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Abstract 

Despite survival improvements achieved over the last two decades, prostate cancer remains lethal at the metastatic 
castration-resistant stage (mCRPC) and new therapeutic approaches are needed. Germinal and/or somatic alterations 
of DNA-damage response pathway genes are found in a substantial number of patients with advanced prostate can‑
cers, mainly of poor prognosis. Such alterations induce a dependency for single strand break reparation through the 
poly(adenosine diphosphate-ribose) polymerase (PARP) system, providing the rationale to develop PARP inhibitors. 
In solid tumors, the first demonstration of an improvement in overall survival was provided by olaparib in patients 
with mCRPC harboring homologous recombination repair deficiencies. Although this represents a major milestone, 
a number of issues relating to PARP inhibitors remain. This timely review synthesizes and discusses the rationale and 
development of PARP inhibitors, biomarker-based approaches associated and the future challenges related to their 
prescription as well as patient pathways.
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Background
Prostate cancer is the second most common malignancy 
and the fifth cause of cancer death in men, worldwide [1]. 
Despite survival improvements achieved using next gen-
eration hormonal therapies, chemotherapies or radionu-
clides [2], prostate cancer remains lethal at the metastatic 
castration resistant stage (mCRPC). While androgen-
receptor (AR) signaling still plays a central role in their 
development [3], a better understanding of the genomic 
landscape has highlighted that DNA-damage response 
(DDR) pathways may contribute to the progression of a 
large number of advanced prostate cancers [4, 5] often 
associated with worse prognosis [6].

DDR gene alteration induces a dependency on 
poly(adenosine diphosphate-ribose) polymerase 
(PARP)-1 for DNA repair, leading to cancer cell death 

when PARP-1 is inhibited. This synthetic lethality pro-
vides the rationale for using PARP inhibitors. Such treat-
ments have already shown substantial survival benefits as 
maintenance therapy for patients with ovarian and pan-
creatic cancers or used in front line therapy in patients 
with breast cancers [7–9]. While several PARP inhibitors 
are still under development in prostate cancer, olaparib 
has just demonstrated an improvement in overall survival 
in patients with mCRPC harboring homologous recom-
bination repair deficiency [10].

While this represents a major milestone to achieve, 
many issues remain unresolved regarding the efficacy of 
other PARP inhibitors, the potential toxicity of combina-
tions, the panel of biomarkers to use, the mechanisms of 
resistance or the promising role of platinum salt-based 
chemotherapies. This review synthesizes and discusses 
the main points regarding the rationale and development 
of PARP inhibitors, the biomarker-based approaches 
associated and the future challenges related to their pre-
scription as well as the patient’s pathway.
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From DNA‑damage repair to the homologous 
recombination deficiency in advanced prostate 
cancer
DNA‑damage repair
DNA-maintenance machinery allows genome stabil-
ity and prevents oncogenesis [11]. Single-strand breaks 
(e.g., insertion, deletion and mismatches) (SSBs) are 
repaired using base excision repair (BER), nucleo-
tide excision repair (NER) or mismatch repair (MMR) 
processes. Those mechanisms are activated by various 
regulatory factors such as poly ADP-ribose polymer-
ase (PARP), an ADP-ribosyl transferase, which con-
tribute to recruit BER or NER proteins on the DNA 
strand break depending on the complexity of the point 
mutation.

PARP is a family of 17 distinct proteins, in which 
PARP 1 and 2 are involved in DNA repair [12]. PARP1 
binds to damaged DNA gaps and, after conformational 
change, induces PARylation [13]. PARP1 catalyzes the 
polymerization of ADP-ribose units from NAD + (nico-
tinamide adenine dinucleotide) molecules and recruits 
proteins of the DNA SSB repair system (BER or NER 
systems) [14, 15]. Once a repair complex is recruited to 
SSB, PARP1 is released from DNA.

When PARP1 is deficient, SSB cannot be repaired 
[16]. Through the process of DNA replication, SSB con-
verts into a double-strand breaks (DSB), and the DSB 
repair system is then required. Three mechanisms exist 
to repair DSB: non-homologous end joining (NHEJ), 
microhomology-mediated end joining (MMEJ) and 
homologous recombination repair (HRR) [17]. HRR is 
the most conservative of them, leading to a high-fidelity 
repair by avoiding loss of information with the use of 
the second chromosome as a template.

Homologous recombination repair (Fig. 1)
Following a DSB, ATM, a serine/threonine kinase, is 
recruited and activated at the site. ATM activates, via 
CHK2, a phosphorylation cascade of several targets 
including BRCA1 [18]. BRCA1 recruits PALB2 which 
attracts BRCA2 and RAD51 [19, 20]. This complex 
induces the transfer of the broken sequence to the 
respective undamaged sequence of the second chro-
mosome, allowing DNA restoration through a complex 
cascade of many protein interactions. This core process 
is called homologous pairing by strand invasion [21]. 
BRCA1 can also be activated through the Fanconi Ane-
mia (FANC) and BRIP1 pathway [22].

Homologous recombination deficiency in metastatic 
castration‑resistant prostate cancer: prognostic impact 
of germinal mutations
Ninety percent of mCRPC carry at least one clinically 
actionable molecular alteration, with androgen recep-
tor (AR) pathways being the most frequently altered 
(71%) [4]. Approximately 27% of mCRPC have a ger-
mline or a somatic alteration in BRCA2, BRCA1, ATM 
or CHEK2 [5]. All HRR genes are tumor suppressors 
and require both alleles to be inactivated in the tumoral 
cell, with a complete loss of protein expression, accord-
ing to the Knudson two-hit hypothesis. The first allele 
could either be constitutively or somatically inacti-
vated. The second hit could be due to another somatic 
event, which leads to a complete loss of HRR system 
within the cell. A copy neutral loss of heterozygosity 
(LOH) with the loss of the wild-type allele is the most 
common phenomenon. When tumors are diagnosed 
with only one germline alteration without any other 
mutant allele (either by somatic mutation or LOH), 
HRR is still working and is not considered as a driver of 
oncogenesis [23]. Taking into account both somatic and 
germline mutations, BRCA2 (12–18%), ATM (3–6%), 

Fig. 1  Homologous recombination repair pathways. Double-strand 
breaks are detected by different proteins such as FANC complex 
or ATM/CHEK2. They recruit homologous stand invasion effectors, 
including BRCA1, BRCA2, PALB2 and RAD51, on the break site to carry 
out a faithful DNA repair. DSB double-strand break, HRR homologous 
recombination repair
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CHEK2 (2–5%) and BRCA1 (< 2%) are the most com-
mon altered genes involved in HRR [4, 5].

In a cohort of patients with mCRPC, 11.8% presented 
with a germline mutation in HRR genes, with an associ-
ated LOH in more than 90% of cases [24]. Interestingly, 
this cohort did not reveal any association with age and 
familial history of cancer, although most patients were 
younger than 70 years old [24]. These germline mutations 
represent roughly half of the cases of homologous recom-
bination deficient (HRD) mCRPC [5]. BRCA2 alterations 
are still the most frequent, responsible for 5.3% of cases, 
followed by ATM, CHEK2 and BRCA1 (1.9, 1.6 and 0.9%, 
respectively) [24].

Germline mutations of BRCA1/2 and ATM are asso-
ciated with worse prognosis in prostate cancer, while 
to-date, somatic mutations are not shown to be [6, 25]. 
Patients with germline BRCA2 pathogenic variants have 
a 20-fold risk of death related to prostate cancer [26]. 
ATM, a DNA-damage sensor gene, is frequently altered 
in mCRPC. While a complete inactivation of BRCA2, 
BRCA1 and PALB2 imprints a distinct mutational sig-
nature on genomes, there is no such a pattern with ATM 
biallelic inactivation [27]. CHEK2 is a checkpoint kinase 
gene, activated by ATM and regulating BRCA1. The most 
common pathogenic CHEK2 mutation, c.1100delC, has 
been associated with an increased risk of lethal versus 
indolent prostate cancers (respectively, 1.28% vs. 0.16% 
P = 0.004), giving a poor prognosis to this mutation [28]. 
Minor genes such as BRIP1, RAD51D or PALB2 are 
found in less than 0.5% of cases [29, 30].

