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Abstract

Prostate cancer, a leading cause of cancer-related mortality in men, often progresses to
metastatic castration-resistant prostate cancer (NCRPC) despite advances in treatment with
androgen-receptor pathway inhibitors (ARPIs) and taxanes. Recent genomic studies have
highlighted that alterations in DNA damage repair genes, notably BRCA1 and BRCA2, play
a significant role in the progression of prostate cancer. Synthetic lethality, characterized as
cell death caused by the concurrent loss of two distinct DNA repair pathway, has emerged as
a promising therapeutic approach in the treatment of mCRPC, particularly for patients with
BRCA mutations. Loss of BRCA function results in defects in double-strand break repair,
making these cancer cells highly dependent on poly(ADP-ribose) polymerase 1/2 (PARP1/2)-
mediated single-strand break repair. PARP inhibitors, such as olaparib, rucaparib, and
talazoparib, exploit this vulnerability by inhibiting PARP activity and “trapping” PARP on DNA,
leading to lethal double-strand breaks that BRCA-deficient cells cannot repair. Clinical trials
have shown significant survival benefits for mMCRPC patients with BRCA mutations treated
with PARP inhibitors, and overtime, FDA approvals have paved the way for these therapies to
become part of standard treatment regimens. Moreover, combining PARP inhibitors with other
therapies like ARPIs and immunotherapy, has demonstrated promising results. Despite these
advances, challenges such as therapeutic resistance against PARP inhibition, treatment-
related toxicities and side-effects, and cost ineffectiveness remain significant hurdles. Future
research efforts are focused on improving the effectiveness of PARP inhibitors-induced
synthetic lethality, understanding resistance pathways, and ensuring wider adaptability, with
an ultimate goal to alleviate the global prostate cancer burden.
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Introduction

Prostate cancer is the most frequently diagnosed solid tumor and a
leading cause of cancer associated mortality in men [1]. It has been
anticipated that the worldwide prostate cancer burden will approach
2 million new diagnoses annually before the end of this decade
[2]. Although many tumors are detected at a hormonesensitive,
organconfined stage, the proportion of men presenting with
incurable metastases at diagnosis has doubled from 3 % to 8 %
over the past decade [2]. Even with potent androgenreceptor
pathway inhibitors (ARPIs) and taxanes, progression to metastatic
castrationresistant prostate cancer (mCRPC) remains almost
inevitable, and median overall survival rarely exceeds three years
[3]. Comprehensive genomic profiling has revealed therapeutically
tractable defects in the DNA damage response pathway in roughly
one quarter of advanced prostate tumors [4]. Germline or somatic
alterations in homologous recombination repair genes, most
commonly breast cancer gene 2 (BRCA2), followed by BRCAL,
ATM, PALB2 and others, are detected in 20-30 % of men with
metastatic disease [5]. Loss of BRCA function compromises
highfidelity doublestrand break repair and renders cancer cells
exquisitely reliant on backup pathways such as singlestrand break
repair mediated by poly(ADPribose) polymerasel/2 (PARP1/2) [6].
Targeting this vulnerability through synthetic lethality, the concept
that simultaneous interruption of two complementary repair
mechanisms provokes selective cell death, has since been validated
across multiple tumor types [6, 7].

PARP inhibitors operationalize synthetic lethality by blocking
catalytic PARylation and, critically, by “trapping” PARP on DNA,
converting ordinarily reparable singlestrand lesions into lethal
doublestrand breaks that BRCAdeficient cells cannot mend. Early
proofofconcept came from the phase Il TOPARPA/B trials, which
demonstrated objective responses in BRCAmutated mCRPC
[8], followed by the pivotal phase 111 PROfound study showing
a radiographic progressionfree survival and overall survival
advantage for olaparib with benefits most pronounced in the
BRCAL1/2 subset [9]. These data underpinned the 2020 food and
drug administration (FDA) approvals of olaparib and rucaparib
as mono-therapy for BRCAmutated mCRPC. The therapeutic
paradigm has since shifted toward earlier, combinationbased
approaches. In June 2023, the FDA approved talazoparib plus
enzalutamide for firstline treatment of homologous recombination
repairmutated mCRPC. Final overallsurvival results from the
phase III TALAPRO? trial, reported an 8.8 month median overall
survival gain with talazoparib—enzalutamide versus placebo-
enzalutamide in an unselected population, with the greatest
absolute benefit again seen in BRCA1/2 carriers [2]. Despite
these advances, several unmet needs persist: defining optimal
sequencing with nextgeneration ARPIs now used earlier in the
disease course, widening benefit beyond BRCA alterations,
mitigating hematologic toxicity, and aDNA damage responseessing
costeffectiveness in resourceconstrained settings.

