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Abstract: Germline and somatic aberrations in DNA damage repair (DDR) genes are more prevalent
in prostate cancer than previously recognized, with BRCA2 as the most commonly altered gene.
Germline mutations in BRCA2 have been linked to poor prognosis when patients are managed under
the protocols currently approved for prostate cancer. The impact of germline mutations in other DDR
genes beyond BRCA2 remain unclear. Importantly, a quarter of prostate cancer patients identified as
germline mutation carriers lack a family history of cancer. The clinical implications of somatic DDR
defects are yet to be elucidated. Poly ADP-ribose polymerase (PARP) inhibitors and platinum-based
chemotherapy have proven to be effective in the treatment of other tumor types linked to BRCA1 and
BRCA2 alterations and several trials are currently evaluating their efficacy in prostate cancer. Here,
we summarize the available evidence regarding the prevalence of somatic and germline DDR defects
in prostate cancer; their association with clinical outcomes; the trials assessing the efficacy of new
therapies that exploit DDR defects in prostate cancer and briefly discuss some uncertainties about the
most appropriate management for these patients.
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1. Introduction

Alterations in the DNA damage repair (DDR) pathways have only recently been recognized
as a major hallmark of prostate cancer. Next-generation sequencing studies have revealed that
about 10% of primary tumors and 25% of metastases from prostate cancer harbor DDR defects [1,2]
with BRCA2 aberrations consistently described as the most common event. Germline deleterious
mutations in DDR genes are present in 8–16% of metastatic prostate cancer patients [1,3,4], a prevalence
significantly higher than previously recognized. Inherited BRCA2 mutations that impair the gene
function have been described in 3–5% of patients with advanced prostate cancer [3,4]. These BRCA2
mutations have been associated with more aggressive disease and poor clinical outcomes [5–9],
but the prognostic implications of other DDR genes are less well established. On the other hand,
there is strong emerging evidence that some germline and somatic DDR defects may predict the
response to poly-ADP ribose polymerase (PARP) inhibitors and platinum-based chemotherapy in
prostate cancer [10–13]. These findings make genetic testing attractive not only for risk stratification,
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but also for treatment selection. The decrease in the cost of sequencing and the broad access to these
platforms will presumably result in an increased number of prostate cancer patients identified as
DDR mutation carriers, who could benefit from appropriate genetic counseling and personalized
management and therapies.

2. Alterations in DNA Repair Genes Are Common in Prostate Cancer

Several recent studies cataloguing the genetic landscape of prostate cancer have shown that a
significant proportion of cases harbor aberrations in the DDR genes [1,2,14–17].

Nineteen per cent of the 333 primary prostate tumors sequenced by The Cancer Genome Atlas
Research Network (TCGA) had deleterious germline or somatic aberrations in the DDR genes including
BRCA2, BRCA1, CDK12, ATM, FANCD2, and RAD51C [16]. However, all six cases with germline BRCA2
mutations presented the same variant, p.K3326* (c.9976A>T), arguably deleterious. The International
Stand Up to Cancer/Prostate Cancer Foundation/American Association for Cancer Research Prostate
Cancer Team identified alterations in the DDR genes in 23% of the 150 metastatic biopsies analyzed [1].
BRCA2 was altered in 13% of samples followed by ATM (7.3%), MSH2 (2%), and BRCA1, FANCA, MLH1,
RAD51B, and RAD51C (0.3%). A larger study that analyzed 680 primary tumors and 333 metastatic
samples including cases from the previously mentioned studies, identified germline and/or somatic
DDR defects in 10% and 27% of the primary and metastatic samples, respectively [2].

