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Abstract

Up to 25% of patients with metastatic prostate cancer present with germline or somatic DNA damage repair alterations, some
of which are associated with aggressive disease and poor outcomes. New data have brought poly(ADP-ribose) polymerase
(PARP) inhibitors into sharp focus in the treatment of metastatic castrate-resistant prostate cancer (mCRPC). Olaparib
improved survival after at least one new hormonal therapy (NHT) in a cohort of patients harboring BRCAI, BRCA2 or ATM
mutations in the PROfound trial, while rucaparib, talazoparib and niraparib demonstrated compelling activity in phase II
trials. While patients with prostate cancer and BRCAI or BRCA2 mutations may derive greatest benefit of PARP inhibition,
the magnitude of benefit seems much lower in the context of most other homologous recombination gene mutations. Several
PARP inhibitors are currently developed in combination with conventional therapy, including chemotherapy, NHT, and alpha-
particle emitters, at different disease stages. Herein, we review the rationale for PARP inhibition in patients with prostate
cancer, discuss the impact of PARP inhibitors on outcomes, and explore underlying challenges for future developments.

1 Introduction

Prostate adenocarcinoma is one of the most frequent types
of cancer worldwide, accounting for nearly 400,000 deaths
each year [1]. While constant progress is achieved with
regard to overall survival (OS), this disease remains incur-
able in the metastatic setting, and the onset of castration
resistance marks a turning point in cancer evolution [2].
Prostate cancer also features a rising incidence in younger
males, associated with adverse outcomes and resistance to
therapy [3].
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Therapeutic strategies in the metastatic castrate-resistant
prostate cancer (nCRPC) setting rely mostly on cytotoxic
agents, in the form of docetaxel and cabazitaxel [4, 5], as
well as inhibitors of the androgen axis, including andro-
gen receptor inhibitors such as enzalutamide [6] or andro-
gen biosynthesis inhibitors such as abiraterone acetate [7].
Despite advances in molecular characterization of prostate
cancer and identification of adverse molecular alterations
[8], molecular selection of patients and targeted molecular
therapies had not been routinely available until recently.

This paradigm is currently shifting with the advent of
poly(ADP-ribose) polymerase (PARP) inhibitors (PARP1),
which target prostate adenocarcinoma harboring alterations
in DNA damage repair (DDR) pathways and demonstrate
potent antitumor activity in advanced settings, now also
entering the arena in earlier, hormone-sensitive stages.
Herein, we discuss the biological rationale behind PARP
inhibition in prostate adenocarcinoma, the projected impact
of PARPI on outcomes of selected patients, and challenges
associated with targeted strategies in a shifting treatment
landscape.
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Poly(ADP-ribose) polymerase (PARP) inhibitors demon-
strated improvement in survival in metastatic castration-
resistant prostate cancer with homologous recombination
repair alterations.

Multiple PARP inhibitors are now in development as
single-agent or combination therapies at multiple pros-
tate cancer stages.

Assessing the optimal screening procedures, patient
selection, treatment sequences, and overcoming resist-
ances to PARP inhibitors are new challenges lying
ahead.

2 Rationale for Poly(ADP-Ribose)
Polymerase (PARP) Inhibition in Advanced
Prostate Cancer

2.1 DNA Damage Repair (DDR), PARP Inhibition
and Synthetic Lethality

Genomic instability is an essential hallmark of cancer,
as cancer cells acquire genomic abnormalities leading to
selective advantages for cell growth and survival. Maintain-
ing cellular genomic integrity involves sophisticated DDR
mechanisms that detect and correct DNA damage and ulti-
mately prevent cell death [9]. These pathways of sensors of
genetic damage and replication stress, transducers of signal
and effectors of DNA repair are intricate and interacting
and involve a large number of genes [10]. Their classifica-
tion is functional, based on genetic and mechanistic criteria
[11], as genes involved in each pathway encode for proteins
that function collaboratively to repair specific types of DNA
damage [12].

Various genotoxic factors induce DNA damage by lethal
double-strand breaks (DSBs) or single-strand breaks (SSBs),
which may alter cells through a cumulative effect. The
DDR system for DSBs involves two main mechanisms—
the homologous recombination repair (HRR) and the non-
homologous end-joining (NHEJ) system. The HRR is a
high-fidelity pathway that uses DNA repair damage proteins,
such as BRCAI, BRCA2, PALB2 and RADS51, to excise the
damaged DNA sequence and synthesize a novel homolo-
gous DNA sequence using the normal sister chromatid as
a template. The NHEJ pathway differs in that it directly
binds the ends of a DSB together as a quick-fix mechanism
throughout the cell cycle, without using a guidance tem-
plate, which is more prone to errors and could be mutagenic
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by itself. Repair mechanisms for SSBs involve three main
mechanisms: the base excision repair (BER), which corrects
damaged single bases or nucleotides, including oxidative
lesions and alkylation products; the nucleotide excision
repair (NER), which corrects bulky, helix-distorting damage
of nucleotide sequences; and the mismatch repair (MMR)
pathway. Similar to homologous recombination, both BER
and NER involve excision of the damaged base or sequence
and replacement with newly synthetized DNA. The MMR
pathway corrects base mismatches, erroneous insertions/
deletions or small loops often found in repetitive sequences
of DNA. Should lesions persist despite the above corrective
mechanisms, the cell utilizes DNA polymerases in a DNA
damage tolerance process called translesion synthesis (TLS),
which allows replication past such lesions, to ensure genome
replication and cell survival, allowing potential increase in
mutagenesis. Alterations of these DDR pathways by muta-
tions, chromosomal deletions or epigenetic silencing may
impact the ability of cells to repair DNA damage, and ulti-
mately lead to acquisition of adverse cancer features and
resistance to therapy [13].

