starting from the mCRPC setting (Hansen et al., 2018; Antonarakis,
2020).

In cohorts Al and A2 of the phase II CheckMate 9KD (NCT03338790)
trial, patients with mCRPC received olaparib plus nivolumab. Cohort Al
included patients already treated with chemotherapy and ARTA; cohort
A2 enrolled chemotherapy-naive and ARTA-pretreated patients. The co-
primary endpoints were ORR and PSA50-RR in the intention-to-treat
(ITT) population and patients with HRR-positive tumors. rPFS, OS,
and safety were the secondary endpoints. Cohort Al included 88 pa-
tients, and cohort A2 included 77 patients (HRR alterations presented in
around half of the cases). In cohort A1, ORR was 10.3%, PSA50-RR
11.9%, median rPFS 4.9 months, and mOS 13.9 months. ORR reached
17.2% in HRR-positive versus 3.4% in HRR-negative patients. PSA50-RR
was 18.2% in HRR-positive versus 5.0% in HRR-negative patients. In
cohort A2, ORR was 15.4%, and PSA50-RR 27.3%. Median rPFS was 8.1
months and mOS 20.2 months. In HRR-positive patients, ORR was 25%
versus 5.3% in HRR-negative, and PSA50-RR was 41.9% versus 14.3%.
The most common AEs in the two cohorts were nausea (around 40% of
patients), fatigue, and anemia. Around half of the patients developed
>G3 AEs, anemia, neutropenia, and alanine transaminase (ALT) in-
crease being the most frequent (Fizazi, 2022). Therefore, although the
results of combining nivolumab and rucaparib were dismal in unselected
patients, better response rates and survival outcomes were recorded
among HRR-positive patients.

In cohort A of the phase Ib/II KEYNOTE-365 (NCT02861573), 102
patients with docetaxel-pretreated mCRPC were treated with pem-
brolizumab plus olaparib 400 mg or 300 mg twice daily. The primary
endpoints were safety, PSA-RR, and ORR; the secondary endpoints were
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Table 4
Ongoing trials of PARPis combination in mPCa.
Clinical trial name Phase  Drug combination Setting Biomarker Selection at Primary Endpoint Target
enrollment number
CASPAR (NCT04455750) 11 Rucaparib/PBO + enzalutamide mCRPC No rPFS, OS 984
QUEST (NCT03431350) /11 Niraparib + cetrelimab or abiraterone mCRPC No Safety, ORR 60
LuPARP (NCT03874884) I Olaparib + 177LuPSMA mCRPC No DLT, MTD, RP2D 52
COMRADE /1 Olaparib + Radium223 mCRPC No MTD, rPFS 133
(NCT03317392)
NiraRad (NCT03076203) I Niraparib + Radium223 mCRPC  No MTD 6
COBRA (NCT04038502) I Olaparib + Carboplatin mCRPC Yes PFS 100
NCT04824937 I Talazoparib + Telaglenastat (glutaminase inhibitor) mCRPC  No OR, type of 30
response
REPAIR (NCT05425862) I Talazoparib + pidnarulex (Polymerase I inhibitor) mCRPC No MTD 48
NCT04846478 I Talazoparib + tazemetostat mCRPC  No DLT, safety 38
RAMP (NCT04179396) I Rucaparib + abiraterone/ enzalutamide mCRPC  No PK, safety 60
NCT04253262 /11 Rucaparib + Copanlisib mCRPC  No MTD, overall 44
response
NCT03442556 I Rucaparib maintenance after docetaxel and mCRPC  Yes rPFS 20
carboplatin induction
NCT03840200 I Rucaparib + ipatasertib (AKTi) mCRPC No Safety, DLT, PSA- 54
RR
TALAPRO-3 III Talazoparib/PBO + enzalutamide mHSPC  Yes rPFS 550
(NCT04821622)
AMPLITUDE III Niraparib/PBO + Abiraterone mHSPC  Yes 1PFS 788
(NCT04497844)
ZZ-First (NCT04332744) I Talazoparib + Enzalutamide mHSPC No PSA-CR 54

DLT: dose limiting toxicities; mCRPC: metastatic castration-resistant prostate cancer; mHSPC: metastatic hormone-sensitive prostate cancer; MTD: maximum tolerated
doses; ORR: overall response rate; OS: overall survival; PBO: placebo; PK: pharmacokinetics; PSA-CR: PSA-complete response; rPFS: radiographic progression-free

survival; RP2D: recommended phase 2 dose

PFS and OS. 28% of patients were PD-L1 positive (defined as a combined
proportional score [CPS]>1). This was a heavily pre-treated population,
as 92% of patients had previously received both docetaxel and enzalu-
tamide or abiraterone, 39% cabazitaxel, and 45% both abiraterone and
enzalutamide. 33% of patients had a visceral disease; the median PSA
was 109 ng/mL. PSA-RR was 15%, ORR 8.5%, mPFS 4.5 months, and
mOS 14 months. 91% of patients developed AEs, and in 48% of cases,
they were >G3 AEs. 6 deaths related to the drugs were reported (Yu and
Piulats, 2022).