The study by Robinson et al. [1] provided the first evidence suggesting that germline mutations in
DDR genes known to be linked to increased cancer risk were present in metastatic prostate cancer with
a higher prevalence than previously recognized. Unexpectedly, 8% of the DDR mutations identified in
the metastatic samples were in the germline. In 2016, a study of germline mutations in 692 men with
metastatic prostate cancer revealed that 11.8% of them harbored a germline mutation in one of the
20 DDR genes associated with the cancer-predisposition syndromes analyzed [3] (Table 1). The fact that
this prevalence was significantly higher than the 5% identified in men with localized disease and the
3% in the general population [3,16], suggests that such events may predispose men to aggressive forms
of the disease. The PROREPAIR-B study screened 419 unselected men in Spain with metastatic prostate
cancer for germline mutations in 107 genes (Table 1) and found that 7.4% of the participants carried
inherited mutations in any of the genes studied by Pritchard et al. [3,4]. The variation in prevalence
was likely to due to the different genetic background of both populations. In the series reported by
Pritchard et al., Ashkenazi founder mutations BRCA1 c.5266dupC and BRCA2 c.5946delT accounted
for 66% and 24% of the mutations identified in BRCA1 and BRCA2, respectively. Similarly, the Eastern
European founder mutation CHEK2 c.1100del represented 50% of all mutations in CHEK2. These three
mutations, which accounted for 22% of all mutations, are very rare in the Spanish population included
in PROREPAIR-B [18,19] and no carriers of these variants were identified. However, BRCA2 remained
the most frequently mutated gene in this second study, although with a lower prevalence (3.3%) than
the one previously reported (5.3%). It is also possible that in the time elapsed between the two studies,
some variants initially considered as likely pathogenic have been reclassified as variants of unknown
significance, resulting in a lower prevalence of pathogenic mutations in the second study. Screening
studies in groups with different genetic backgrounds and an accurate classification of genetic variants
are needed for a more precise estimation of the prevalence of germline mutations in DDR genes
across populations.
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Table 1. DDR genes screened for germline mutations in mCRPC studies mentioned in this review.

Pritchard et al. [3] and Mateo et al. [20]

ATM ATR BAP1 BARD1 BRCA1
BRCA2 BRIP1 CHEK2 FAM175A GEN1
MLH1 MRE11A MSH2 MSH6 NBN
PALB2 PMS2 RAD51C RAD51D XRCC2

Castro et al. [4]

APEX1 ERCC4 GTF2H5 NTHL1 RBBP8
APEX2 ERCC5 KIAA0415 OGG1 RPA1
APLF ERCC6 LIG4 PALB2 RPA2
ATM ERCC8 MBD4 PARP1 RPA3
ATR FAAP20 MLH1 PARP2 SLX1A
BARD1 FAAP24 MLH3 PARP3 SLX1B
BRCA1 FAM175B MMS19 PMS1 SLX4
BRCA2 FANCA MNAT1 PMS2 SMUG1
BRIP1 FANCB MPG PNKP TDG
CDK7 FANCC MRE11A PRKDC UNG
CDK12 FANCD2 MSH2 RAD9A XAB2
CHEK1 FANCE MSH3 RAD17 XPA
CHEK2 FANCF MSH4 RAD23A XPC
DCLRE1C FANCG MSH5 RAD23B XRCC1
DDB1 FANCI MSH6 RAD50 XRCC2
DMC1 FANCL MUS81 RAD51 XRCC3
EME1 FANCM MUTYH RAD51B XRCC4
EME2 GEN1 NBN RAD51C XRCC5
EPCAM GTF2H1 NEIL1 RAD51D XRCC6
ERCC1 GTF2H2 NEIL2 RAD52
ERCC2 GTF2H3 NEIL3 RAD54B
ERCC3 GTF2H4 NHEJ1 RAD54L

Antonarakis et al. [21]

ATM CDK12 FAM175A GEN1 PIF1
ATR CENPQ FAM175B HDAC2 PMS2
BAP1 CHEK1 FANCA MLH1 RAD51
BARD1 CHEK2 FANCC MLH3 RAD51B
BLM EPCAM1 FANCD2 MRE11A RAD51C
BRAP ERCC1 FANCE MSH2 RAD51D
BRCA1 ERCC2 FANCF MSH6 RAD54L
BRCA2 ERCC3 FNCG MUTYH RDM1
BRIP1 ERCC4 FANCI NBN TP53
CDH1 ERCC6 FANCL PALB2 XRCC2

Annala et al. [22]

ATM ERCC1 FANCA FANCG RAD51B
ATR ERCC2 FANCC MLH1 RAD51C
BRCA1 ERCC3 FANCD2 MSH2
BRCA2 ERCC4 FANCE MSH6
CDK12 ERCC5 FANCF PALB2

3. Impact of BRCA Mutations on Clinical Outcomes and Response to Treatment
in Prostate Cancer

3.1. Management of Localized Disease

A range of management options is available for men with localized prostate cancer. The criteria
to consider active surveillance, radiotherapy, or radical prostatectomy for the general population
are usually based on several factors including PSA levels at diagnosis, Gleason score, tumor stage,
performance status, life expectancy, and patient preference [23,24]. BRCA1 and BRCA2 mutation
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carriers with localized disease are usually managed under the same general protocols as no definitive
evidence has demonstrated that they should be treated otherwise.