The PARP1 and 2 enzymes play an essential role in the
BER pathway, while PARP1 is also involved in NHEJ [14].
PARP enzymes detect and bind to SSBs and act through
poly-ADP-ribosylation (PARsylation) of a series of proteins
to promote DNA repair. PARP inhibitors allow persistence
and accumulation of SSBs, either through inhibition of
PARP activity or by trapping of PARP at the DNA bind-
ing site [15, 16]. Data stemming from pharmacology stud-
ies suggest that median inhibitory concentration (IC) for
PARP1, PARP2, and trapping activity are independent and
that both participate in PARPi activity [17, 18].

Both mechanisms of action of PARPi may lead to the
development of lethal DSBs by hampering the replication
fork. In cells with normal HRR, the resultant DSB may be
successfully repaired, as opposed to cells with defective
HRR, which will eventually undergo apoptosis (Fig. 1) and
may thus be used as a therapeutic strategy in cancers harbor-
ing HRR alterations. This concept has been labeled as syn-
thetic lethality, and its proof of concept has been first dem-
onstrated in ovarian cancers. In these tumor types known for
recurrent HRR alterations, including germline alterations of
BRCAI or BRCA2 in up to 15% of cases, the PARPI olaparib
demonstrated improved outcomes using maintenance strat-
egies after chemotherapy [19]. Several PARPi have been
developed, harboring distinct ICs, for PARP1 and PARP2,
as well as distinct trapping activity, with a clinical relevance
that is still to be investigated [18]. Translation of these con-
cepts in other tumor types harboring HRR alterations, such
as prostate cancer, have been explored since with successful
developments.
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Fig. 1 Mechanism of action of PARP inhibitors. Functional PARP
repair DNA single-strand DNA break occurring following genomic
instability. PARPi may trap or inhibit PARP activity, inducing rep-
lication fork collapse and double-strand breaks. In patients with

2.2 DDR Alterations in Prostate Cancer

The prevalence of germline and somatic DDR mutations
ranges from 19% up to 30% in molecular studies of advanced
prostate cancer [20-24]. The most frequently altered gene,
consistently across reports, is BRCA2. Additional data from
whole genome sequencing on metastatic tissue biopsies from
197 patients with mCRPC revealed that BRCAZ2 inactivation
was biallelic in 25/32 tumors (78%), while of the remaining
7 without biallelic activation, 4 had at least one deleterious
aberration in other HRR-related genes [25]. Biallelic BRCA2
inactivation even reached 90% of BRCA2-mutated patients
in an independent cohort of 150 mCRPCs [20]. Additional
cohorts showed varying results with liquid biopsy assess-
ments that identified 7.8% of men with biallelic alterations
in ATM, BRCAI, BRCA2, BRIPI, CHEK2, FANCA, HDAC?2,
and PALB?2 genes in the GALAHAD trial [21].

Initial reports were conflicting in regard to the discrep-
ancy in the frequency of DDR alterations between primary
and metastatic disease. While a higher frequency of DDR
alterations has consistently been reported in metastatic sam-
ples compared with primary tumors, this can be mitigated by
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homologous recombination defects, double-strand breaks cannot be
repaired, leading to cancer cell death. PARP poly(ADP-ribose) poly-
merase, PARPi PARP inhibitors, HRR homologous recombination
repair. Adapted from Sonnenblick et al. [27]