Deleterious CDK12 alterations are enriched from local-
ized to advanced prostate cancers, occurring in 5–11% of 
patients with mCRPC, and associated with worse prog-
nosis and high Gleason scores [31–33]. CDK12 is known 
to inhibit intronic polyadenylation sites (frequent in HRR 
genes sites), in order to keep the last exons within the 
transcript and avoid truncated proteins. While correlated 
to low expression of HRR genes, bi allelic CDK12 inac-
tivation was more recently shown to be associated with 
a distinct subgroup of prostate cancers characterized by 
focal tandem duplications and gene fusion-induced neo-
antigens all over the genome, as well as CD4 + FOXP3—
tumor-invasive lymphocytes (i.e., likely to be permissive) 
[28, 33]. In line with these pre-clinical data, a retrospec-
tive study suggested a better sensitivity of CDK12 altera-
tions to immune checkpoint inhibitors [31].

Alterations in HRR genes are present in a significant 
proportion of patients with mCRPC, but their clini-
cal implication remains unclear. Recently, Castro et  al. 
investigated the impact of germline mutations in HRR 
genes in the prospective PROREPAIR-B study [34]. DDR 
alterations were identified in 68 of 419 patients with 
mCRPC (16.2%), including 14 with BRCA2, 8 with ATM, 

4 with BRCA1 and none with PALB2 or CHEK2 muta-
tions. The results did not show a difference in cause-
specific survival (CSS) between altered and non-altered 
mCRPC (P = 0.65). Conversely, CSS for patients with 
BRCA2 alterations was approximately halved compared 
to non-carriers (17.4  months vs. 33.2  months, 95% CI 
1.07–4.10, P = 0.27). The authors conducted a post hoc 
analysis to compare the CSS and PFS2 (second progres-
sion or death) according to BRCA2 status and sequence: 
taxane-new hormonal therapy (NHT) or NHT-taxane. 
After multivariate analysis it seemed that gBRCA2 carri-
ers had a shorter CSS and PFS2 compared to non-carri-
ers in the taxane-NHT sequence, while no difference was 
observed in the NHT-taxane sequence. This suggests that 
gBRCA2 alterations are correlated with poorer progno-
sis, but that NHT may reverse this effect. These results 
are reinforced by the retrospective study of Antonara-
kis et al., showing better progression-free survival (PFS) 
and overall survival (OS) in patients with gBRCA​/ATM 
alterations treated with NHT as first line, compared to 
non-mutated patients. The outcomes after first line NHT 
did not appear better for patients with non-BRCA​/ATM 
germline alterations [35]. The results of these two stud-
ies need to be confirmed with larger groups of patients. 
Similar studies regarding somatic HRR alterations were 
not found.

Overall, a growing body of evidence showing a poorer 
prognosis associated with germinal HRR gene aberra-
tions as well as mitigated results of standard treatments 
in patients with prostate cancer, strengthened the ration-
ale to develop specific treatments such as PARP inhibi-
tors in this setting.

Development of PARP inhibitors in prostate cancer 
used alone or in combination
Mechanism
PARP inhibitors (PARPi) are oral-targeted therapies, 
which competitively bind to the NAD + sites of PARP1 
and PARP2 inducing a catalytic inhibition (Fig.  2a, b). 
Five different molecules are currently under develop-
ment or recently approved: olaparib, rucaparib, nira-
parib, veliparib and talazoparib. Their action inhibits the 
PARylation, and thus, SSBs repair, leading to increase the 
number of SSB within the cell (Fig. 3a). Unrepaired SSB 
converts into DBS during the replication (Fig. 3b). When 
used on HRD cells, PARPi induce a synergistic lethal 
effect, increasing genomic instability enough to reach 
tumor cell death. This phenomenon is called synthetic 
lethality and is specific to tumor cells with complete HRD 
(Fig. 2c). Catalytic inhibition has been observed in pros-
tate cancer cell lines [36, 37].

PARPi also trap PARP enzymes on DNA. The result-
ing DNA-PARP complexes block the replisome during 
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replication, in a way that only HRR can resolve (Fig. 2c, 
d) [36]. BRCA1, BRCA2 and PALB2 are not only 
involved in HRR, but also stabilize stalled replication 
forks. BRCA1/2 or PALB2 loss destabilizes replication 
forks, and this effect is potentialized by PARPi trap-
ping, in a synthetic lethality process [38]. Thus, PARPi 
trapping has a cytotoxic action in HRD cells, and more 
accurately on BRCA1, BRCA2 or PALB2 deficient cells. 
Potency of trapping varies according to the molecule of 
PARPi used (e.g., major for talazoparib) [36, 37].

PARP inhibitors as single agents
According to the preclinical rationale described above, 
PARPi were firstly developed as single agents in mCRPC. 
The main clinical studies are summarized in Table 1.

Olaparib
Olaparib was the first PARPi to be described. After 
promising results reported in phase I, fifty patients with 
mCRPC were enrolled in a phase II study (TOPARP-A) 
[39]. They had received at least one chemotherapy regi-
men, and 98% were previously treated with abiraterone 
or enzalutamide. The primary endpoint was the compos-
ite response rate (CRR), defined as an objective radio-
logical response (ORR) based on the response evaluation 
criteria in solid tumors (RECIST), or a reduction of at 
least 50% of the PSA level, or a decrease in the circulating 
tumor cell (CTC). Of the 49 patients assessed for CRR, 
seven had BRCA2 and four had ATM alterations. Other 
HRR aberrations were seen in BRCA1, CHEK2, FANCA, 
HDAC2 or PALB2 genes. Fourteen of the 16 patients 
(88%) with HRR alterations had a CRR compared to 6% 
for the patients without HRR deficiencies. Olaparib was 

b

d

a

c

Fig. 2  PARP inhibitors action mechanisms. Catalytic lethality. a PARP is recruited on single-stand breaks (SSB) and PARylates to recruit base-excision 
repair (BER) agents to repair SSB. b PARPi are competitive inhibitors of PARP and prevent PARylation from occurring. So, BER systems are not 
recruited and SSB is not repaired, allowing synthetic lethality. Trapping lethality. c Nascent DNA on replication forks is protected from nuclease 
action by a BRCA1/2 shield. d Inactivated PARP is locked on SSB; thus, the replication fork gets stale. In BRCA1/2 deficient cells, nucleases have the 
time to degrade nascent DNA, leading to cell death
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well tolerated; grade 3 or 4 adverse events were primar-
ily anemia (20%), fatigue (12%) and leukopenia (6%). 
Using next-generation sequencing (NGS), TOPARP-B 
selected 161 (27%) patients with HRR gene alterations 
among 592 patients with mCRPC treated with at least 
one chemotherapy, and eligible for NGS analysis, [40]. 
Given the dose/response relationship for olaparib [41, 
42], ninety-eight patients were randomly assigned in 2 
cohorts: one receiving olaparib 400  mg twice daily and 
the other 300 mg twice daily. The primary endpoint was 
CRR defined with the same criteria as TOPARP-A. A 
confirmed CRR was observed in 54.3% of the patients in 
the 400 mg arm, compared to 39.1% in the 300 mg cohort 
with, in return, higher toxicity in the 400 mg arm (3 times 
more patients requested a dose reduction in the arm 
400  mg mostly due to anemia). A preplanned subgroup 
analysis showed that the highest CRR was observed in 
the BRCA1/2 subgroup (83.3%), then PALB2 (57.1%), 
both effectors of the HRR system. ORR was 52.4% and 
33.3% for BRCA1/2 and PALB2 subgroups, respectively. 
The CRR was lower in the ATM and CDK12 subgroups 
(36.8% and 25.0%, respectively), and moreover, almost no 
radiological or PSA responses were observed. The effect 
of olaparib in the CDK12 subgroup might be influenced 
by an imbalance with more alterations in groups with 

lower doses. While radiological and biological responses 
are commonly used in daily practice, the value of CTC 
conversion as a biomarker of response is still under eval-
uation, even if, in this trial, CTC conversion was associ-
ated with better radiographic PFS (rPFS) and OS. Thus, 
the CRR for the ATM and CDK12 subgroups should be 
interpreted with caution.

TOPARP studies confirmed that Olaparib used alone 
was more efficient in HRR deficient mCRPC. Moreo-
ver, the efficacy in terms of CRR seemed to be higher for 
effector genes of the HRR system (BRCA, PALB2) than 
sensors (ATM, CDK12).