Active surveillance can be an adequate management strategy for men with low-risk localized
prostate cancer unlikely to affect the patient’s life expectancy in the absence of treatment [24].
It consists of regular PSA monitoring and MRI, allowing curative intervention for those patients
that experience disease progression. The poor outcomes associated with BRCA2-related prostate
tumors have discouraged physicians to recommend active surveillance to eligible carriers although
evidence to support this decision has only been provided recently. A report analyzing the outcomes of
1211 men undergoing active surveillance including 11 BRCA1, 11 BRCA2, and 5 ATM germline carriers
showed that tumors in BRCA2 carriers were more likely to present a tumor grade reclassification
requiring radical treatment when compared to non-carriers. The tumor staging upgrade incidence at
2-, 5- and 10- years was 27%, 50%, and 78% in BRCA2 carriers compared to 10%, 22% and 40% in non-
carriers (p = 0.001) [25].

No conclusive data are available regarding whether alterations in BRCA2 or other DDR genes
are relevant in selecting between curative treatment options (radical prostatectomy or radiotherapy).
The only reported data comes from a retrospective study that analyzed the outcomes of 1200 patients
with localized disease including 18 BRCA1 and 49 BRCA2 carriers, and reported that 89% and 67%
of BRCA surgically treated were free from metastasis at 5 and 10 years, respectively, when compared
to 97% and 91% of non-carriers (p = 0.024). For those treated with radiotherapy, the difference was
even greater as only 57% and 39% of BRCA1/2 carriers were free from metastasis at 5 and 10 years,
respectively, compared to 91% and 80% of non-carriers (p < 0.001) [9].

One could be tempted to assume that surgery is a better approach for mutation carriers, however,
this conclusion cannot be based on this study. The two treatment cohorts were not balanced due
to the fact that patients treated with radiotherapy (both carriers and non-carriers) presented with
more advanced disease than those men surgically treated, and a direct comparison of the two groups
was not performed. Nonetheless, these data raise the question of whether adjuvant treatments
may be beneficial for BRCA1/2 carriers. Androgen deprivation therapy (ADT) is routinely added to
radiotherapy for localized disease. No evidence has been produced to support a different ADT scheme
in carriers, but since androgen deprivation seems to downregulate both homologous recombination
(HR) [26] and non-homologous End Joining (NHEJ) [27,28], prolonged ADT or the addition of new
androgen receptor signaling inhibitors (ARSI) such as abiraterone, enzalutamide, or apalutamide,
might be of benefit for those carriers undergoing radiotherapy. Adjuvant chemotherapy with docetaxel
following radiotherapy in unselected patients with high-risk disease improves relapse-free survival,
but the benefit in metastasis free survival and overall survival is less clear [29]. Several trials are
currently ongoing that would provide definite data on the impact of adjuvant chemotherapy or
ARSI on metastasis free survival and overall survival. To our knowledge, outcome analyses in these
studies have not been planned to be stratified by BRCA and/or DDR status. However, if conducted,
such analyses would provide an insight into the benefit of different adjuvant schemes and guide future
clinical trials in this population.

3.2. Management of Metastatic Prostate Cancer

After failure of the primary treatment, the disease is usually managed with long-term androgen
deprivation therapy (ADT). Disease progression on continuous ADT is termed castration resistant
prostate cancer (CRPC). The PROREPAIR-B study has shown that germline BRCA2 mutation carriers
become resistant to ADT faster than non-carriers. In the study, the median time from continuous ADT
initiation to CRPC was 28 months for non-carriers when compared to 13.2 months in BRCA2 carriers
(p = 0.05) [4].