The combination of PARPis and ICIs was further explored in the
KEYLYNK-010 phase III trial, with 793 mCRPC patients progressing to
ARTA and docetaxel receiving pembrolizumab plus olaparib versus
another ARTA. At the time of the interim analysis, the trial did not meet
its primary endpoints of rPFS (median rPFS 4.4 vs. 4.2 months; HR 1.02;
95% CI, 0.82-1.25, p = 0.55) and OS (mOS 15.8 vs. 14.6 months; HR
0.94; 95% CI, 0.77-1.14, p = 0.26) and therefore was stopped for fu-
tility (Yu and Sun, 2022).

In the MEDI4736 (NCT02484404) phase I/1I trial, 17 mCRPC pa-
tients progressing to abiraterone or enzalutamide were treated with
olaparib and durvalumab. ORR and recommended phase 2 dose (RP2D)
were the primary endpoints. Median rPFS was 16.1, with 12-mos rPFS
51.5%. The most common >G3 AEs were anemia (24%), lymphopenia
(12%), infection (12%), and nausea (12%) (Karzai, 2018). Currently, the
QUEST (NCT03431350) phase I/II study is ongoing, testing the triple
combination of niraparib plus abiraterone plus cetrelimab (an anti-PD-1
agent) (Table 4).

5.3. Other combinations

In the TRAP (NCT03787680) phase II trial, mCRPC patients received
the combination of olaparib and ceralasertib, an Ataxia Telangiectasia
and Rad3-related (ATR) inhibitor. The ATR pathway is involved in DNA
stabilization. Therefore, its activity is synergic with PARP (Wilson et al.,
2022). In the cohort of patients with HRR or ATM mutations (n = 35),
the PSA-RR was 40% (Reichert et al., 2022). Similarly, the
Phosphatidylinositol-3 kinase (PI3K)-AKT pathway can synergize with
PARP, as PARP inhibition induces AKT activation after downstream
effects on ATM and AKT. In the phase Ib NCT03840200 study, the

mCRPC group achieved a PSA response in 50% of cases harboring HRR,
and in 25% not harboring HRR (Pook et al., 2022).

In the NCT01085422 trial, 26 mCRPC patients progressing to > 2
previous lines of therapy received the PARPi veliparib plus temozolo-
mide. PSA-RR (the primary endpoint) was 8%, ORR was 0%, mPFS and
time-to-progression (TTP) were 9 weeks, and mOS 39.6. 25/26 patients
reported AEs, more frequently nausea, fatigue, and thrombocytopenia.
>G3 AEs were: thrombocytopenia (23.1%), anemia (15.4%), colitis,
fatigue, and neutropenia (all 7.7%) (Hussain et al., 2014).

The anti-Vascular endothelial growth factor receptor (VEGFR)
cediranib downregulates BRCA1/2 and RAD5q expression. In a phase II
study (NCT02893917), 90 mCRPC patients were randomized to olaparib
alone or plus cediranib. The combination group achieved a median rPFS
of 8.5 vs. 4.0 months (HR 0.62; 95% CI, 0.39-0.97; p = 0.359), that was
10.6 vs. 3.8 months in case of HRR alterations (HR 0.64; 95% CI,
0.27-1.50) (Kim, 2022). A phase I/II study, including durvalumab,
olaparib, and/or cediranib, is ongoing (NCT02484404). Finally, the
combination of PARPis and radiotherapy is under evaluation (Table 4).