Here, we critically evaluate the role of PARP inhibition within
the specific context of BRCAmutated mCRPC. We first outline
the genomic landscape of BRCA alterations in prostate cancer,
then synthesize mechanistic and clinical data on PARP inhibitor
mono-therapy and combinations, discuss predictive biomarkers,
and examine emerging challenges such as resistance mechanisms,
toxicity management and economic considerations. Finally, we
highlight future directions aimed at integrating syntheticlethal
strategies into precision oncology for advanced prostate cancer.

BRCA alterations in prostate cancer

Genomic profiling now places BRCA2 at the center of the
DNAdamage-repair landscape in prostate cancer. In the largest
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germline testing series to date (14979 men), pathogenic BRCA2
variants were detected in =5 % of localized tumors and 11-12 %
of advanced cases, whereas BRCA1 variants seldom exceeded
1 % [10, 11]. Somatic sequencing pushes those numbers higher
as a realworld registry of 1089 men with mCRPC reported
BRCAZ2 alterations in 10.7 % of tumors and BRCA1 in 2.6 %,
giving a combined somatic + germline BRCA rate of 13.2 %
[12]. A metaanalysis pooling 40 datasets confirmed a steady rise
in BRCA2 frequency with disease progression and showed that
somatic events outnumber germline lesions roughly twotoone
[13]. Mechanistically, the two genes diverge. BRCA2 loss is often
biallelic, producing marked homologousrecombination deficiency.
BRCALI lesions, by contrast, are frequently monoallelic passengers
and generate weaker homologous recombination deficiency
signatures [14, 15]. In line with this, the clinical impact of BRCA2
loss is substantial as carriers of germline or somatic BRCA2
alterations experience a two to threefold shorter metastasisfree
interval following radical prostatectomy, independent of tumor
grade and stage [16, 17]. Worse outcomes extend into the
metastatic setting as germline BRCA2 mutation conferred a 59 %
higher risk of prostatecancerspecific death (HR 1.59, 95 % CI 1.01—
2.52) after standard therapy [18]. Underlying mechanisms may be
further aggravated by codriver events as even singleallele loss of
BRCA?2 along with RBI loss accelerates epithelialtomesenchymal
transition and lineage plasticity, features linked to neuroendocrine
progression and hormonal resistance [15, 19]. Recognition of this
adverse biology has reshaped testing policy as prostate cancer
guidelines by national comprehensive cancer network now call
for universal germline BRCA1/2 testing and tumor homologous
recombination repair sequencing in all men with metastatic or
veryhighrisk localized disease [20]. Yet practice lags behind
recommendations as a scoping review on implementing universal
germline genetic testing found that fewer than one in two eligible
patients in the United States actually undergo testing, with the
lowest uptake observed in community and veteran healthcare
settings [21]. Bridging this gap through genetic counselling
and circulating tumor DNA (ctDNA)based assays capable of
detecting biallelic loss [22] remains a prerequisite for delivering
syntheticlethal therapies to all who stand to benefit.