PROREPAIR-B has been the first prospective study to address the impact of germline mutations
in BRCA1, BRCA2, and other DDR genes in patients with metastatic CRPC (mCRPC) [4]. Although the
10-month difference in cause specific survival (CSS) between ATM, BRCA1, BRCA2, PALB2 mutation
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carriers, and non-carriers (33.2 vs. 23) was not statistically significant (p = 0.264), the study showed that
CSS from mCRPC was halved in BRCA2 carriers when compared to non-carriers (17 vs. 33, p = 0.027).
The difference remained significant when the BRCA2 carriers were compared to other germline DDR
carriers (median 33.8 months, p = 0.048). Multivariate analyses identified BRCA2 as an independent
prognostic factor for CSS in mCRPC (HR 2.11, 95% CI 1.06–4.18). Importantly, none of the carriers
in this series had received a Poly ADP-ribose polymerase (PARP) inhibitor and/or platinum-based
chemotherapy, which may have had a confounding effect on survival.

Analysis of the response to taxanes and ARSIs in the PROREPAIR-B study showed no difference
in the response rates based on carrier status [4]. However, the duration of the responses tended to
be shorter in carriers, particularly in those harboring BRCA2 mutations. Importantly, the outcomes
of BRCA2 carriers who received abiraterone or enzalutamide as first-line treatment did not differ
from that of non-carriers. Conversely, BRCA2 carriers treated with the taxane-ASI sequence had
significantly worse CSS (median 28.4 vs. 10.7 months, p = 0.0003; HR:4.16, 95% CI 1.80–9.62) and the
progression-free survival from the first systemic therapy until progression on the second systemic
therapy (PFS2) was also shorter (median 17.1 vs. 8.6 months, p < 0.0001; HR:8.16 95% CI 3.60–18.49)
than in non-carriers who received the same treatment [30]. No biomarker has been identified to date
for selecting one therapy over another in the setting of advanced prostate cancer. If these preliminary
results are confirmed, the determination of germline BRCA2 status would be of assistance for the
selection of the first line of treatment in mCRPC.

The observations described above may contribute to explain the contradictory results previously
reported by three retrospective series that have evaluated the response of germline DDR carriers to
abiraterone and enzalutamide. Annala et al. [22] analyzed the outcomes of 176 metastatic CRPC
patients including 22 DDR carriers (16 BRCA2) (Table 1), and found that the progression free
survival (PFS) of DDR carriers on first-line ASI was significantly shorter than that of non-carriers
(3.3 vs. 6.2 months, p = 0.01). The poor PFS could be related to the high tumor burden in the patients
included as reflected by the high levels of circulating tumor DNA (ctDNA) reported (>30%). Authors
also remarked on the great heterogeneity observed in PFS, with some DDR carriers benefiting from
ARSIs for >2 years. This was the main observation of the second study by Antonarakis et al. [21], who
observed a trend toward a more prolonged PFS in mutation carriers when compared to non-carriers (15
vs. 10.8 months, p = 0.090) treated with ARSi. Interestingly, they also identified previous chemotherapy
as a factor associated with worse PFS and CSS, but did not analyze whether this affects the same to
carriers and non-carriers. The third study is the retrospective analysis of patients from the landmark
publication by Pritchard et al. in 2016 [20]. The authors reported the outcomes of 330 non-carriers
and 60 DDR carriers (including 37 BRCA2) and found no association between mutation status and the
response or duration of treatment to the first ARSI or taxane administered.

The clinical implications of somatic mutations in BRCA2 and other DDR genes have not been well
characterized yet and there is no evidence of whether these patients may respond differently to the
treatment options currently available.

4. Mutations in BRCA and Other DNA Repair Genes as a Potential Target for Platinum-Based
Chemotherapy and PARP Inhibitors in Prostate Cancer

Specific treatment strategies for patients with somatic and/or germline mutations in DNA repair
genes could be obtained from research in other tumor types frequently associated with these events
such as breast and ovarian cancers. Platinum-based chemotherapy has been proven to be an effective
treatment for BRCA1 and BRCA2 mutated breast [31,32] and ovarian cancers [33] as these compounds
generate DNA cross-links that cannot be easily resolved with an impaired homologous recombination
(HR). In standard protocols for prostate cancer, platinum-based chemotherapy is only used when
neuroendocrine differentiation has occurred as phase III trials in mCRPC failed to show any benefit
in unselected population [34]. However, several retrospective reports have suggested that BRCA2
mutated prostate cancer may be highly sensitive to this therapy [10–12]. In a retrospective analysis of
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141 men with mCRPC treated at the Dana Farber Cancer Institute between 2001–2015 with at least two
doses of carboplatin and docetaxel, the treatment demonstrated benefits for patients with germline
BRCA2 mutations [12]. Six out of the eight BRCA2 carriers identified (75%) presented a >50% PSA
decline within 12 weeks of initiating this regimen when compared to 23 of 133 of non-carriers (17%)
(p = 0.001). A >50% PSA decline was associated with a more prolonged survival (18.9 in BRCA2 carriers
vs. 9.5 months in non-carriers). Several studies are ongoing to evaluate the role of platinum-based
chemotherapy for patients with DNA repair defects.