6. Biomarkers of response to PARPis

HRR alterations do not behave similarly. Molecular analyses of the
published studies evidence that BRCA1/2 alterations reach higher
objective responses (34-52%) compared to non-BRCA alterations
(10-12%) (Lozano et al., 2020; Hussain et al., 2020; de Bono et al., 2020;
Carreira, 2021; Abida, 2012 and 2014; McNevin et al., 2022). This dif-
ference was apparent in subgroup analyses from the PROfound and
TOPARP-B trials, in which BRCA mutations conferred a more robust
benefit than ATM or CDK12 alterations (Hussain et al., 2020; de Bono
et al., 2020). As a result, the FDA approval of olaparib for mnCRPC men
with HRR alterations was restricted by EMA to only BRCA-mutant
cancers. In case of ATM mutations, patients with germline mutations and
loss of ATM achieve long response and survival after PARPis; this datum
emerged initially in the TOPARP-B trial (Carreira, 2021). ATM muta-
tions led to response rates in around one out of three patients in the
PROfound trial (Abida, 2012 and 2014). Regarding PALB2, for which a
prognostic role for PARPis emerges from TOPARP-B, and TRITON2 tri-
als, the main limitation is represented by the low prevalence of the



B.A. Maiorano et al.

mutation. This is also true for CHEK2, Fanconi anemia complementation
group A (FANCA), and RAD51 genes (McNevin, 2022).

A difference seems to exist also between the two BRCA genes. Some
studies have shown better responses to PARPis in mCRPC patients car-
rying BRCA2 than BRCA1 mutations. As proof, a pooled analysis from
TOPARP-A and -B, PROfound, TRITON2, and TALAPRO-1 studies
showed a higher PSA-RR, ORR, and rPFS for BRCA2 than BRCAI pa-
tients (Markowski and Antonarakis, 2020) (Table 5).

This evidence may be partially due to the different roles that BRCA1
and BRCA2 play in the HRR pathway, as BRCAZ2 is involved in the
reparation mechanism. At the same time, BRCA1 exerts multiple func-
tions over HR, such as recruitment to DNA damage sites, resection of
DNA end, checkpoint at G2/M and S-phase, and DNA repairing (Roy
et al., 2012).

No differences seem to be evidenced in somatic versus germline
mutations, both in the TRITON2 and in TALAPRO-1 and TOPARP-B
studies (Loehr, 2021; de Bono et al., 2021; Carreira, 2021). On the
contrary, different alterations of the same gene could be associated with
different magnitudes of response and survival. Indeed, in the TOPARP-B
study, patients carrying BRCA homozygous deletions reached longer
responses than frameshifts of stop-gain mutations, with an rPFS of 16.4
months. Regarding biallelic vs. monoallelic BRCA mutations, in
TRITON2, PSA responses were higher in biallelic alterations (75%) than
monoallelic (11.1%). A possible explanation is that monoallelic alter-
ations determine an incomplete HR function, while in case of biallelic
deletions, PARPis resistance mechanisms, such as reversion mutations,
emerge with more difficulty. However, according to TOPARP-B, unless
in case of a low tumor content, even in the absence of a second hit
mutation, a monoallelic pathogenic variant of BRCA should be sufficient
for selecting patients for PARPis treatment (Carreira, 2021).

DNA damage repair mutations, such as BRCA1/2 or ATM, also seem
to play a role in response to the combination of ICIs and PARPis, even if
studies need to be improved (Antonarakis, 2020). In fact, in the
CheckMate 9KD, the advantage in the response rate of nivolumab plus
olaparib among BRCA-mutant patients did not translate into a survival
advantage. Nevertheless, after the KEYLINK-010 trial was stopped for
futility, we may abandon the hypothesis of using the combination of
PARPis and ICIs in unselected patients [Merck KEYLINK-010 online].
Further studies will better answer this question: the NCT04169841
phase II trial will test the efficacy of the triple combination of olaparib,
durvalumab, and tremelimumab, in HRR-positive patients with many
solid cancers, PCa included (Fumet et al., 2020).

In the TOPARP-A trial, and other retrospective cases, circulating cell-
free DNA (cfDNA) analyses identified somatic BRCA2 mutations that
restored the standard open reading frame, the so-called 'reversion mu-
tations’, after olaparib progression, as a possible resistance mechanism
(Goodall, 2017; Quigley, 2017; Norquist et al., 2011; Afghahi et al.,
2017; Barber et al., 2013; Lin, 2019; Pettitt et al., 2020). The largest
casuistry comes from the TRITON2 study, in which NGS analyses
demonstrated that BRCA reversion mutations were absent at baseline,
whereas 39% of patients developed them after rucaparib progression.
Moreover, in 2 out of 3 cases, BRCA reversion mutations occurred

Table 5
Differences in response and survival between BRCA1 and BRCA2 mutations.