Building on these results, the PROfound study was 
designed [43]. This phase III trial compared olaparib to 
NHT in patients with mCRPC progressing after at least 
one treatment with enzalutamide or abiraterone. Previ-
ous taxane chemotherapy was allowed. Patients were 
included if an alteration (mono- or bi-allelic) in at least 
1 of the 15 prespecified HRR genes (BRCA1, BRCA2, 
ATM, BRIP1, BARD1, CDK12, CHEK1, CHEK2, FANCL, 
PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, and 
RAD54L) was found. Patients with an alteration in 
BRCA1, BRCA2 or ATM were assigned to cohort A, and 
patients with alterations in any of the 12 other genes were 
allocated to cohort B. The primary endpoint was the 

Fig. 3  Principle of synthetic lethality reached with PARP inhibitors (PARPi) used in homologous recombination deficient (HRD) cells. a In standard 
conditions, PARP proteins repair single-stand breaks (SSB). b In homologous recombination repair (HRR)-competent cells, the use of PARPi prevents 
SSB from repairing. Though replication, this converts SSB into double-strand breaks (DSB), and cells survive using HRR. c In HRD cells with PARPi, 
neither SSB nor DSB could be repaired. This leads to cell death, through a synergy between PARPi and HRD called synthetic lethality
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imaging-based PFS in cohort A. If the primary objective 
was reached, testing of key secondary endpoints had to 
be performed in a hierarchical manner: ORR in cohort A, 
rPFS in the overall population, time to pain progression 
in cohort A and OS in cohort A. Crossover to olaparib 
was allowed after blinding central review imaging-based 
progression. After analysis of 2792 samples, 778 (28%) 
patients were randomly assigned in a 2:1 ratio to receive 
olaparib at a dose of 300  mg twice daily (162 patients 
in cohort A, 94 patients in cohort B) or the physician’s 
choice between enzalutamide or abiraterone (83 patients 
in cohort A, 48 patients in cohort B). Primary endpoint 
was reached and the median imaging-based PFS in the 
cohort A was longer in the olaparib group (7.4 months vs. 
3.6  months, Hazard Ratio (HR) 0.34, 95% CI 0.25–0.47, 
P < 0.001). The ORR, assessed by blinded, independent, 
central review, among evaluable patients of the cohort 
A was 33% in the olaparib group and 2% in the control 
group. PFS was also longer in the overall population 
(cohort A and B) for the experimental group (5.8 months) 
compared to the control group (3.5  months), P < 0.001. 
A statistically meaningful better OS was subsequently 
reported for patients receiving olaparib in cohort A than 
those treated with NHT (19.1  months vs. 14.7  months, 
HR 0.69, 95% CI 0.50–0.97, P = 0.0175) [10]. Among 
patients in the control group, with imaging-based disease 
progression, 81% crossed over to receive olaparib, and 
the sensitivity analysis adjusting for the crossover showed 
an HR of 0.42 (95% CI 0.19–0.91). No difference was 
observed before or after adjustment for crossover (HR 
0.96; 95% CI 0.63–1.49) for cohort B.

The PROfound study is the first trial showing an 
improvement in OS for mCRPC with an alteration in 
BRCA1/2 or ATM genes, treated with PARPi, after at 
least the use of NHT, even if a substantial crossover was 
observed. In addition, olaparib significantly improved 
time to pain progression, a key secondary endpoint (HR 
0.44; 95% CI 0.22–0.91, P = 0.0192), and was associated 
with better health-related quality of life (HRQoL) func-
tioning over time, compared with NHT [44, 45]. These 
patient-reported outcomes are of importance in the set-
ting of advanced prostate cancer. However, even if prom-
ising CRR rates were reported by TOPARP studies as well 
as rPFS regarding ATM altered patients, the inclusion 
in the same cohort of ATM and BRCA​ is questionable 
given function differences and marginal results in other 
phase III studies. A large retrospective study [46] and the 
CARD randomized phase III trial [47] showed that not 
delaying chemotherapy for eligible patients improves sur-
vival. Given these results, a standard arm allowing doc-
etaxel may have been more appropriate. Indeed, 35% of 
the patients allocated to the standard arm received two 
consecutive NHT, but no taxane-based chemotherapy, 

making the control group weaker. However, the PRO-
found trial was designed prior to these retrospective 
and CARD data [46, 47]. Other ongoing phase II stud-
ies, evaluating olaparib as maintenance therapy following 
chemotherapy for mCRPC, or as a single agent for local-
ized prostate cancers, are reported in Table 1.

Niraparib
Niraparib is another PARP1/2 inhibitor with higher trap-
ping potency and cytotoxicity than olaparib [36]. GALA-
HAD is an ongoing open-label phase II study evaluating 
niraparib in patients with mCRPC and HRR deficiency, 
progressing after taxane and NHT. HRR deficiency 
was defined as a biallelic alteration in BRCA1/2, ATM, 
FANCA, PALB2, CHEK2, BRIP1, or HDAC2 assessed by 
a plasma or tissue-based test. Patients received 300  mg 
of niraparib daily. The primary endpoint was the ORR. 
A CRR, defined as ORR, conversion of CTC, or more 
than 50% decline in PSA level, was evaluated. Prelimi-
nary results were recently reported, regarding a popu-
lation of 81 patients with a biallelic HRR deficiency (46 
BRCA1/2 and 35 non-BRCA​) [48]. Of the 51 patients 
with a measurable disease, the ORR in the “BRCA​ 
group” was 41% (95% CI 23.5–61.1%) compared to 9% 
(95% CI 1.1–29.2%) in the “non-BRCA​ group”; and the 
CRR was 63% (95% CI 47.6–76.8%) compared to 17% 
(95% CI 6.6–33.7%), respectively. Median PFS and OS in 
BRCA​ were 8.2  months (95% CI 5.2–11.1  months) and 
12.6 months (95% CI 9.2–15.7 months), respectively, ver-
sus 5.3 months (95% CI 1.9–5.7 months) and 14.0 months 
(95% CI 5.3–20.1 months) in non-BRCA​. Grade 3 and 4 
adverse events were mostly hematologic with anemia 
(29%), thrombocytopenia (15%) and neutropenia (7%), 
managed with dose reduction or interruption.

GALAHAD is a phase II study with a small number of 
patients. Thus, results on efficacy need to be interpreted 
cautiously. As for olaparib, niraparib seems to be more 
efficient in BRCA-altered patients. Efficacy is in the same 
order of magnitude as olaparib (ORR of 52.4% and 41% 
for BRCA​ groups in TOPARP-B and GALAHAD, respec-
tively) even if we would expect a greater effect in a pure 
biallelic population. Toxicity was manageable and similar 
to olaparib.

Three other ongoing phase II studies evaluating nira-
parib as monotherapy are reported in Table  1. One for 
mCRPC and two for localized prostate cancer. To date, 
there is no phase III study investigating niraparib as 
monotherapy.

Rucaparib
Rucaparib has a cytotoxic power and trapping efficacy 
comparable to olaparib [37]. The TRITON-2 phase 2 
trial evaluated rucaparib 600 mg twice daily in patients 
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with mCRPC and mono- or bi-allelic deleterious 
somatic or germline alteration in HRR genes (BRCA1, 
BRCA2, ATM, BARD1, BRIP1, CDK12, CHEK2, 
FANCA, NBN, PALB2, RAD51, RAD51B, RAD51C, 
RAD51D, or RAD54L). Alterations were tested on 
plasma or tumor tissue. Patients had a progression 
after one or two NHT and one taxane-based chemo-
therapy. Primary outcomes were the ORR and the PSA 
response rate. One hundred and fifteen patients had 
a BRCA1/2 alteration (44 germline, 71 somatic) [49]. 
The ORR was 43.5% (95%CI 38.1- 63.4%) for the 62 
ORR-evaluable patients; no differences were observed 
between germline and somatic mutated patients. With 
a median follow-up of 17.1  months, the median dura-
tion of response was not reached yet. The PSA response 
rate was 54.8% (95% CI 45.2–64.1%). PSA responses 
seemed smaller in the BRCA1 (15.4%; 2 of 13 patients) 
or mono-allelic patients (11.1%; 1 of 9 patients) com-
pared to BRCA2 (59.8%; 61 of 102 patients) or biallelic 
patients (75.0%; 27 of 36 patients) (although these are 
small populations). Seventy-eight patients had a non-
BRCA HRR alteration [50]. The PSA response rate was 
4.1%, 6.7% and 16.7% in the ATM group (49 patients), 
CDK12 cohort (15 patients) and CHEK2 group (12 
patients), respectively. The ORR was 10.5% in the ATM 
group (19 evaluable patients), 0% in the CDK12 cohort 
(10 evaluable patients), and 11.1% in the CHEK2 group 
(9 evaluable patients). Of the 14 evaluable patients 
with other HRR gene alterations, 4 (28.6%) had a radi-
ographic response and 5 (35.7%) had a PSA response. 
Encouraging results are seen for PALB2, BRIP1 and 
RAD51. Indeed, both patients with a PALB2 alteration 
had PSA responses and one had a partial radiographic 
response. One of the 2 BRIP1-altered patients and a 
patient with an RAD51B alteration had radiographic 
and PSA responses, both ongoing [50]. Adverse events 
were comparable to other PARPi.