PARP inhibition-induced synthetic lethality in BRCA-mutated
mCRPC

The principle of synthetic lethality, characterized as cell death
caused by the concurrent loss of two distinct DNArepair
mechanisms, has moved from conceptual genetics into routine
oncology practice [6, 7]. In mCRPC, the most clinically exploitable
syntheticlethal pair involves homologous recombination deficiency,
most often driven by BRCA2 loss, and the singlestrand break
repair machinery coordinated by PARP1/2 [23]. PARP1/2 detect
singlestrand breaks through a zincfinger DNAbinding domain
that recruits the catalytic domain to attach ADPribose polymers
to histones and DNAbound proteins, thereby loosening chromatin
and attracting the XRCClligase repair complex [24]. When
PARP catalytic activity is blocked and the enzyme is “trapped”
on DNA, unrepaired singlestrand breaks are converted into toxic
doublestrand breaks (DSBs) during replication; BRCAdeficient
cells, unable to perform accurate DSB repair, accumulate lethal
genomic lesions, whereas BRCAproficient cells survive by
restoring homologous recombination repair [2, 25]. Singlemolecule
assays confirm that trapped PARP acts as a physical roadblock to
the replication fork, producing stalled fork structures that collapse
into DSBs unless BRCAmediated strand invasion repairs the
break [26]. Four oral PARP inhibitors namely, olaparib, rucaparib,
niraparib and talazoparib have been approved for mCRPC on the
basis of this vulnerability, ushering in the first precision medicine
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option tailored to a defined molecular subgroup [27]. Biophysical
analyses show that talazoparib stabilizes PARPDNA complexes
up to 1000 fold more tightly than olaparib or rucaparib, while
veliparib is a weak trapper despite potent catalytic inhibition [28].
Trapping potency correlates with both efficacy and hematologic
toxicity. In comparative pharmacology work, talazoparib
delivered the lowest 50 % inhibitory concentration (ICso) across
BRCA2knockout prostate cancer cell lines but also produced the
highest rates of anemia and thrombocytopenia in clinical trials,
whereas rucaparib and olaparib showed intermediate potency
and toxicity, and niraparib fell in between [29, 30]. Beyond
catalytic inhibition and trapping, PARP inhibitors also impair
replicationfork stability, modulate transcriptioncoupled repair and
activate cytosolic DNA sensing via cGAS—STING, all of which
may synergise with immunotherapies explored in later sections
[31]. Another important mechanistic nuance in prostate cancer
is androgenreceptor (AR) crosstalk with DNA damage response
pathways. AR signaling upregulates DNA damage response
genes, including BRCA1/2; conversely, PARP1 functions as a
transcriptional coactivator of AR. Preclinical models show that
PARP blockade reduces AR chromatin occupancy, while AR
antagonists increase reliance on PARPmediated repair, providing
a biologic rationale for PARP—ARPI combinations now entering
firstline therapy [25]. In the following subsections, we explore
PARP inhibition-based mono- and combination therapies as
synthetic lethality regimens in prostate cancer. Figure 1 shows
that PARP inhibition-induced synthetic lethality in BRCA-mutated
mCRPC.

PARP inhibitors as mono-therapy

Four oral PARP inhibitors namely, olaparib, rucaparib, niraparib
and talazoparib have been approved for mCRPC [27]. The seminal
phase II TOPARPA study and its histologyagnostic followup
TOPARPB compared two olaparib doses in 98 biomarkerselected
men with mCRPC; the higher 400 mg twicedaily regimen
achieved a composite response in 54 % of patients with BRCA1/2
aberrations vs 4 % in homologous recombination repair wildtype
controls [8, 32]. These results catalyzed the randomized phase III
PROfound trial, in which olaparib (300 mg bid) outperformed
physician’schoice ARPI (enzalutamide or abiraterone) in men
whose tumors carried BRCA1/2 or ATM mutations. In the
BRCA subgroup (n = 161), olaparib prolonged radiographic
progressionfree survival to 9.8 months vs 3.0 months (HR 0.22)
and extended overall survival to 20.1 months vs 14.4 months
despite 66 % crossover [9]. This update confirmed an overall
survival benefit across all ethnicities and priortherapy categories.
On the other hand, the singlearm TRITON2 study first signaled
activity of rucaparib 600 mg bid in postchemotherapy mCRPC,
but objective responses in nonBRCA homologous recombination
repair genes were negligible [33]. The phase III TRITON3
trial subsequently randomized men with chemotherapynaive
mCRPC and BRCA1/2 or ATM alterations to rucaparib or
docetaxel/ARPI. In the BRCA group (n = 405), rucaparib
significantly delayed radiographic progression free survival
(11.2 vs 6.4 months; HR 0.61) and improved time to symptomatic
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Figure 1. PARP inhibition-induced synthetic lethality in BRCA-mutated mCRPC. Synthetic lethality is characterized as cell death caused by

the concurrent loss of two distinct targets/mechanisms which otherwise compensate for each other. Pharmacological inhibition of compensatory