the fact that primary tumors were not matched to metastatic
samples and that the presence of DDR alteration may mostly
reflect a more aggressive natural history [20, 23]. The largest
DDR screening in mCRPC focused on 15 HRR genes and
was performed within the PROfound study through sequenc-
ing of tissue biopsy, and identified 778 (28%) mutated
patients from a total of 2792. The most frequent alterations
were loss-of-function alterations of BRCA2 (9.7%), followed
by CDK12 (7.1%) and ATM (6.3%), while other alterations,
including BRCAI, CHEK2, PPP2R2A, PALB2, BRIPI,
RADS4L, BARDI, RAD51IB, RAD51D, CHEKI, FANCL and
RADS51C had a lower prevalence [21]. The PROfound study,
as it focused exclusively on mCRPC patients, provided clari-
fication on the previously reported discrepancies between
primary tumors and metastatic disease. It reported a similar
frequency in primary tumors (27%) and in biopsy samples
from metastatic sites (32%), suggesting that HRR alterations
are early features of this subset of more aggressive tumors
that will eventually give rise to metastatic disease. This is
indeed consistent with previous reports, indicating worse
outcomes for patients with HRR alterations and, notably,
BRCA?2 alterations [20, 26].
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Germline mutations alone account for nearly half of all
DDR alterations [22, 27], in 7.5-13% of metastatic patients,
irrespective of family history of cancer or age at diagno-
sis, with the most frequently altered genes being BRCA2,
ATM, CHEK?2 and BRCA1I [20-23, 28-30]. Although the
frequency is higher in cases of family history of cancer or
early-onset disease, germline DDR alterations may occur in
prostate cancer independently of these [28, 31]. In 60-70%
of cases, the second allele is defective by the acquisition of
either a second loss-of-function mutation or a gene-copy
loss [27, 28, 30]. Some DDR genes were shown to be pref-
erentially affected by germline alterations (e.g., BRCAI1/2,
CHEK?2, FANCM, PALB?2), whereas others (e.g., ATM,
BAPI, CDKI12) were preferentially acquired as somatic
events [21, 22, 32]. Several of these genes are reportedly
involved in the acquisition of castration resistance. Notably,
ATM as well as FANCA alterations are enriched in mCRPC
compared with metastatic castration-sensitive prostate can-
cer (mCSPC) [22, 31]. Alterations in CDK12, an indirect
regulator of HRR [33], have been repeatedly reported in
aggressive tumors with complex androgen receptor rear-
rangements [34, 35].

Germline DDR alteration carriers have a higher risk to
develop prostate cancer compared with non-carriers, with
the highest risk for gBRCA2 (2.64-fold) [36]. Overall, DDR-
positive (DDR+) patients seem to have a more aggressive
disease, with higher Gleason scores associated with worse
clinical outcomes [28, 30]. Patients with BRCA1/2 and ATM
mutations have a shorter time to death after diagnosis of
prostate cancer, and death occurs at an earlier age than non-
mutated patients. Furthermore, BRCA1/2, ATM and CHEK?
¢.1100delC germline mutations are more frequently encoun-
tered in lethal prostate cancer than localized cancer patients
[37, 38]. Patients with DDR-altered tumors might have a
higher risk of developing visceral metastases, while BRCA
mutations are associated with a higher risk of nodal involve-
ment and metastases at diagnosis [39]. Indeed, time to pro-
gression to mCRPC from the start of androgen deprivation
therapy in DDR-mutated patients was only 11.8 months
in a population with both synchronous and asynchronous
metastatic presentation, compared with 19 months in non-
germline mutated patients, consistent with a short interval of
castration sensitivity [29]. However, OS from the castration-
resistance phase has been reported to be similar, regardless
of the DDR status: 3 years for DDR-, 3 years for BRCA2-
and 3.2 years for non-DDR-mutated patients, demonstrating
a maintained activity of conventional therapies, including
taxanes and new hormonal therapies (NHT), regardless of
Gleason score or age at diagnosis [40].
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3 Clinical Activity of PARP Inhibitors
in Prostate Cancer

3.1 Proof of Concept of PARP Inhibition in Patients
with Metastatic Castration-Resistant Prostate
Cancer

The TOPARP A phase II trial evaluated olaparib in mCRPC
men in both DDR+ and DDR-negative (DDR—) patients,
and paved the way toward precision medicine in prostate
cancer by proving for the first time that DDR alterations
were predictive for response to olaparib. Patients were con-
sidered to be biomarker-positive in tissue if homozygous
deletions, deleterious mutations, or both were detected in
DNA repair genes (but not single-copy deletions without
events detected in the second allele) [41]. TheTOPARP-B
phase II trial, evaluating olaparib in DDR+ only mCRPC
patients, showed a median radiographic progression-free
survival (rPFS) of 8.3 months and an objective response
rate (ORR) of 52% [42].

Other PARPI, including niraparib, talazoparib, and ruca-
parib, underwent investigation in phase II trials in patients
who had not responded to prior taxane therapy and NHT,
which demonstrated promising preliminary results (Table 1)
[43-45]. Together, these studies show that PARP inhibitors
may achieve up to 50% of ORR as well as a median rPFS up
to 11 months in patients with BRCAI or BRCA2 mutations.