PSAS50-RR (nr. pts/total) ORR (nr. pts/total) rPFS (months)

BRCA1l BRCA2 BRCA1 BRCA2 BRCA1 BRCA2
TOPARP-A 0/1 7/7 NE 5/5 NE NR
TOPARP-B 1/2 22/28 0/1 11/20 NE 8.2
PROFOUND  NR NR 0/5 24/43 21 10.8
TRITON-2 2/13 61/102 3/9 24/53 8.7 9.7
TALAPRO-1 2/5 26/41 2/4 15/37 NR 8.8

BRCA1/2: BReast CAncer gene 1/2; NE: not estimable; NR: not reached; ORR:
overall response rate; PSA50-RR: PSA response rate with reduction > 50%; rPFS:
radiographic progression-free survival
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sub-clonally at a lower allele frequency than the original mutation
(Loehr et al., 2022). Only the BRCA2 homozygous deletion seems unable
to generate reversion mutations (Carreira, 2021). Other mutations of
HRR genes and surface transporters that restore the DNA repair mech-
anisms, such as the loss of PARP1 or 53BP1, or increase PARPis efflux,
such as the P-glycoprotein (Pgp) upregulation, or block PARP degra-
dation, such as the PARP-glycohydrolase (PARG) enzyme mutations, or
also epigenetic changes such as the promoter demethylation of BRCS1
and RAD51C, are associated with PARPis resistance (Lord and Ashworth,
2013; D’Andrea, 2018). Another hypothesized mechanism for PARPis
resistance is the presence at baseline, or the occurrence during treat-
ment, of neuroendocrine features, for example, identified by Retino-
blastomal (RB1I) loss (Liu et al., 2019; Horak, 2019; Akamatsu et al.,
2018). Some other factors have been studied as potentially causing
PARPis resistance, as they are related to DNA repair pathways in various
ways, such as the Polo-like kinase 1 (Plk1), Nitrogen permease
regulator-like 2 (NPRL2), High mobility group A2 (HMGA2) mutations
(Li, 2017; Chen et al., 2019; Hombach-Klonisch et al., 2019).

Conversely, in ’in vitro’ models, loss of Chromodomain helicase
DNA-binding protein 1 (CDHI1) has been identified as a sensitizing
mechanism for DNA-damaging therapies such as PARPis. This is a
chromatin remodeler onco-suppressor whose loss seems to identify PCa
subtypes carrying increased genomic instability and defect in DNA
damage repair pathways (Kari et al., 2016; Shenoy, 2017). More studies
on sensitizing and resistance mechanisms are needed to define treatment
selection and sequencing strategies better.

Alternative methods could enter the path for HRR testing in the
future. Liquid biopsy is the forerunner, being a minimally invasive
procedure. Liquid biopsy appears to be very useful in a disease such as
mPCa, often characterized by a long history and, therefore, a risk of old
and scant specimens to analyze or with a particular propensity to bone
metastases, whose biopsies result in discomfort for patients. In many
studies, liquid biopsy, especially with circulating tumor DNA (ctDNA)
analysis, has been addressed to identify genomic alterations with good
sensitivity and concordance with tissue findings (ranging from 80% to
94%) (Catalano et al., 2023). The main advantage of this test is that
ctDNA could better represent the heterogeneity of tumor compared to
biopsy; moreover, it allows following longitudinal modifications of gene
mutations, for example, in case of reversion mutations or other resis-
tance mutations appearing. A limitation of this technique is represented
by those cases with a low circulating tumor fraction (Catalano, 2023;
Trujillo et al., 2022). The usefulness and accuracy of liquid biopsy have
yet to be prospectively tested; therefore, future studies are warranted to
validate the use of this method to find HRR alterations, preferably in
selected centers.

7. Conclusions

Metastatic PCa remains a challenging disease, with an urgent need
for improving outcomes and tailoring treatments. Currently, PARPis
represent a new standard of care in mCRPC patients with BRCA alter-
ations. FDA approved olaparib also for HRR defects, even if the pre-
dictive role of HRR does not seem similar among the mutations. More
recently, the combination of PARPis and ARTA demonstrated efficacy in
mHSPC. However, the combination has been approved by EMA inde-
pendently from BRCA status and with only PFS data. Further studies are
warranted for new combinations and prognostic biomarkers identifica-
tion. Ideal future trials should include molecular subtyping to go deeper
into patterns of response and resistance. Furthermore, more accurate
molecular profiling could help personalize PCa therapy progress.
Finally, choosing the most appropriate time for treatment starting will
be of primary importance shortly, for optimizing treatment sequencing
and maximizing clinical benefit.
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