mechanism can also induce synthetic lethality. In this lines, targeting PARP in BRCA mutated mCRPC impairs single-strand repair, leading to

double-strand breaks and resulting in synthetic lethality. Different PARP inhibitors have been approved and are being tested in clinical trials as

monotherapy or in combination with ARPIs and immunotherapy as a treatment for mCRPC.
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skeletal event; no radiographic progression free survival gain
was seen in ATMmutant tumors, underscoring genespecific
benefit. Grade >3 anemia (24 %) and fatigue (7 %) were common
but manageable with dose modification [34]. Furthermore, the
phase II GALAHAD study evaluated niraparib 300 mg daily
in heavily pretreated men. Among 142 patients with biallelic
BRCA1/2 defects, the objective response rate was 34 % with
median radiographic progression free survival of 8.1 months and
median overall survival of 13.0 months. In contrast, outcomes in
nonBRCA DNA damage response genes were markedly poorer
with objective response rate of 10 %, and radiographic progression
free survival of 3.7 months [35]. Moreover, the highly potent
trapper talazoparib demonstrated an objective response rate
of 29 % and median radiographic progression free survival of
5.6 months in BRCAaltered tumors in the phase Il TALAPRO1
study whereas nonBRCA responses were negligible [36]. A
unifying theme across studies is the sharp dichotomy between
BRCA1/2 and nonBRCA homologous recombination repair genes,
supporting guideline recommendations that mono-therapy be
restricted to BRCAmutated mCRPC. Secondly, outcomes correlate
with biallelic loss as patients harbouring monoallelic germline
variants without secondhit somatic events derive limited benefit
from PARP inhibitors. Thirdly, haematologic toxicity rises with
trapping potency (talazoparib > niraparib > olaparib ~ rucaparib)
and cumulative exposure, necessitating proactive full bloodcount
monitoring and dose adjustments [12, 37]. Taken together, mono-
therapy data firmly establish PARP inhibitors as a standard of
care synthetic lethality inducing therapeutic for BRCAaltered,
postARPI mCRPC, providing meaningful survival gains with
manageable toxicity.

PARP inhibitors in combination therapies

Combination therapy has become the dominant clinical strategy
for PARP inhibition in mCRPC. A growing body of laboratory
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work shows that AR signaling sustains DNA damage response
gene expression, whereas PARP1 acts as an AR coactivator.
Hence, dual blockade induces a deeper “BRCAness” and collapses
replication forks even when homologous recombination repair
is only partially impaired [38]. In the phase III PROpel trial,
399 firstline mCRPC patients received olaparib 300 mg bid
with abiraterone/prednisone. The final pre-specified overall
survival readout showed a nonsignificant numerical gain
(median 42.1 vs 34.7 months; HR 0.81, p = 0.054) but confirmed
durable radiographic progression-free survival benefit across all
homologous recombination repair strata [39]. Posthoc analyses
indicated the greatest absolute advantage in BRCAmutated tumors,
whereas homologous recombination repair wildtype patients saw
modest benefit at the cost of increased grade 3—4 anemia (16 %).
Unlike PROpel, MAGNITUDE prospectively stratified 423 men
by homologous recombination repair status before randomization.
In the homologous recombination repair positive cohort, niraparib
(200 mg daily) plus abiraterone prolonged radiographic progression
free survival to 16.5 months vs 13.7 months with abiraterone alone
(HR 0.73), significantly benefiting the BRCA1/2 subset [40]. The
FDA granted this combination a breakthrough designation, and
a fixeddose combination of niraparib plus abiraterone (Akeega®)
is now licensed in Europe for homologous recombination
repair mutated mCRPC [41]. The phase I[II TALAPRO2 study
randomized 805 treatmentnaive patients to talazoparib 0.5 mg
daily or placebo, each with enzalutamide. Overall survival analysis
demonstrated a statistically significant 8.8month extension
(45.8 vs 37.0 months; HR 0.80), with the largest relative effect in
BRCA1/2 carriers (HR 0.54) [42]. Anemia and neutropenia were
the key toxicities as 22 % discontinued talazoparib for adverse
events. Talazoparibenzalutamide combination is now a firstline
option for mCRPC irrespective of homologous recombination
repair status. Overall, these finding suggest that combining PARP
inhibitors with ARPIs is a potent synthetic lethality inducing
strategy to limit the burden of BRCA-mutated mCRPC in clinics.