Again, these results suggest that BRCA1/2 and PALB2, 
both effectors of HRR, are interesting targets, while 
ATM, CDK12 and CHEK2, sensors of HRR, may be less 
directly involved. The other non-BRCA HRR genes war-
rant further investigation. This is the first phase II study 
comparing mono- and biallelic, somatic and germline 
altered patients. The results, even with small cohort of 
patients, raise hypotheses for further investigations sug-
gesting better efficacy for biallelic altered patients and no 
differences between somatic and germline status.

The TRITON-3 study (NCT02975934) is an ongo-
ing phase III trial comparing rucaparib versus abira-
terone, enzalutamide or docetaxel (physician’s choice) 
after 1 NHT but no chemotherapy, for patients with 
mCRPC and a deleterious mutation of BRCA1/2 or ATM 
(Table 1).

Talazoparib
Talazoparib is the PARPi with the strongest trapping effi-
ciency [37]. Its efficacy is 20- to 200-fold greater than the 
others [51]. TALAPRO-1 is an ongoing phase II trial eval-
uating talazoparib 1  mg daily in patients with mCRPC 
and mono- or bi-allelic HRR gene alterations (CDK12 
was not considered as an HRR gene). They have received 
at least one taxane-based chemotherapy regimen and 
one or more NHT. Interim results were recently reported 
with 113 patients having received talazoparib and 75 
patients evaluable for the primary endpoint of ORR (41 
BRCA1/2, 3 PALB2, 17 ATM and 14 patients with other 
HRR gene alterations) [52, 53]. In the BRCA, PALB2 
and the ATM groups, ORR was 43.9%, 33.3% and 11.8%, 
respectively. No response was observed in the other HRR 
groups. Most common adverse events were slightly more 
frequent than other PARPi, namely anemia (42.5%, all 
grades) and nausea (32.7%, all grades) [53].

With these convincing results, PARPi are becom-
ing accepted as options to treat patients with mCRPC. 
BRCA1/2 alterations are predictive of response to PARPi 
and are the best candidates for treatment, irrespective 
of somatic or germinal status. The biallelic inactivation 
also appears to be important, with most of the responses 
observed in this group. More studies are awaited to 
support these statements and will not only explore the 
PARPi efficacy earlier in the medical care (i.e., mCSPC or 
localized prostate cancers) but also in combination with 
other drugs.

Treatment combination with PARP inhibitors
Even if sustained efficacy is observed with PARPi used 
alone, primary and secondary resistances are seen. To try 
to potentiate their action, trials are underway to evaluate 
the use of PARPi in combination with other drugs. The 
main studies are summarized in Table 2.

PARP inhibitors and new hormonal therapies
In 2013, Polkinghorn et al. showed that AR regulates a 
transcriptional program of DNA repair genes and that 
NHT results in downregulation of DNA repair genes 
[54]. Moreover, Schiewer et al. demonstrated, using dif-
ferent cell lines and xenografts, that PARP-1 promotes 
AR functions [55]. Recently, two studies confirmed the 
association between AR, HRR and PARP, on cell lines 
and xenografts. They showed that androgen depriva-
tion therapy (ADT) or enzalutamide could result in a 
state of BRCAness leading to sensitivity to PARP inhi-
bition of prostate cancer cells [56, 57]. Based on these 
results Clarke et  al. assessed the synergy between 
olaparib and abiraterone in a randomized phase II 
study [58]. One hundred and forty-two patients with 
mCRPC, who previously received docetaxel but not 



Page 10 of 19Teyssonneau et al. J Hematol Oncol           (2021) 14:51 

Ta
bl

e 
2 

Ph
as

e 
II 

or
 II

I t
ria

ls
 u

si
ng

 P
A

RP
 in

hi
bi

to
rs

 in
 c

om
bi

na
tio

n 
to

 tr
ea

t p
ro

st
at

e 
ca

nc
er

s

C
TI

D
Tr

ea
tm

en
t

Ph
as

e
N

o.
  p

at
ie

nt
s 

or
 e

st
im

at
ed

 
en

ro
llm

en
t

D
is

ea
se

 s
ta

tu
s

M
an

da
to

ry
 H

RR
 s

ta
tu

s 
fo

r i
nc

lu
si

on
D

et
er

m
in

at
io

n 
m

et
ho

d 
fo

r H
RD

Pr
im

ar
y 

en
dp

oi
nt

s
Re

su
lts

N
C

T0
19

72
21

7
A

bi
ra

te
ro

ne
 ±

 o
la

pa
‑

rib
2

14
2

m
C

RP
C

 a
ft

er
 d

oc
‑

et
ax

el
, n

o 
pr

io
r N

H
T

N
o

Pl
as

m
a 

or
 b

lo
od

 o
r 

tu
m

or
Ra

di
og

ra
ph

ic
 P

FS
13

.8
 m

on
th

s 
(c

om
‑

bi
na

tio
n)

 v
er

su
s 

8.
2 

m
on

th
s 

(c
on

tr
ol

), 
P 
=

 0
.0

34
, H

R 
=

 0
.6

5 
(C

I 9
5%

 0
.4

4–
0.

97
)

N
C

T0
37

32
82

0/
PR

O
pe

l
A

bi
ra

te
ro

ne
 ±

 o
la

pa
‑

rib
3

72
0

m
C

RP
C

, 1
st

 li
ne

N
o

Tu
m

or
Ra

di
og

ra
ph

ic
 P

FS
O

ng
oi

ng
, n

ot
 re

cr
ui

tin
g

N
C

T0
24

84
40

4
O

la
pa

rib
 +

 d
ur

‑
va

lu
m

ab
2

17
m

C
RP

C
 a

ft
er

 1
 N

H
T

N
o

N
ot

 p
er

fo
rm

ed
C

lin
ic

al
 e

ffi
ca

cy
PS

A
 re

sp
on

se
 ra

te
: 