Inhibition of the Poly ADP-ribose polymerase (PARP) is another strategy to treat DNA repair
deficient tumors as these drugs exploit the dependency of HR-deficient tumors on alternative DDR
pathways [35] and several PARP inhibitors are at different stages of clinical development (Table 3).
They differ in their potency and specificity to bind PARP and their ability to trap PARP-DNA
complexes [36]. Olaparib (AstraZeneca) was the first drug in class to be approved in 2014 for the
treatment of ovarian cancer associated with BRCA defects. The first-in-man clinical trial of olaparib
in a population of patients with advanced solid tumors, enriched for germline BRCA1 and BRCA2
mutations included three mCRPC patients; one of them benefited from the drug for over two years [37].
Small numbers of mCRPC patients with germline BRCA mutations were also enrolled in phase I trials
with other PARP inhibitors such as talazoparib [38] or niraparib as single agents [39].
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Table 2. Ongoing clinical trials evaluating PARP inhibitors in prostate cancer.

Clinical Trial Phase PARP Inhibitor Study Population DDR Defects
Screening Strategy Primary Endpoint

NCT02324998
(CaNCaP03) I Olaparib Intermediate/High

Risk PCa Olaparib +/− Degarelix before radical prostatectomy Determination of
PARP inhibition

NCT02861573
(KEYNOTE-365) I Olaparib mCRPC Cohort A: Pembrolizumab + Olaparib in post-docetaxel setting PSA50 response rate

NCT03317392 I/II Olaparib mCRPC Ra223 +/− Olaparib in mCRPC patients with bone metastases MTD of combination
and rPFS

NCT03787680
(TRAP trial) II Olaparib mCRPC Olaparib + ATR inhibitor (AZD6738) in second-line setting Response Rate

NCT03432897
(BrUOG 337) II Olaparib Locally advanced

Prostate Cancer Olaparib prior to radical prostatectomy PSA response rate

NCT03012321 II Olaparib mCRPC Olaparib +/− Abiraterone/Prednisone in first-line setting PFS
NCT03434158

(IMANOL) II Olaparib mCRPC Olaparib for patients who are responding after
docetaxel-chemotherapy rPFS

NCT03263650 II Olaparib AVPC Olaparib for patients who are responding after cabazitaxel
plus carboplatin PFS

NCT03570476 II Olaparib Localized PCa Olaparib before radical prostatectomy pCR rate

NCT03047135 II Olaparib Biochemically-recurrent
High-Risk PCa Olaparib in biochemically-recurrent prostate cancer PSA response rate

NCT03516812 II Olaparib mCRPC Olaparib + Testoterone Enanthate in
post-abiraterone/enzalutamide setting PSA50 response rate

NCT01682772
(TOPARP) II Olaparib mCRPC Olaparib in post-docetaxel setting Response Rate

NCT02893917 II Olaparib mCRPC Olaparib +/− Cediranib in second-line setting rPFS
NCT02987543
(PROfound) III Olaparib mCRPC Olaparib vs. Abiraterone or Enzalutamide in post-ASI setting rPFS

NCT03732820 III Olaparib mCRPC Abiraterone/Prednisone +/− Olaparib in first-line setting rPFS

NCT03076203
(NiraRad) I Niraparib mCRPC Niraparib + Radium-223 MTD

NCT03431350
(QUEST) I/II Niraparib mCRPC Niraparib + Abiraterone/Prednisone or JNJ-63723283 in

post-ARSI setting
Incidence of toxicities

and ORR
NCT02854436

(Galahad) II Niraparib mCRPC Niraparib in Post-docetaxel and post-ARSI setting ORR

NCT03748641 III Niraparib mCRPC Abiraterone/Prednisone +/− Niraparib in first-line setting rPFS
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Table 3. Ongoing clinical trials evaluating PARP inhibitors in prostate cancer.