BRCA reversion
mutation

Replication fork
rewiring

inhibition
PARP1 point
. Challenges to .
PARP1 truncation PARP inhibition- mutations
induced synthetic

Olaparib:
$200,000

ineffectiveness

Talazoparib:
$350,000

lethality

Myelo-suppression
Hypertension
Grade =3 anemia

Toxicities/
side-effects / Liver dysfunction

Creatinine surge
Photosensitivity
Off-target effects

Figure 2. Challenges to PARP inhibition-induced synthetic lethality against mCRPC.
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Immune checkpoint inhibitors alone have limited activity in
mCRPC, however, these inhibitors can be combined with PARP
inhibitors to boost the clinical benefits against prostate and other
solid tumors [43, 44]. In KEYNOTE365 trial with combination
treatment of olaparib and pembrolizumab, longterm followup of
79 postdocetaxel men revealed an objective response rate of 12 %
and prostate-specific antigen declines in 48 %, with manageable
immunerelated adverse events. Notably, these responses
were enriched in DNA damage responsemutated tumors, but
durability was modest (median radiographic progression free
survival 5.4 months) [45]. A smaller investigatorinitiated trial
of olaparib-durvalumab combination reported a 53 % composite
response and median radiographic progression free survival
of 16.1 months in 17 postARPI patients, with biomarker work
suggesting correlation between response and low myeloidderived
suppressorcell counts [46]. In a multicohort phase II CheckMate-
9KD study, the rucaparib- nivolumab combination arm produced
an overall response rate of 15 % and median radiographic
progression free survival of 8.1 months in homologous
recombination deficiencypositive mCRPC, again dominated by
BRCA1/2 alterations. Grade >3 toxicity (mainly anemia, asthenia)
occurred in 46 % [47]. Although, larger randomized trials (e.g.,
CASPAR) are under way to investigate PARP inhibition-induced
synthetic lethality through combination therapies, predictive
biomarkers are urgently needed to avoid unnecessary toxicity in
nonresponders.

Predictive biomarkers and associated patient selection guide
efficacy of PARP inhibition-induced synthetic lethality against
mCRPC

Optimal use of therapeutic regimens and combination therapies
depends on accurately identifying patients whose tumors harbor
repair deficits. Tumor nextgeneration sequencing remains the
reference standard for detecting homologous recombination repair
gene alterations, yet archival tissue can miss subclonal or biallelic
events that arise during therapy [48]. Plasma cellfree DNA assays
capture realtime mutational status and are FDArecognized for
therapy selection. A recent study of 423 mCRPC samples showed
that a ctDNA fraction >10 % identifies actionable mutations with
92 % sensitivity and predicts inferior radiographic progression
free survival on ARtargeted therapy, guiding early switch to
PARP inhibition [49]. Retrospective analyses of PROfound and
TRITON3 confirm that biallelic BRCA loss is required for robust
response; monoallelic carriers without loss of heterozygosity
derived negligible benefit [9, 13]. Notably, gene sequencing
cannot distinguish pathogenic from passenger variants or
mono from biallelic loss. Immunofluorescencebased detection
of nuclear RADSI foci after DNA damage directly measures
homologous recombination repair competence. A recent study
has demonstrated that RADS51low metastatic biopsies predicted
a threefold longer progression-free survival on PARP inhibitors
versus RADS51high tumors, independent of BRCA status [50].
RADSI testing is now being incorporated into several phase II
trials (e.g., LuPARP expansion) [51]. Serial liquid biopsies also
uncover reversion mutations mediating acquired resistance,
informing clinical trial eligibility [52]. While BRCA1/2 remain
the strongest predictors, homologous recombination deficiency
composite scores including lossofheterozygosity, telomericallelic
imbalance and largescale transitions, better capture genomic
scarring [53]. In PROpel exploratory work, patients with high
genomicscar scores but no BRCA alteration achieved radiographic
progression free survival similar to BRCAmutated cases, a finding
echoed in MAGNITUDE [40, 54]. Commercial assays such as
FoundationOne’s homologous recombination deficiency signature,
validated originally in ovarian cancer [55], can be adapted for

5

prostate tumors. Recently, a prognostic score integrating ctDNA
fraction, BRCA status and alkaline phosphatase has been proposed
that can stratify overall survival on ARPIs and could priorities
early PARP—ARPI combinations [38, 49]. Such multivariate tools
will be critical to effective integrate synthetic lethality-based
PARP inhibition as a treatment for mCRPC.