53
%

, R
ad

io
gr

ap
hi

c 
re

sp
on

se
: 4

4%
Ra

di
og

ra
ph

ic
 P

FS
: 1

6.
1 

m
on

th
s

N
C

T0
28

61
57

3/
KE

Y‑
N

O
TE

-3
65

 c
oh

or
t A

O
la

pa
rib

 +
 p

em
br

ol
i‑

zu
m

ab
2

41
m

C
RP

C
 a

ft
er

 a
t l

ea
st

 
do

ce
ta

xe
l

N
o

N
ot

 p
er

fo
rm

ed
PS

A
 re

sp
on

se
 ra

te
, 

sa
fe

ty
PS

A
 re

sp
on

se
 ra

te
: 1

3%

N
C

T0
38

34
51

9/
KE

Y‑
LI

N
K-

01
0

O
la

pa
rib

 +
 p

em
br

ol
i‑

zu
m

ab
 v

s 
N

H
T

3
78

0
m

C
RP

C
 a

ft
er

 C
T 

an
d 

1 
N

H
T

N
o

N
ot

 p
er

fo
rm

ed
O

S,
 ra

di
og

ra
ph

ic
 P

FS
Re

cr
ui

tin
g

N
C

T0
38

10
10

5
O

la
pa

rib
 +

 d
ur

‑
va

lu
m

ab
2

32
Ca

st
ra

tio
n 

Se
ns

i‑
tiv

e 
Bi

oc
he

m
ic

al
ly

 
Re

cu
rr

en
t n

m
PC

Bi
- o

r m
on

o-
al

le
lic

 
de

le
te

rio
us

 H
RD

U
nd

es
cr

ib
ed

 m
et

ho
d

N
um

be
r o

f u
nd

et
ec

t‑
ab

le
 P

SA
Re

cr
ui

tin
g

N
C

T0
43

36
94

3
O

la
pa

rib
 +

 d
ur

‑
va

lu
m

ab
2

30
Ca

st
ra

tio
n 

Se
ns

i‑
tiv

e 
Bi

oc
he

m
ic

al
ly

 
Re

cu
rr

en
t n

m
PC

D
el

et
er

io
us

 H
RD

, 
bi

-a
lle

lic
 C

D
K1

2 
al

te
ra

tio
n,

 M
SI

a

U
nd

es
cr

ib
ed

 m
et

ho
d

N
um

be
r o

f u
nd

et
ec

t‑
ab

le
 P

SA
Re

cr
ui

tin
g

N
C

T0
37

87
68

0 
/T

RA
P

O
la

pa
rib

 +
 A

TR
i 

(A
ZD

67
38

)
2

45
m

C
RP

C
 a

ft
er

 d
oc

‑
et

ax
el

 o
r 1

 N
H

T
Co

ho
rt

 1
: n

o
Co

ho
rt

 2
:a  H

RD
Tu

m
or

 o
r b

lo
od

O
RR

 in
 D

N
A

 re
pa

ir 
pr

ofi
ci

en
t p

at
ie

nt
s

Re
cr

ui
tin

g

N
C

T0
35

16
81

2
O

la
pa

rib
 +

 te
st

os
‑

te
ro

ne
2

30
m

C
RP

C
 a

ft
er

 1
 N

H
T,

 
no

 c
he

m
ot

he
ra

py
50

%
 w

ith
a  d

el
et

er
i‑

ou
s 

H
RD

, 5
0%

 w
ith

 
co

m
pe

te
nt

 H
RR

Tu
m

or
 o

r b
lo

od
PS

A
 d

ec
re

as
e,

 A
ES

Re
cr

ui
tin

g

N
C

T0
28

93
91

7
O

la
pa

rib
 ±

 c
ed

ira
ni

b
2

90
m

C
RP

C
 a

ft
er

 2
 li

ne
s 

of
 

tr
ea

tm
en

t
N

o
N

ot
 p

er
fo

rm
ed

Ra
di

og
ra

ph
ic

 P
SA

O
ng

oi
ng

, n
ot

 re
cr

ui
tin

g

N
C

T0
37

48
64

1/
M

A
G

‑
N

IT
U

D
E

A
bi

ra
te

ro
ne

 ±
 n

ira
‑

pa
rib

3
10

00
m

C
RP

C
, 1

st
 li

ne
N

o
Tu

m
or

Ra
di

og
ra

ph
ic

 P
FS

Re
cr

ui
tin

g

N
C

T0
44

97
84

4/
A

M
PL

I‑
TU

D
E

A
D

T 
+

 a
bi

ra
te

r‑
on

e 
±

 n
ira

pa
rib

3
78

8
m

C
SP

C
N

o
Tu

m
or

Ra
di

og
ra

ph
ic

 P
FS

Re
cr

ui
tin

g

N
C

T0
34

31
35

0
N

ira
pa

rib
 +

 c
et

re
lim

ab
 

or
 n

ira
pa

rib
 +

 a
bi

ra
‑

te
ro

ne

1–
2

14
8

m
C

RP
C

 a
ft

er
 1

 o
r 2

 
N

H
T

N
o

N
ot

 p
er

fo
rm

ed
O

RR
 a

nd
 A

ES
Re

cr
ui

tin
g

N
C

T0
44

55
75

0/
C

A
SP

A
R

En
za

lu
ta

m
id

e 
±

 ru
ca

‑
pa

rib
3

10
02

m
C

RP
C

, 1
st

 li
ne

N
o

Tu
m

or
Ra

di
og

ra
ph

ic
 P

FS
 

an
d 

O
S

N
ot

 y
et

 re
cr

ui
tin

g

N
C

T0
33

38
79

0/
C

he
ck

‑
M

at
e 

9K
D

N
iv

ol
um

ab
 +

 ru
ca

‑
pa

rib
/e

nz
al

ut
am

id
e/

do
ce

ta
xe

l

2
33

0
m

C
RP

C
N

o
N

ot
 p

er
fo

rm
ed

O
RR

 a
nd

 P
SA

 
re

sp
on

se
 ra

te
O

ng
oi

ng
, n

ot
 re

cr
ui

tin
g



Page 11 of 19Teyssonneau et al. J Hematol Oncol           (2021) 14:51 	

Ta
bl

e 
2 

(c
on

tin
ue

d)

C
TI

D
Tr

ea
tm

en
t

Ph
as

e
N

o.
  p

at
ie

nt
s 

or
 e

st
im

at
ed

 
en

ro
llm

en
t

D
is

ea
se

 s
ta

tu
s

M
an

da
to

ry
 H

RR
 s

ta
tu

s 
fo

r i
nc

lu
si

on
D

et
er

m
in

at
io

n 
m

et
ho

d 
fo

r H
RD

Pr
im

ar
y 

en
dp

oi
nt

s
Re

su
lts

N
C

T0
33

95
19

7 
(T

A
L‑

A
PR

O
-2

)
En

za
lu

ta
m

id
e 
±

 ta
la

‑
zo

pa
rib

3
10

37
m

C
RP

C
, 1

st
 li

ne
N

o
N

ot
 p

er
fo

rm
ed

Ra
di

og
ra

ph
ic

 P
FS

Re
cr

ui
tin

g

N
C

T0
43

32
74

4/
ZZ

-fi
rs

t
A

D
T 
+

 e
nz

al
ut

a‑
m

id
e 
±

 ta
la

zo
pa

rib
2

54
m

C
SP

C
 h

ig
h 

vo
lu

m
e

N
o

PS
A

 c
om

pl
et

e 
re

sp
on

se
 ra

te
Re

cr
ui

tin
g

CR
PC

 m
et

as
ta

tic
 c

as
tr

at
io

n-
re

si
st

an
t p

ro
st

at
e 

ca
nc

er
, m

CS
PC

 m
et

as
ta

tic
 c

as
tr

at
io

n-
se

ns
iti

ve
 p

ro
st

at
e 

ca
nc

er
, n

m
PC

 n
on

-m
et

as
ta

tic
 p

ro
st

at
e 

ca
nc

er
, N

H
T 

ne
w

 h
or

m
on

al
 th

er
ap

y,
 H

RR
 h

om
ol

og
ou

s 
re

co
m

bi
na

tio
n 

re
pa

ir,
 

H
RD

 h
om

ol
og

ou
s 

re
pa

ir 
de

fic
ie

nc
y,

 C
TI

D
 c

lin
ic

al
 tr

ia
l i

de
nt

ifi
ca

tio
n,

 P
FS

 p
ro

gr
es

si
on

 fr
ee

 s
ur

vi
va

l, 
O

RR
 o

bj
ec

tiv
e 

re
sp

on
se

 ra
te

, O
S 

ov
er

al
l s

ur
vi

va
l, 

PS
A

 re
sp

on
se

 ra
te

: d
ec

lin
e 

of
 m

or
e 

th
an

 5
0,

 A
ES

 a
dv

er
se

 e
ve

nt
s. 