3.2 Olaparib as a New Standard of Care
in Metastatic, Castration-Resistant Prostate
Cancer

The most clinically relevant data to date were provided from
the phase III PROfound study of olaparib versus NHT in
patients who already received one previous NHT and whose
tumors harbored DDR alterations. Olaparib showed a reduc-
tion in the risk of progression or death in comparison with
abiraterone or enzalutamide in mCRPC patients previously
treated with NHT and harboring BRCA2, BRCAI or ATM
alterations (cohort A), achieving a median rPFS of 7.4 ver-
sus 3.6 months (hazard ratio [HR] 0.34) [46]. The ORR was
also improved with olaparib in cohort A patients, at 33% ver-
sus 2%. Longer follow-up confirmed the activity of olaparib
in this setting with a clear improvement in OS, from 14.7
months with NHT to 19.1 months with olaparib. The reduc-
tion of the risk of death was 31% and rose up to 58% when
accounting for the crossover (81% of patients within the
control arm) [47], with a magnitude of benefit that seemed
to favor patients who did receive prior taxanes. Olaparib
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Table 1 Activity of PARP inhibitors as monotherapy according to DNA damage repair alterations in selected trials for patients with metastatic,

castration-resistant prostate cancer

BRCAI1/2 ATM CDK12 CHEK? PALB2 Other DDR Overall
ORR [n/N (%)]
TOPARP-B [42] 11721 (52) 1/12(8) 0/18 (0) NA 2/6 (33) 0/17 (0) 14/70* (20)
TALAPRO-1 [44] 28/61 (46) 2/17 (12) NA NA 1/4 (25) 0722 (0) 31/104 (30)
TRITON-2 [45,49] 33/65 (51) 2/19(11) 0/10 (0) 1/9 (11) NA 4/14 (29) 40/119 (34)
GALAHAD [50] 12/29 (41) NA NA NA NA 2/22 (9) 14/51 (27)
PROfound [46, 48] 25/57 (44)  3/30 (10) 2/34 (6) NA NA NA 30/138 (22)
PSAS50 [n/N (%)]
TOPARP-B [42] 23/30 (77) 1719 (5) 0/20 (0) NA 4/6 (67) 2/17 (12) 30/89* (34)
TALAPRO-1 [44]  39/59 (66) 1/15(7) NA NA 3/4 (75) 1/18 (6) 44/96 (46)
TRITON-2 [45,49] 63/115 (55) 2/49 (4) 1715 (7) 2/12 (17) NA 5/14 (36) 73/205 (36)
GALAHAD [50] 23/46 (50) NA NA NA NA 1/35 (3) 24/81 (30)
PROfound [46, 48] 58/94 (62) 8/61 (13) 3/58 (5) NA NA NA 73/243 (30)
rPFS (months)”
TOPARP-B [42] 8.3 5.8 2.9 NA 5.3 2.8 5.5
TALAPRO-1 [44] 11.2 3.5 NA NA 5.6 1.8 5.6
TRITON-2 [45,49] 9.0 29% 20% 38% NA 55% NA

(6-month rPFS rate) (6-month rPFS rate) (6-month rPFS rate) (6-month rPFS rate)

GALAHAD [50] 8.2 NA NA NA NA NA NA
PROfound [46, 48] 9.8 54 5.1 NA NA NA 5.8

PARP poly(ADP-ribose) polymerase, DDR DNA damage repair, NA not available, ORR best overall response according to RECIST 1.1, PSA50
proportion of patients achieving a prostate-specific antigen decline of at least 50%, rPFS radiographic progression-free survival

*Non-mutually exclusive subgroups
Reported as median unless otherwise specified

overall had a manageable safety profile: anemia was the most
frequent adverse event (46%), including grade 3 or 4 in 26%,
followed by asthenia and nausea in 41% (all grades). Dose
reduction and discontinuation occurred respectively in 22%
and 18% of patients [46].

However, these practice-changing data seemed not to
apply to patients who harbored alterations in 12 other HRR
prespecified genes (cohort B). While benefit in rPFS was
still reported when accounting for both cohorts A and B
(5.8 months vs. 3.5 months; HR 0.49) [46], the magnitude
of benefit appeared lesser in cohort B, with no significant
benefit in OS even when accounting for crossover [47]. Of
note, post hoc subgroup analyses within cohort A also dem-
onstrated that patients who present with ATM mutations may
not derive similar benefit compared with patients harboring
BRCAT1 or BRCA2 mutations, although instances of indi-
vidual benefit have been reported [42, 44-46, 48-50].

Following the results of the PROfound trial, olaparib
received European Medicines Agency (EMA) approval,
which was restricted for tumors showing BRCA1/2 altera-
tions based on the cohort A results. US FDA approval was
obtained for men with mCRPC who progressed after at least
one NHT and harboring any HRR alterations, except for
PPP2R2A mutations.