Challenges to PARP inhibition-induced synthetic lethality
against mnCRPC

The clinical implications of PARP inhibition have reshaped the
therapeutic landscape for BRCAaltered mCRPC, yet durable
control remains elusive for many men. Three broad challenges
underpin these shortfalls: (i) therapy resistance against PARP
inhibition, (ii) PARP inhibitor treatment-related toxicities and
side-effects, and (iii) cost ineffectiveness and regulatory hurdles
(Figure 2).

Therapy resistance against PARP inhibition

Resistance to PARP inhibitors can either be intrinsic (present
before therapy) or acquired (during treatment) [56]. The
bestdocumented mechanism is a reversion mutation that restores
the open reading frame of a previously inactivating BRCA2 or
BRCAL1 allele, thereby reestablishing accurate doublestrandbreak
repair. Serial ctDNA sequencing in subjects on olaparib or
rucaparib showed that BRCA2 reversions arose in 39 % of
progressors and were associated with a threefold hazard of
death compared with patients who progressed without reversion
[57]. Importantly, reversion events occur even in tumors with
large genomic deletions via microhomologymediated endjoining
and can involve multiple independent alleles within the same
patient [S8]. These findings explain why radiographic progression
is often abrupt after an apparently durable response. Rewiring
of replicationfork protection is another resistant mechanism.
Pharmacologic inhibition of the ATR kinase, which is central to
forkrestart signaling, can resensitize resistant clones, a concept
now validated in BRCAmutant prostate models where ceralasertib
plus olaparib restored cytotoxicity in vitro and in vivo [59]. In
addition, point mutations or truncations in the PARP1 DNAbinding
zinc finger reduce druginduced trapping while preserving catalytic
function [60]. Because most commercial panels do not cover
the relevant exons, PARPI resistance mutations can be missed
unless wholegenome sequencing or ctDNA deepamplicon panels
are deployed. ABCfamily pumps, including ABCBI (Pgp) and
ABCCI, actively export PARP inhibitors such as olaparib and
rucaparib, out of the cell [61]. Interference with nonhomologous
endjoining (NHEJ) paradoxically restores homologous
recombination repair in BRCA1 deficient cells. Prostate cancer
organoids rendered PARP inhibitorresistant in vitro consistently
lost SHLD2 or RIF1 expression, dismantling 53BP1shieldin—
mediated endprotection and permitting resectionbased repair
[62]. Chromatin modifiers, notably EZH2, modulate PARP
inhibitor response. PARP inhibitor exposure itself induces
a repressive heterochromatin landscape rich in H3K9me3,
which dampens replication stress signaling and promotes
survival. Pharmacologic EZH2 inhibitors reopen chromatin and
re-sensitize resistant cultures, providing a rationale for earlyphase
trials pairing talazoparib with tazemetostat [63, 64]. Prior PARP
inhibitor exposure alters sensitivity to laterline treatments. In
a multiinstitutional series of mCRPC patients receiving
177LuPSMAG17, prior PARP inhibitor was associated with shorter
progression-free survival, particularly among BRCA2 carriers,
hinting at shared DNAdamage-response dependencies [65].
Further investigations are needed to fully understand the landscape
of therapeutic resistance against PARP inhibitors in mCRPC to
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better device treatment strategies accordingly.
Toxicities and side-effects related to PARP inhibition in mCRPC