AT
Ri

: 
ce

ra
la

se
rt

ib
: o

ra
lly

 a
va

ila
bl

e 
in

hi
bi

to
r o

f a
ta

xi
a 

te
la

ng
ie

ct
as

ia
 a

nd
 ra

d3
 re

la
te

d 
(A

TR
) k

in
as

e
a  M

on
o-

 o
r b

i-a
lle

lic
 s

ta
tu

s 
no

t s
pe

ci
fie

d



Page 12 of 19Teyssonneau et al. J Hematol Oncol           (2021) 14:51 

any NHT, were blindly randomized between abirater-
one with placebo, and abiraterone with olaparib. Only 
21 patients (15%) had confirmed or suspected HRR 
alteration (allelic status not known), 35 patients (25%) 
were classified as HRR wild-type, and 86 (61%) had 
partially characterized HRR status (HRR wild-type by 
plasma and/or germline test, but no valid tumor test, 
or no valid tumor, plasma and germline test). There 
was a significant improvement of rPFS in the combina-
tion arm compared to the control arm (13.8 months vs. 
8.2 months, P = 0.034). The predefined subgroup analy-
sis for HRR-altered patients and HRR-wild type ones 
was not significant, probably due to the small popula-
tion. Results for OS were immature by the data cut-
off, and no statistically significant differences could be 
seen. The toxicity of the combination was high, i.e., 54% 
of the patients experienced grade 3 or more adverse 
events in the experimental arm versus 28% in the com-
parator arm. Seven patients (10%), aged 66–88  years 
old, in the combination arm had serious cardiovascu-
lar events (4 myocardial infarctions, 1 fatal cardiac fail-
ure, 1 chronic cardiac failure, 1 fatal ischemic stroke) 
compared with 1 thrombotic stroke in the control arm. 
At baseline, 62% and 56% had cardiovascular risk fac-
tors in the combination and comparator arms, respec-
tively. Of note, median treatment duration was longer 
in the combination arm (338 days vs. 253 days for abi-
raterone in each arm, 309 days for olaparib vs. 253 days 
for placebo). This study shows a synergistic interaction 
between NHT (abiraterone) and PARPi (olaparib), even 
in the absence of HRR alteration, strengthening the 
hypothesis that NHT induce a BRCAness state in pros-
tate cancers. However, a relatively high cardiovascu-
lar toxicity is observed (10%) in the combination arm, 
leading to death in almost 3% of cases. Thus, the asso-
ciation should be used with caution in patients with 
cardiovascular history.

Based on these results, the ongoing phase III trial PRO-
pel (NCT03732820) randomizes patients with mCRPC 
between abiraterone with olaparib and abiraterone with 
placebo, as first-line treatment, irrespective of HRR sta-
tus. The primary endpoint is rPFS; secondary endpoints 
include OS and health-related quality of life. The effect of 
HRR alteration will be studied in exploratory analyses.

Several ongoing studies are evaluating the associa-
tion of a PARPi combined with NHT with mainly rFPS 
as primary endpoint. MAGNITUDE (NCT03748641) 
and AMPLITUDE phase III trials (NCT04497844) ran-
domize patients with advanced prostate cancer between 
abiraterone or abiraterone and niraparib in castration 
resistance and castration sensitive setting, respectively. 
The CASPAR trial (NCT04455750) is investigating a 
combination of enzalutamide and rucaparib compared 

to enzalutamide in patients with mCRPC (irrespective of 
HRR status). Talazoparib is being evaluated in associa-
tion with enzalutamide in the TALAPRO-2 trial.

Veliparib is the PARPi with the lowest trapping activ-
ity [36] and has only been tested in combination with 
other treatments in mCRPC. A phase II trial aimed to 
assess the association of abiraterone and veliparib in 
patients with mCRPC irrespective of HRR status [59]. 
Patients were randomly assigned to receive abiraterone 
(arm A) or abiraterone with veliparib (300 mg twice per 
day, arm B). There were no statistically significant differ-
ences between the 2 arms regarding PSA response (arm 
A: 63.9% and arm B: 72.4%, P = 0.27) or median PFS (arm 
A: 10.1 months and arm B: 11 months, P = 0.99). To date, 
there is no other ongoing trial investigating veliparib in 
prostate cancer.

PARP inhibitors and immunotherapy
Several preclinical studies give strong rationale for using 
immunotherapy. Indeed, PD-L1 expression rises from 
localized to mCRPC [60], is higher in aggressive primary 
prostate cancers [61] and is more frequently expressed 
in dendritic cells of patients progressing under enzalu-
tamide [62], suggesting immune escape as a progression 
pathway in prostate cancer. However, after a promising 
start and demonstration of improvements in OS in 2010 
with the injection of activated autologous peripheral-
blood mononuclear cells [63], the outcomes provided by 
immune check-point inhibitors remain mixed [64–66].

A recent study has shown that PARPi could act as 
immunomodulatory agents in DDR-mutated cells [67]. 
PARPi induce accumulation of cytosolic DNA fragments, 
that activate the cGAS/STING pathway, stimulating the 
innate immune system through an interferon-mediated 
response. Interferon (IFN) induces PD-L1 expression, 
limiting the cytotoxic immune response, which could 
be overcome by PD-L1 blockade. Recently, the phase II 
KEYNOTE-199 study, investigating pembrolizumab in 
patients with mCRPC refractory to docetaxel, showed 
that DDR deficiency could be a marker for response to 
immunotherapy [66]: over the 9 patients with a response 
and a tumor sample, 6 had an evaluable whole-exome 
sequencing data. Out of these 6 patients, 4 had a DDR 
gene alteration (1 multiple alteration including BRCA2, 
FANCA, and RAD54 alterations; 2 with TP53 alteration, 
and 1 with a BRCA2 alteration).

Based on these results, several studies combin-
ing immunotherapy and PARPi are ongoing. The first 
phase II study to be published included 17 patients 
with mCRPC that had progressed after previous NHT, 
irrespective of HRR status treated by durvalumab and 
olaparib [68]. Nine patients (53%) had a PSA decline 
of more than 50%, and over the 13 RECIST-evaluable 
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patients, 4 (30.8%) had an objective response. Of the 
nine patients with a PSA decline, 6 had a biallelic 
BRCA2 alteration. The PSA response rate was 100% 
(6/6) in case of a biallelic BRCA2 alteration com-
pared to 27% (3/11) in the absence of a biallelic HRR 
alteration. Three of the 8 non-responder patients had 
a monoallelic BRCA2 shallow deletion, and one had a 
shallow deletion of BRCA2, combined with a variant of 
uncertain significance of BRCA2. Grade 3–4 adverse 
events were comparable to the previous PARPi studies 
(i.e., anemia 24%, lymphopenia 12% and nausea 12%). 
Four patients had immune-related adverse events 
manageable with corticosteroids. Even if PARP inhibi-
tion was shown to increase PD-L1 expression, particu-
larly in BRCA2 depleted cells [69], the cohort of this 
preliminary study suggests that most of the efficacy is 
seen in the BRCA2-altered population and therefore 
may only come from olaparib with no advantage of the 
addition of durvalumab.

More recently, preliminary results from the phase 
Ib/II KEYNOTE-365 study were reported: 41 patients 
with heavily pretreated mCRPC (irrespective of DDR 
alterations) were included in cohort A, to receive 
olaparib and pembrolizumab at usual doses [70]. None 
of the patients had HRR genes alteration. The com-
posite response rate (radiographic, or PSA or CTC 
response) was 15%. Twenty-one patients (51%) experi-
enced grade 3 or more adverse events (mostly anemia, 
nausea and fatigue). The CRR of this study was low. It 
was the same as for patients without HRR alterations 
in the TOPARP-A study (6%), but with higher toxicity 
[39]. However, longer follow-up is needed.

The ongoing KEYLINK-010 study (NCT03834519) 
is the only phase III trial combining immunotherapy 
and PARPi in patients with mCRPC (unselected for 
HRR gene alterations), previously treated with doc-
etaxel and one NHT. Patients are randomly assigned to 
receive pembrolizumab with olaparib, or investigator’s 
choice of NHT (abiraterone or enzalutamide, accord-
ing to previous NHT).

Early results of the association of olaparib with 
immunotherapy are mixed. With variable toxicities, 
the additive or synergistic effects of such a combi-
nation, especially in HRR-altered patients, remain 
unclear. However, results presented are preliminary 
with a median follow-up under one year, as it is known 
that some patients can respond for a long time, as 
observed in a phase III clinical trial using ipilimumab 
[71]. Results with a larger phase III population and a 
longer follow-up will help us to explore the associa-
tion. Other ongoing phase II trials combining immu-
notherapy with olaparib, niraparib or rucaparib are 
listed in Table 2.