4 Optimizing the Potential of PARP
Inhibition in Prostate Cancer

4.1 A Differential Benefit of PARP Inhibitors
According to Genomic Alterations

Parsing the data from trials of PARPi in monotherapy, it
becomes clear that all studies demonstrate compelling
activity of PARPi in germline or somatic BRCA-mutated
patients (Table 1). However, not all DDR mutations seem
to be equal in terms of response to PARPi across trials. A
recent exploratory analysis of the PROfound trial reported
on the most frequently found alterations (BRCA1/2, ATM
and CDK12) and confirmed superior olaparib efficacy for
the BRCA 1/2 tumors, with a 5.7-month absolute OS benefit,
a 6.8-month absolute rPFS benefit, and a 43.9% ORR [48].
However, analyzing patients with ATM alterations within
cohort A, PARPi did not provide such compelling activity
compared with the standard treatment arm, with a reported
median rPFS of 5.4 versus 4.7 months, with similar ORR
(10%) for both the experimental and control arms [48]. The
notion of limited activity of PARPI in patients with ATM
alterations has been corroborated by other PARPi studies
showing modest ORR and prostate-specific antigen (PSA)
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responses of < 15% (Table 1), supporting further exploration
of combinations exploiting synthetic lethality in this setting
[51]. Further data are also needed to clarify the activity of
PARPi in BRCA I+ patients as only eight BRCA I+ patients
were treated with olaparib in the PROfound trial, although
subgroup analyses of OS tend to show a trend for benefit
similar to BRCA2+ patients [46, 52].

The predictive value of other DDR genes is less clear.
Patients with CDK]2 alterations, which appear to be the
most frequent DDR alteration after BRCA2, only rarely
achieved objective responses with PARPi, with median rPFS
consistently < 6 months and no clear trend for benefit in OS
based on the PROfound trial [42, 52]. Still, while OS data
for PROfound showed limited efficacy of olaparib in patients
with non-BRCA mutations, prolonged survival has been
reported in individual patients with ATM, CDK12, and other
HRR gene alterations such as RAD54L and CHEK?2 [48].
Similarly, an ad hoc analysis of patients with deleterious
alterations in non-BRCA DDR genes included in the TRI-
TON-2 trial showed a limited number of radiographic and
PSA responses with niraparib and ATM, CDK12 or CHEK?2
alterations, as well as with DDR genes less frequently altered
in mCRPC, such as PALB2, BRIPI, FANCA, and RAD5IB
[49]. In the GALAHAD study of niraparib, of 35 patients
having non-BRCA /2 biallelic alterations, only two patients
had objective responses and both harbored a FANCA altera-
tion [50]. Overall, these results stem from small populations,
and the relevance of PARPiI in patients with non-BRCA DDR
mutations remains to be defined, thanks to larger cohorts
and a better understanding of determinants of response to
PARPi (Table 1).

It is also unknown whether additional non-DDR gene
alterations may impact response to PARPI in patients with
known DDR alterations. Exploratory analyses performed
in the TALAPRO-1 trial showed that additional alterations
in TP53, PTEN, AR or MYC, associated with adverse out-
comes in historical series [53], did not impact the prognosis
of patients treated with talazoparib for mCRPC [54]. Addi-
tional studies will be needed to assess gene-specific geno-
type/phenotype correlations in this population.

4.2 PARP Inhibitors as Potential Candidates
for Combinations?

4.2.1 Combinations of PARP Inhibitors and New Hormonal
Therapy

Combinations of PARPi and NHT may harbor synergistic
effects, with hints at synthetic lethality, as inhibition of
androgen receptor signaling is associated with lower HRR
gene expression [55]. The phase I trial of enzalutamide
plus rucaparib (RAMP) yielded interesting results, as four
of eight patients exhibited confirmed PSA response >50%
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despite being heavily pretreated and without HRR alterations
[56]. In a randomized phase II trial, the combination of abi-
raterone plus olaparib in patients pretreated with docetaxel
for mCRPC demonstrated a benefit of nearly 6 months for
rPFS over abiraterone (13.8 vs. 8.2 months; HR 0.65) in the
intent-to-treat population (with or without HRR alterations),
albeit similar response rates were observed in both groups
(27% vs. 32%) [57]. However, this combination was also
associated with numerically higher rates of adverse events,
including nausea, fatigue, decreased appetite, pyrexia, and
cytopenia; up to 54% of grade 3-5 adverse events were
reported with abiraterone plus olaparib, compared with
28% with abiraterone plus placebo [57]. Discordant results
emerged from another phase II randomized trial assessing
veliparib plus abiraterone versus abiraterone, which failed
to demonstrate any improvement in antitumor response and
PFS in the same setting [58].

More robust data have now emerged from the randomized
phase Il MAGNITUDE and PROpel trials, evaluating the
combination of abiraterone plus niraparib and abiraterone
plus olaparib, respectively, versus abiraterone plus placebo
(Table 2). Both trials had radiographic PFS as their primary
endpoint but differed in their patient population: the MAG-
NITUDE trial included two distinct cohorts of patients, with
or without HRR alterations (HRR+/—), including specific
assessment of patients with BRCA mutations. The PROpel
trial included all-comers with HRR status assessed retro-
spectively. The MAGNITUDE trial demonstrated improved
rPFS in HRR+ patients, with an HR of 0.73 in all HRR+
patients and 0.53 in BRCA+ patients [59]; however, out-
comes were not improved in HRR— patients. Nonethless,
the PROpel trial demonstrated rPFS benefit in the entire
patient population, with an HR of 0.66 [60]. Interestingly,
benefit in the PROpel trial was sustained across subgroups
in HRR+ (HR 0.50) and HRR— (HR 0.76) patients. These
combinations yielded increased treatment-related adverse
events, at 50% and 70% of grade 3—4 in the PROpel and
MAGNITUDE trials, respectively. Most common adverse
events regardless of severity included fatigue, gastrointes-
tinal disorders, and cytopenia. Anemia was the most com-
mon grade 3/4 event in both trials (15% and 30% in PROpel
and MAGNITUDE, respectively), while the PROpel trial
reported numerically increased rates of thromboembolic
events [59, 60].