All four licensed PARP inhibitors share a broadly similar
adverseevent spectrum driven by classspecific myelo-suppression
and offtarget effects on rapidly proliferating tissues. For instance,
grade >3 anemia occurred in 46 % of men receiving olaparib in the
PROfound trial, making it the leading cause of dose interruption
and the most common reason for transfusion [66]. Talazoparib,
whose potent PARPtrapping activity translates into deeper
marrow suppression, produced grade >3 anemia in 48 % and
thrombocytopenia in 23 % of patients in the talazoparib—
enzalutamide arm of TALAPRO2, with a 22 % permanent
discontinuation rate [67]. Niraparib’s fixed daily dosing is
associated with a higher incidence of hypertension [68]. Grade 2
cytopenia prompts oral iron supplementation if ferritin <30 ng/
L and weekly counts; at grade 3, drug is held until recovery to
<grade 1 and resumed at the next lower dose level. Granulocytec
olonystimulatingfactor prophylaxis is not routinely recommended
but can be deployed if neutropenia recurs despite two dose
reductions [69]. Adding an ARPI deepens marrow suppression
but introduces few new toxicities. In PROpel the olaparib—
abiraterone arm showed a 16 % incidence of grade >3 anemia
versus 4 % with abiraterone alone; hypertension and liverfunction
abnormalities were unchanged [39]. Dermatologic toxicity,
such as, photosensitivity, is infrequent and more pronounced
with rucaparib, and sunprotection advice suffices in most cases
[70]. PARP inhibitorassociated renal impairment typically
manifests as a creatinine rise rather than a fall in glomerular
filtration rate [71].

Cost ineffectiveness

The expansion of PARP inhibitors into firstline mCRPC
raises unavoidable questions about affordability and equitable
access. Cost in the United States hover around $200,000 for
the median treatment duration seen of olaparib in PROpel
study, whereas around $350,000 for the median treatment
duration seen of Talazoparib in TALAPRO?2 study [72]. Generic
olaparib manufactured in India sells for approximately $3000
per month, still far above affordability thresholds in many low
and middleincome countries. Outside highincome countries,
access is further limited by delayed regulatory approvals and
lack of reimbursement. Healthtechnologyassessment bodies in
Latin America have approved olaparib only for ovariancancer
indications, citing insufficient costeffectiveness data in prostate
cancer [73].

Conclusions and future prospects

Two decades after synthetic lethality was first recognized as a
therapeutic strategy, PARP inhibitors have become the archetype
of precision medicine in advanced prostate cancer. Robust phase 111
data now anchor olaparib, rucaparib, niraparib and talazoparib in
treatment plans for BRCAmutated mCRPC, while combination
trials with ARPIs are redefining firstline care. However, challenges
including resistance aginst PARP inhibitors, PARP inhibition-
related toxicities, and cost ineffectiveness threatens equitable
access. Meeting these challenges will require progress on three
interlocking fronts: better drugs, smarter combinations and
sharper biomarkers. In this regard, nextgeneration agents aim to
uncouple efficacy from toxicity. In this line, the most advanced
candidate is saruparib (AZD5305), a PARPIselective inhibitor
that minimizes PARP2mediated myelo-suppression. Early phase
data (PETRANHA and EVOPARProstate01) show ontarget
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pharmacodynamics with markedly lower rates of grade >3 anemia
than firstgeneration inhibitors [74]. Beyond inhibition, targeted
degradation of PARP1 is gathering pace; firstinclass PROTACs
eliminate the enzyme rather than trap it, preclinically overcoming
reversionmediated resistance while sparing NAD* homeostasis
[75]. On the other hand, rational combination strategies must
expand the synthetic lethality treatments. Particular excitement
surrounds Pol6 (POLQ) blockade, a microhomologymediated
endjoining enzyme synthetically lethal with homologous
recombination deficiency independent of BRCA status
[76]. Novobiocin, an antibiotic repurposed as a Pol0 inhibitor, is
entering phase I trials for PARP inhibitorresistant tumors [77].
Biomarker innovation against mCRPC must also advance at
stronger pace. Genomicscar signatures and functional RADS51foci
assays already refine patient selection beyond singlegene testing
[50], while machinelearning algorithms that integrate ctDNA
variant allele fraction, methylation and copynumber data can
fulfil the promise realtime monitoring of therapies [78, 79]. In
order to tackle cost-ineffectiveness, interim solutions including
valuebased reimbursement and expansion of compassionateuse or
tieredpricing schemes in low and middleincome countries can be
fruitful to gain exponential clinical benefit from PARP inhibitors
against advanced prostate cancer. Overall, if these threads can
be woven together, the coming decade could transform PARP
inhibition from a welldefined niche into a versatile backbone of
prostatecancer therapy.
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