Other combinations
Chemotherapies are tested as combination partners 
for PARPi. The most frequently used chemotherapies 
are DNA-damaging agents, such as platinum or other 
alkylating agents to enhance dependency on PARP 
enzymes, or topoisomerase inhibitors to freeze the fork 
and increase trapping cytotoxicity [72]. Early promising 
efficacy has been seen in ovarian cancers with, in return, 
a higher toxicity [73]. Since then, most PARPi are devel-
oped as maintenance therapies after chemotherapy. To 
date, the efficacy of the veliparib–temozolomide com-
bination is the only one reported and it showed modest 
activity [74]. Other trials are awaited to better explore 
these combinations (Table 1).

Several preclinical studies have shown that the associa-
tion of PARPi with other DDR inhibitors, such as ataxia 
telangiectasia and rad3-related kinase (ATR) inhibitors, 
could resensitize PARP-resistant cells or xenografts [75, 
76]. Indeed, BRCA​-deficient tumors which are resistant 
to PARPi seem to have an increased dependency for the 
ATR pathway for fork stabilization. Thus, the combina-
tion of PARPi to ATR inhibitors, unprotecting the stalled 
fork, may overcome the PARPi resistance and restore 
the synthetic lethality. The ongoing phase II study TRAP 
(NCT03787680) assesses the efficacy of a PARPi (olapa-
rib) and an ATR inhibitor (AZD6738).

Based on these strong rationale, NHT, immunomodu-
latory agents, chemotherapies, DDR agents or other tar-
geted therapies could free PARPi from HRR alteration 
dependency and enhance their efficacy. However, physi-
cians must be aware of the potential higher toxicities.

Biomarkers of response to PARP inhibitors
As mentioned before, not all HRR alterations have the 
same impact on PARPi efficacy. The TOPARP-B trial 
showed good CRR and ORR for BRCA1/2 and PALB2 
altered-patients (83.3% and 52.4%, respectively, for 
BRCA1/2; 57.1% and 33.3% for PALB2), while almost no 
RECIST or biological responses were observed in ATM 
or CDK12 altered-patients [40]. The PROfound trial 
confirmed these results and showed an OS improve-
ment only in the BRCA/ATM group, however within 
this cohort ATM alterations did not show the same mag-
nitude of efficacy neither in rPFS, nor in OS [10]. The 
same results were observed for niraparib, with an ORR 
of 41% in the BRCA​ group compared to 9% in the non-
BRCA​ group (GALAHAD trial) [48]. TRITON-2 showed 
an ORR of 43.5% in the BRCA​ group, and long-lasting 
response for BRIP1 and RAD51 mutated-patients. But 
almost no response was observed for ATM, CHEK2 or 
CDK12. Moreover, the ORR was lower for mono-allelic 
alterations (11.1%) compared to bi-allelic alterations 
(75.0%) [49, 50]. No differences were observed between 
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somatic and germline BRCA1/2 mutations [49]. TAL-
APRO-1 showed a good ORR in the BRCA group and no, 
or few, responses for other HRR genes [52]. Finally, it is 
noteworthy that within the BRCA group, a recent study 
reported better outcomes in patients with BRCA2 com-
pared to BRCA1 mutations, with no differences in terms 
of allelic fraction or germinal versus somatic mutations. 
This small retrospective study remains hypothesis -gen-
erating with, as expected, 10 times more BRCA2 than 
BRCA1 alterations [77].

Overall, these data suggest that HRR effectors, mainly 
BRCA​ alterations, are better than sensors of DSB for pre-
dicting PARPi efficacy (Fig. 1).

Resistance mechanisms (Fig. 4)
PARPi resistance mechanisms (Fig.  4) are due to clonal 
selection following diverse genetic events that alter 
synthetic lethality. First cells can regain HRR capacity 
through mutational reversion of BRCA1/BRCA2 or even 
more frequently due to secondary mutations that restore 
the open reading frame of those genes [78]. Loss of func-
tional antagonists of BRCA1 can also restore HRR. For 

instance, the loss of the P53BP1 expression in BRCA1 
deficient cells specifically rescues HRR [79]. BRCA2 
reversion mutations were reported on cell-free DNA in 
progressive patients with mCRPC treated by olaparib or 
talazoparib [80]. Second, the drug intracellular uptake 
can be reduced through up-regulation of P-glycoprotein 
efflux pump genes (ABCB1) [81]. Third, mutations of 
PARP1 preventing trapping can lead to PARPi resistance, 
highlighting the importance of trapping in PARPi lethal-
ity [82]. Forth, loss of proteins (e.g., TET2, EZH2, PTIP, 
SLFN11, SMARCL1) involved directly or indirectly in 
the recruitment of nucleases onto unprotected BRCA1/2 
deficient replicational forks can also lead to PARPi resist-
ance. Those data highlight that PARPi cytotoxicity in 
BRCA2- or BRCA1-deficient cells is also due to nucle-
ase action on stalled replication forks by PARP [83, 84]. 
Finally, the microenvironment may also play a role in 
PARPi resistance. It has been shown that the expression 
of transforming growth factor beta receptor (TGFβR) 
kinase on malignant cells, which is activated by bone 
marrow stromal cells-derived transforming growth factor 
beta 1 (TGF-β1), could enhance the DSB repair system in 

Fig. 4  Resistance mechanism to PARP inhibitors. Increased drug efflux. Overexpression of drug-efflux transporter genes, such as ABCB1, increases 
the number of drug effluxion pumps and prevents PARP inhibitors (PARPi) from reaching cell nucleus. Decreased PARP trapping. Deletion of PARP1 
or mutations in its DNA-binding domains avoid trapping to occur. This confers cells with a resistance to PARPi. Alternatively, increased PARylation 
through loss of inhibitors, as PARG, produces the same effects with resistance to PARPi. Stabilization of stalled fork. Nucleases actions on nascent 
DNA are delayed or reduced by the inhibition of proteins in charge of their recruitment to the fork. Restoration of Homologous Recombination 
Repair (HRR). Mutational reversion or occurrence of a second mutation, which restores functional BRCA1/2 proteins, prevents the occurrence of 
synthetic lethality. Loss of inhibitors of HRR such as 53BP1 leads to the same resistance
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leukemia cells [85]. Since bone metastases are predomi-
nant in prostate cancers it may be interesting to investi-
gate this hypothesis, especially in BRCA- altered patients. 
Thus, a better understanding and monitoring of such 
resistances using liquid biopsies may guide subsequent 
treatments including combination of PARPi with other 
agents (e.g., epigenetic treatments, TGFβ inhibitors).

PARP inhibitors compared
As seen before, four PARPi are in development for 
mCRPC: olaparib, niraparib, rucaparib and talazoparib. 
Talazoparib has the strongest trapping efficiency, and its 
cytotoxic efficacy is 20- to 200-fold better than the oth-
ers [36, 37]. However, with olaparib, it is less selective for 
PARP-1 than rucaparib or niraparib [86]. Regarding effi-
cacy as a monotherapy, the ORR between the four PARPi 
is roughly similar, between 40 and 50% for BRCA​-altered 
patients in the four phase II studies published to date [40, 
48, 49, 52]. Toxicity is also equivalent between the four 
molecules, mostly cytopenia, nausea and fatigue. Surpris-
ingly, 11 patients (4%) in the olaparib group compared 
to 1 (1%) in the control group, experienced a pulmo-
nary embolism in the PROfound trial [43]. This adverse 
event was not described in the other major studies with 
olaparib [7, 8, 87]. The clinical significance of the occur-
rence of these cases is difficult to interpret and might be 
due to the type of cancer or the association with ADT. 
Of note, all grades blood creatinine increases were seen 
in 10 to 15% of patients treated with olaparib, rucaparib 
and niraparib but not with talazoparib. This is due to the 
inhibition of renal transporters (MATE-1 and MATE2-K) 
which are involved in active secretion of creatinine for 
olaparib and rucaparib, and probably to hemodynamic 
impairment for niraparib. In most cases, there is no 
direct impact on renal function, and the issue is resolved 
with dose holds [88–90]. Regarding drug interactions, 
olaparib and rucaparib are metabolized by CYP450 and 
inducers or inhibitors of the enzymes should be avoided, 
while talazoparib and niraparib do not have major drug-
drug interactions (accessdata.fda.gov). This last point, 
particularly relevant in an often older population with a 
substantial polypharmacy, is known to be the weakness 
of some NHT. The number of tablets taken daily can also 
be of importance, regarding observance or swallowing 
problems, and it ranges from one tablet for talazoparib, 
to 3 tablets once a day for niraparib, or 2 tablets twice a 
day for rucaparib and olaparib.