Clinical Trial Phase PARP Inhibitor Study Population DDR Defects
Screening Strategy Primary Endpoint

NCT03413995
(TRIUMPH) II Rucaparib mHSPC Rucaparib without ADT (mHSPC without large lymph nodes

and visceral disease) PSA response rate

NCT02952534
(TRITON2) II Rucaparib mCRPC Rucaparib in Post-docetaxel and post-ARSI setting ORR

NCT03533946
(ROAR) II Rucaparib nmHSPC Rucaparib in nmHSPC with PSADT <10 months PSA50 response rate

NCT03338790
(CheckMate 9KD) II Rucaparib mCRPC Nivolumab + Rucaparib or Docetaxel or Enzalutamide ORR

NCT03442556 II Rucaparib mCRPC Rucaparib for patients who are responding after
docetaxel plus carboplatin rPFS

NCT02975934
(TRITON3) III Rucaparib mCRPC Rucaparib vs. Abiraterone/Enzalutamide/Docetaxel in

second-line setting rPFS

NCT03330405
(Javelin PARP

Medley)
II Talazoparib Locally advanced or

metastatic tumors Avelumab plus Talazoparib in advanced solid tumors DLT

NCT03148795
(TALAPRO-1) II Talazoparib mCRPC Talazoparib in post-docetaxel and

post-abiraterone/enzalutamide setting ORR

NCT03395197
(TALAPRO-2) III Talazoparib mCRPC Enzalutamide +/− Talazoparib in first-line setting rPFS

DDR: DNA Damage Repair; PCa: Prostate Cancer; mCRPC: metastatic Castration Resistant Prostate Cancer; AVPC: Aggressive Variant Prostate Cancer; mHSPC: metastatic Hormone
Sensitive Prostate Cancer; nmHSPC: non-metastatic Hormone Sensitive Prostate Cancer; Ra223: Radium-223; ARSI: Androgen receptor signaling inhibitor (abiraterone, enzalutamide);
ADT: Androgen Deprivation Therapy; PSADT: PSA Doubling Time; PSA50 response: 50% reduction in PSA levels from baseline; MTD: Maximum Tolerate Dose; rPFS: radiographic
Progression-Free survival; PFS: Progression-Free Survival; pCR: pathologic Complete Response; ORR: Overall Response Rate; DLT: Dose Limiting Toxicities.
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An open-label single-arm basket phase II study of olaparib for germline BRCA mutation
carriers included eight mCRPC patients. Of these, one of four and three of four with or without
previous exposure to platinum, respectively, achieved a response to therapy [40]. The phase II trial
TOPARP-A [13] enrolled 50 men with heavily pre-treated mCRPC. Fourteen out of the 16 patients who
were found to harbor a DDR defect (somatic or germline) (88%) achieved clinical benefit (including
radiological responses, PSA drops, and/or CTC count decreases) and durable responses to the PARP
inhibitor olaparib including all seven patients with BRCA2 defects, but also some with BRCA1, ATM,
PALB2, and FANCA defects, among others. The preliminary results of the phase II trial TRITON2
evaluating the efficacy of rucaparib in a preselected population with DDR defects in tumor or ctDNA
showed PSA and radiographic responses in 48% and 45% of patients harboring BRCA2 defects.
Confirmed PSA and radiographic responses were also observed in one patient with BRIP1 and one
with FANCA mutations [41]. No confirmed responses were observed for ATM. This raises the question
of which DDR genes other than BRCA1 and BRCA2 may be considered predictive of response to PARP
inhibitors. However, this point may not be clarified until phase III trials are completed.