The first reports of these trials tend to support the use
of abiraterone in combination with PARPi in mCRPC in
selected populations, but raise several questions as benefit
in HRR— patients differ between trials. Subgroup analyses
assessing individual gene mutations will likely be useful to
better identify patients who will benefit from these combina-
tions, which seem to be especially relevant in HRR+ and,
notably, BRCA+ patients. It is also unknown whether respec-
tive pharmacologic properties of niraparib and olaparib come
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into play regarding activity across subgroups. Overall, longer
follow-up as well as mature OS data will be needed to confirm
the role of these combinations in the early mCRPC setting.

4.2.2 Other Developments of PARP Inhibitor Combinations

PARPi are investigated in combination with agents that
directly impact DSB formation or DDR pathways. Both
PARPi and ionizing radiation promote DSBs, suggesting
that PARPi may act as radiosensitizers [61]. Additional data
support the fact that DDR defects may improve response
to radiation-based therapy. Notably, the assessment of
radium-223 activity in patients with or without DDR muta-
tions demonstrated that DDR alterations were associated
with improved OS (36.3 vs. 17.0 months) [62]. While these
results are encouraging, they remain retrospective and
based on a small number of patients, prompting the need
for larger, prospective assessments. Current developments
involve radium-223 plus niraparib, a combination regimen
that showed preliminary activity in a phase I trial recruit-
ing chemo-naive mCRPC patients [63], while evaluation of
PARPi and LU177-PSMA is ongoing in patients with unse-
lected mCRPC (NCT03874884).

Other potential combinations include PARPi and immune
checkpoint inhibitors, as PARPi may increase genomic
instability and, as a consequence, promote immunogenicity
of tumor cells [64]. To date, the combination of pembroli-
zumab plus olaparib only led to a confirmed ORR of 7% in an
unselected population [65], with phase III trial data pending
(NCTO03834519). Similarly, the combination of nivolumab
plus rucaparib demonstrated an ORR of only 16% in unse-
lected patients, but subgroup analysis demonstrated that
patients with homologous recombination deficiency (HRD)
(ORR 25%) and, most importantly, BRCA1/2 alterations
(ORR 33%) derived greater benefit to that regimen [66].
Study of PSA response in this small phase II trial (n = 66)
corroborates these data, with a proportion of patients with
PSA decline >50% of 27% in unselected patients, 42% in
HRD+ patients, and 85% in BRCA1/2 patients [66]. The com-
bination of durvalumab plus olaparib is also investigated in
selected patients with biochemically recurrent prostate cancer
(NCT04336943, NCT03810105). However, it remains unclear
whether men with BRCA1 and BRCA? alterations really derive
greater benefit from immune checkpoint inhibitors.

Tumor angiogenesis may also impact the activity of
PARPi, considering that hypoxic conditions are reported to
impair HRR gene expression [67, 68]. In a phase II trial
including men with mCRPC, olaparib associated with the
angiogenesis inhibitor cediranib increased rPFS over olapa-
rib alone [69]. This benefit has been seemingly driven by
patients with HRR alterations, albeit the small number of
patients and short follow-up invite for further confirmation
[70].

A\ Adis

5 Refining Therapeutic Strategies
in Patients with DDR Alterations

5.1 Activity of Other Antitumor Agents in Patients
Harboring DDR Defects

5.1.1 New Hormonal Therapies and Taxanes in Patients
with DDR Defects

Understanding the activity of conventional therapies in
patients harboring DDR mutations may inform therapeu-
tic strategies in the era of PARPi. To date, the magnitude
of benefit of conventional therapies and optimal treatment
sequence have not been completely established, with con-
flicting results for first-line NHT or docetaxel in heterogene-
ous populations (Table 3). A large-scale retrospective effort
has shown that patients have similar outcomes in terms
of PSA response, ORR, PFS, and cancer-specific survival
(CSS) when treated with NHT or docetaxel at castration
resistance onset [40], including for BRCA?2 carriers, which
contrasts with other reports identifying BRCA2 mutations
as an adverse prognostic factor compared with patients har-
boring other DDR mutations [31]. Conflicting results were
obtained by Annala et al., who showed a dismal biochemi-
cal PFS of only 3.3 months for all patients harboring DDR
mutations, in a population enriched for patients with poor
prognosis and harboring a high tumor burden [29]. Some
data suggest that patients eligible for upfront NHT in the
mCRPC setting and harboring BRCA2 mutations may derive
compelling benefit to therapy compared with non BRCA2-
mutated patients, but the small number of patients studied
in these studies precludes any robust analysis of optimal
treatment sequence in this setting [29, 30].