The evidence discussed above should be taken into 
account cautiously, since no direct comparisons between 
different PARPi have been done within one clinical trial. 
Perhaps, the patient’s profile as well as the development 
of these drugs in different indications or with different 
combinations will help physicians to make their choice.

Molecular profiling, potential and limits
The use of molecular profiling is becoming increasingly 
prevalent in oncology. Up to now it was performed 
essentially on tissue samples. Mateo et al. profiled 470 
treatment-naïve prostate biopsies, of which 61 patients 
also had biopsies at castrate-resistant stage [91]. The 
median time between the two same-patient biopsies 
was 45.2 months (12–211 months). An increase in AR 
mutations and amplifications was found, as well as 
increased TP53, RB1 and PI3K/AKT pathway altera-
tions in mCRPC, suggesting that they could emerge 
with treatment selection pressure. Conversely aber-
rations in HRR pathways (seen in 9 of the 61 patients) 
were stable between metastatic and primary biopsies, 
in line with previously published data [92]. The limited 
number of HRR-altered patients prevents from making 
broad conclusions, but repeating biopsies to look for 
late acquisition of HRR alterations may be irrelevant.

However, tissue biopsies are of insufficient qual-
ity for molecular analyses in a non-negligible quota of 
patients. Thus, 31% of biopsies failed molecular testing 
in the PROfound trial and complementary techniques 
are needed in order to increase the chance of screen-
ing [43]. In this last trial, plasma-derived circulating 
tumor DNA (ctDNA) from patients was collected as 
part of the screening process and was prospectively 
analyzed at Foundation Medicine, Inc (FMI) using the 
FoundationOne Liquid CDx assay. Eighty-one percent 
(503/619) of ctDNA samples tested yielded a result. 
High concordance between tumor tissues and ctDNA 
was found, with 81% positive percentage agreement 
and 92% negative percentage agreement [93]. Of the 
181 patients in the BRCA/ATM cohort of the study who 
consented and provided a plasma sample for ctDNA 
testing, 42 (23.2%) samples failed analyses. BRCA/ATM 
alterations were identified in 111/139 patients (79.9%). 
The rPFS [HR = 0.33 (95% CI 0.21–0.53)] improvement 
was in the same order of magnitude as the one in the 
Intention to Treat population identified by tumor tis-
sue testing [HR = 0.34 (95% CI 0.25—0.47)] [94]. Thus, 
ctDNA could offer additional opportunities to patients 
who are not eligible for tumor tissue testing. However, 
not all patients have concordant results and it can be 
tough to estimate allelic fraction. Indeed, it depends on 
tumor cell percentage, clonality and ploidy of the tumor 
sample. To enhance efficiency, ctDNA analyses should 
be done before the introduction of new treatment, 
when the disease is progressing, especially since ctDNA 
availability reduces right after the initiation of an effec-
tive treatment, such as ADT [95]. The optimal approach 
for biomarkers should combine, if possible, tissue and 
liquid biopsies as they can be complementary.
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PARP inhibitors in 2021: Where are we? What will 
be the future challenges?
PARP inhibitors are paving the way of precision medi-
cine in prostate cancer, followed by drugs targeting the 
PI3k AKT mTOR pathway. While roughly one quar-
ter of patients with mCRPC harbor somatic or genetic 
HRR gene mutations, not all derive benefit from PARPi. 
Olaparib obtained FDA approval at a dose of 300  mg 
twice daily on all genes tested (except PP2R2A), based on 
the first results of the PROfound trial with improvement 
on rPFS. However, given the benefit in OS for cohort A, 
EMEA approval has just been formalized, and restricted 
to BRCA1/2 regardless of the somatic or germinal status 
(ATM was excluded). The benefit in OS for cohort A may 
be nuanced by a “weak” standard arm (i.e., no chemother-
apy and half of patients with 2 back-to-back NHT as first 
lines for mCRPC). The PROfound trial has been designed 
before the results of the CARD study which highlighted 
the necessity for eligible patients not to delay chemother-
apy in order to maintain a survival benefit [47]. Results 
of the TRITON-3 trial (NCT02975934; Table  1) which 
incorporates docetaxel in the standard arm will be of 
interest. It is noteworthy that results of the TOPARP-B 
trial suggest a better ORR but with higher toxicity using 
400 mg twice daily compared to 300 mg twice daily [40]. 
That said, these data might be interesting for dosing 
patients with good tolerance and absence of response. 
Olaparib also improved time to pain progression and 
HRQoL, strengthening its clinical impact [44, 45]. These 
patient-reported outcomes are taken into consideration 
for EMEA and FDA approvals in the setting of mCRPC. 
Treatment with PARPi used alone is based on a screening 
of genes, with questions regarding the panel of genes to 
test, accessibility, cost and the population who may ben-
efit from such a test. While HRR-mutated genes seem to 
occur early, with a suggested low enrichment from local-
ized to metastatic disease [91, 92], the feasibility of large 
screening programs with archived biopsy samples may 
be challenging, as well as new biopsies on osteoblastic 
bone metastases, which are the only lesions accessible 
for roughly half of patients with mCRPC. For instance, 
in the PROfound trial screening, 30% of biopsies were 
not suitable for DNA analysis [96]. High concordance 
between tumor tissues and ctDNA was found, with 81% 
positive percentage agreement and 92% negative percent-
age agreement [93]. Liquid biopsies may then be helpful. 
However, some limitations regarding the determination 
of the allelic fraction results can be seen. Detection of 
somatic HRR-mutated genes first may be more efficient, 
since they are two times as frequent as germinal muta-
tions. Nevertheless, in cases of somatic mutation, a ger-
minal mutation must be sought for genetic counseling. 
Issues related to patient consent to involve their family in 

their research of genetic patrimony may be challenging 
and raise ethical considerations. It is then of importance 
in each country, to think about a specific patient’s path-
way related to a biomarker-based approach (depending 
on biopsies suitable for analysis), and potentially involv-
ing genetic counseling. Allelic distribution seems to be 
important to better predict efficacy of PARPi, since only 
a biallelic silencing is associated with loss of function of 
tumor suppressor genes. However, to date its real impact 
in daily clinical practice is still unknown despite promis-
ing results for ORR [48, 49]. Prospective and retrospec-
tive studies investigating HRR status [33, 96] in patients 
with mCRPC, showed co-occurrence between 2 or more 
genes involved (mostly with BRCA2, CDK12 and ATM) 
in this pathway, raising questions about biological impact 
on HRR and their predictive nature. Combination stud-
ies using PARPi with either NHT or immune checkpoint 
inhibitors based on robust rationale are still under evalu-
ation with ongoing phase III trials. While benefits may 
be maintained regardless of HRR status, major toxicities 
have to be prevented in combination with NHT. Finally, 
platinum may be efficient in this setting since they induce 
intra-stand cross-links repairs using NER and HRR sys-
tems. A recent real-world cohort study investigating 
carboplatin and olaparib in patients with mCRPC and 
mutations in either BRCA1, BRCA2 and ATM did not 
find any differences in PFS between the 2 drugs [97]. 
While PARPi is indicated according to platinum sensi-
tivity in ovarian and pancreatic cancers, data in prostate 
cancer need further investigation to better delineate the 
role of platinum, with potential leads following resistance 
to PARPi (NCT04288687, PLATI-PARP trial).

Conclusions
Prostate cancer is the first disease where overall survival 
has been improved using a PARP inhibitor. Up until now, 
similarly to ovarian cancers [7], somatic and/or germinal 
BRCA 1 and 2 aberrations seem to be the most predictive 
biomarkers of efficacy of PARPi. Data regarding the other 
HRR genes are generating hypotheses for further studies, 
though some challenges must still be overcome regard-
ing the screening of these patients, for instance involv-
ing genetic counseling. Results of other ongoing phase 
III trials assessing the efficacy of a PARPi used alone or 
in combination are awaited, to better define their place 
with regard to standard treatments and platinum-based 
chemotherapies.
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