Exploring further lines of therapy, cabazitaxel seems to
offer sustained activity with similar activity irrespective of
DDR alterations. In a large, international, retrospective study
including DDR+ patients and matched DDR— controls,
response rates (32% and 36%, respectively) and rPFS (5.3
and 5.7 months, respectively) were similar [71]. However, in
10 patients with BRCA /2 alterations previously treated with
PARPi, no biochemical response was observed with cabazi-
taxel. While this may challenge the role of cabazitaxel after
PARPi in selected patients, these findings must be confirmed
in larger prospective cohorts.

Most of these studies were retrospective in nature and
included a limited number of patients with DDR alterations.
In addition, most focused on germline DDR mutations, while
somatic mutations may be as frequent and may also impact
outcomes. These data highlight the need for molecular-based
trials and widespread integration of molecular testing, which
could improve therapeutic sequences in line with individual
molecular pictures.
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Table 3 Response to first novel hormonal therapy or docetaxel in patients with castration-resistant prostate cancer harboring germline DNA

damage repair alterations

Study Annala et al., Antonarakis Mateo et al., 2018 [40] Castro et al., 2019 [31]
2017 [29] et al., 2018 [30]

No. of DDR+ patients/total 24/315 22/172 60/390 68/419

Proportion of BRCA2 mutations [n (%)] 16 (66.7) 9 (41) 37 (61.6) 14 (20.5)

Screening 22 genes 50 genes 20 genes 107 genes

DDR status DDR+ DDR- DDR+ DDR- DDR+ BRCA2+ DDR- DDR+ BRCA2+ DDR-

Time from ADT to mCRPC (months) 11.8 19 NA NA NA NA NA 22.8 13.2 28.4

PFES first NHT (months) 33 6.2 13.3 10.3 8.3 8.3 8.3 8.1 43 9.2

PFS docetaxel (months) 72 8 NA NA 6.8 6.3 5.1 7.5 4.5 7.3

OS first NHT (months) NA NA 41.1 28.3 NA NA NA 24 23.3 26.3

OS docetaxel (months) NA NA NA NA NA NA NA 24 12.8 26.3

DDR DNA damage repair, mCRPC metastatic castrate-resistant prostate cancer, NA not available, NHT new hormonal therapy, OS overall sur-

vival, PFS progression-free survival

5.1.2 Platinum-Based Therapy in Patients with DDR Defects

Platinum-based compounds commonly induce DSBs, and
as such have been reported to be active in several BRCA
-mutated tumor subtypes, including ovarian and breast
cancer [72, 73]. While activity of carboplatin is limited in
prostate cancer and did not demonstrate improvement in sur-
vival, more recent data show increased activity in patients
with mCRPC and DDR defects [74, 75]. Two retrospective
studies demonstrated biochemical responses (PSA decline
of 50% or more) in up to 50% of patients with mCRPC and
DDR defects, and up to 75% in patients with BRCA muta-
tions, with a twofold increase in survival compared with
non-BRCA carriers [74, 75]. These data have been reported
before the advent of PARPI in prostate cancer and activity
of platinum compounds after PARPi is still unkown. Assess-
ment of carboplatin versus PARPi in mCRPC is ongoing in
a phase II randomized trial (NCT(04038502).

5.2 PARP Inhibition in Early Prostate Cancer
Settings

Multiple trials are now evaluating PARPi in earlier pros-
tate cancer stages (Table 4). Olaparib without androgen
deprivation therapy led to PSA response >50% in 15% of
patients with biochemically recurrent prostate cancer, with
a PSA doubling time <6 months, and unselected for molecu-
lar alterations [76]. Among these, two had complete PSA
response and harbored BRCA2 mutations. This proof-of-
concept trial suggests that PARPi may be active even in the
absence of androgen deprivation therapy in selected patients.
Other trials are now investigating PARPi alone in patients
with DDR alterations, either in the metastatic castration-
sensitive (NCT03413995) or biochemically recurrent setting
(NCT03533946).

5.3 Sequencing PARP Inhibition in a Moving
Treatment Landscape

Development of PARPi is now thriving in multiple disease
stages (Tables 2, 3, 4), in a landscape that has shown numer-
ous advancement over the past few years. Triplets includ-
ing docetaxel and next-generation hormonal therapies on
top of castration are challenging the standard of care in the
castration-sensitive setting [77]. In the castration-resistance
setting, new targeted compounds include 177LU-PSMA-
617-targeted radiation therapy [78], while other innovative
compounds such as bispecific T-cell engagers are in devel-
opment [79]. To date, olaparib is approved after at least one
NHT, but it is yet unclear what will be the optimal sequence
for patients with HRR alterations among these novel thera-
peutic options. This question will be all the more important
for patients with non-BRCA mutations, for which olaparib
showed limited clinical benefit in the PROfound phase III
trial compared with BRCA alterations carriers. As trials
evaluating treatment sequences may be difficult to undertake
in a dynamic landscape, more real-life data could help bet-
ter define the future role of PARPi in patients with prostate
cancer.

6 Improving Biomarker-Based Patient
Selection

6.1 Assessment of DDR Alterations

Technical aspects of molecular testing are important to
understand as some limitations may impact DDR assess-
ment and adequate therapeutic orientation. Assessment of
HRR alterations may differ between circulating tumor DNA
and tissue assessments: only 81% of positive percentage

A\ Adis
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agreement for BRCA or ATM mutations in the PROfound
trial [80, 81], while this percentage rose to 93% in patients
who underwent prescreening for TRITON-2/3 trials [24].
Molecular assays also do not always indicate whether
DDR gene alterations are mono- or bi-allelic, which may
impact the functional consequences of the alteration and
thus response to therapy. Data from the TRITON-2 trial
indicate that more PSA responses were observed with ruca-
parib in patients with biallelic DDR gene alterations [45,
82]. Other hurdles may lie in the detection of DDR gene
alterations that do not stem from prostate cancer but from
clonal hematopoiesis, which may account for up to 10% of
patients tested for circulating tumor DNA (ctDNA) [83].
Tissue assessments (although not always easy to perform in
men with bone metastases) could overcome some of these
hurdles by avoiding clonal hematopoiesis detection or by
providing the possibility of assessing the functional impact
of these mutations on the HRR pathway, a strategy that has
been in use for ovarian cancer [84]. Refinements in ctDNA
analyses are still urgently needed though, as tissue availabil-
ity may be an issue in patients with bone-only disease and
as repeated assessments may be needed to detect acquired
DDR gene alterations. It is thus likely that tissue and liquid
biopsy assessments are bound to co-exist in the near future,
prompting more streamlined strategies to assess DDR altera-
tions in patients with prostate cancer.

As PARPi are now standard of care in patients with
mCRPC, molecular testing should now be part of routine
clinical practice in this population. Approvals may however
differ regarding both the PARPI indication as well as the
molecular companion test. For instance, olaparib is approved
in HRR-mutated patients in the US, but is only approved in
the context of BRCA1 or BRCA2 mutations in the European
Union. Regarding molecular assessments, the FDA only
approved somatic HRR alterations testing on tissue, while
the EMA allows BRCA testing including somatic alteration
on tissue or blood. These differences may affect current inte-
gration of molecular testing and therapeutic strategies on
a per region basis. However, it is likely that these aspects
will evolve as more data emerge on testing performance and
novel indications for PARPIi in prostate cancer arise.

6.2 Understanding and Overcoming Mechanisms
of Resistance to PARP Inhibitors

All patients with mCRPC and DDR alterations will ulti-
mately experience disease progression on PARPi, with
mechanisms of resistance that are gradually uncovered.
Acquired mutation in PARP genes have been described and
may alter the trapping ability of PARPi [85]. Other resistance
mechanisms may rely on the alteration of negative regula-
tors of HRR [86] or genes involved in the degradation of the
replication fork in the event of a DSB [87]. Several acquired

alterations in HRR may also restore its functionality, such
as demethylation of a silenced BRCA gene, intragenic muta-
tions in an altered BRCA gene that may produce new func-
tional BRCA isoforms, or restoration of the open reading
frame [88—90]. Such mutations, called reversion mutations,
have been reported in prostate cancer patients previously
treated with PARPI or platinum-based compounds [91, 92].
These may be acquired in up to 40% of treated patients and
could represent a key resistance mechanism for both PARPi
and platinum-based compounds [91].

Strategies to overcome resistance to PARPi in prostate
cancer may rely on concurrent inhibition of other DDR
pathways, pushing forward the concept of synthetic lethal-
ity. ATR is a DDR protein that can act as a sensor of both
SSBs and DSBs, and, as such, one promising target for such
strategies [93]. ATR inhibition has been reported to be syn-
ergistic with PARPi in platinum-resistant ovarian cancer
models [94], and PARPi and ATR inhibitors are now evalu-
ated in both HRR-proficient and HRR-deficient mCRPC
(NCT03787680, NCT03682289) [95].

7 Conclusion

The era of precision medicine in prostate cancer opens with
the advent of PARPi in patients with mCRPC harboring
DDR alterations. While single-agent data have been com-
pelling enough to warrant approval of PARPi after previ-
ous NHT, their evaluation in combination for earlier set-
tings has shown compelling activity. Optimal timing of
PARPi use remains unknown to date, and several ongoing
phase III trials are likely to further refine therapeutic strate-
gies using PARPi. Routine clinical practice ought to now
include genetic testing for all prostate cancer patients enter-
ing castration resistance. Determining optimal techniques
to assess DDR status, bringing biomarker-driven strategies
upfront, and assessing sensitivity profiles to PARPi based on
molecular profiling are now the new challenges for clinical
and translational studies in patients with advanced prostate
cancer.
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