A cross-talk between the androgen receptor (AR) and DNA repair has been extensively
described [26,27,42]. First, PARP is involved in androgen dependent transcription and PARP inhibition
impairs this process [43]. Second, the androgen receptor regulates the transcription of DNA repair
genes and therefore androgen depletion impairs HR [26], so the tumor may become susceptible to
PARP inhibition regardless of HR mutation status. Supported by this preclinical data, several trials are
addressing the potential synergisms between PARP inhibitors and ARSIs, irrespective of DDR status.
The first study reported was NCI9012, a phase II trial that compared the efficacy of veliparib plus
abiraterone with abiraterone in monotherapy. No differences in PSA response rate (63.9% vs. 72.4%,
p = 0.27), radiographic response rate (45% vs. 52.2%, p = 0.51), or median PFS (10.1 vs. 11 months,
p = 0.99) were observed between the two groups, with all patients considered. However, 20 of the
148 (25%) patients included in the study had biallelic DDR defects and presented better PSA (90%
vs. 56%, p = 0.007) and radiographic (87.5 vs. 38.6, p = 0.001) response rates than the DDR-wild type,
in both treatment arms. The small number of DDR-defective patients in each treatment arm did not
allow further comparisons. The combination was well tolerated. Grade ≥3 side effects were observed
in 20% and 24% of the single and combination arms, respectively [44].

A second phase II randomized trial assessed the efficacy and tolerability of olaparib in combination
with abiraterone when compared with abiraterone in mCRPC patients, irrespective of their DDR status.
Eleven of 71 (15%) men in the olaparib arm and 10 out of 71 (14%) patients in the control arm had
mutations in the HR genes. However, 61% of patients only had partially characterized HR status
as the results of germline and plasma testing could not be confirmed by tumor analysis. Unlike the
previous study, time to radiographic progression was significantly prolonged in the olaparib plus
abiraterone group when compared to the abiraterone alone group (13.8 vs. 8.2, p = 0.034), regardless of
HR status. The study was not powered for subgroup analysis, but the exploratory analysis showed a
benefit on time to radiographic progression with the combination in patients with and without HR
defects. No differences in radiological response rates or in PSA responses were observed between the
two arms. Importantly, 54% of patients in the combination arm presented severe adverse events when
compared to 28% in the abiraterone group, including seven (10%) patients with a serious cardiovascular
event [45].

The contradictory results of these two studies regarding the benefit of adding a PARP inhibitor to
an ARSI in DDR-proficient patients to prolong the time to progression may be related to the different
pharmacological activity of veliparib and olaparib, but also to the different classification of patients by
DDR-status. Currently ongoing trials are likely to clarify this in the near future as well as whether the
benefit may outweigh the potential toxicity of the combinations (Table 3).

Unfortunately, resistance to PARP inhibitors eventually arises, even in patients with BRCA2
biallelic loss who usually present strong initial responses. Early reports suggest that subclonal
aberrations reverting germline and somatic DDR mutations back in frame may be a key mechanism of
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resistance [46,47]. Likewise, polyclonal BRCA2 reversion mutations have also been identified at the
time of disease progression in a patient treated with platinum-based chemotherapy [48]. In all cases,
these subclonal events likely driving resistance to PARP inhibitors and platinum, were identified in
circulating tumor DNA (ctDNA), reinforcing the clinical utility of ctDNA as a multipurpose biomarker
for treatment with PARP inhibition in mCRPC [47].

5. Implications for Hereditary Cancer and Germline Testing

Prostate cancer is one of the most heritable human cancers as 57% of the interindividual variation
in risk has been attributed to genetic factors [49]. Men harboring an inherited BRCA2 mutation have a
30% lifetime-risk of developing prostate cancer, although it may vary from 19% to 61% depending on
the presence/absence of genetic variants acting as risk-modifiers [50]. The impact of germline BRCA1
mutations is more modest as the life-time risk of prostate cancer associated with these mutations has
been estimated in 13% [50], similar to that of the general population. The prostate cancer risk for other
DDR genes beyond BRCA 1/2 remains unclear.

A Gleason score ≥8, and nodal and distant metastasis at the time of diagnosis are more common in
BRCA carriers who develop prostate cancer than in non-carriers [8]. Despite the compelling evidence
indicating that BRCA2 mutations predispose carriers to an aggressive prostate cancer phenotype,
the most appropriate screening strategy has yet to be elucidated. International guidelines recommend
annual PSA-based prostate cancer screening from the ages between 40–45 [51]. The efficacy of this
approach is being analyzed in the IMPACT study. IMPACT is an international multicenter study that
has enrolled over 2000 men including 791 BRCA1 and 732 BRCA2 carriers aged 40–69 years. Participants
have annual PSA tests and the threshold to indicate a biopsy is a PSA >3 ng/mL. Data from the first
round of annual PSA screening have estimated the positive predictive value of PSA >3 ng/dL in 48%
for BRCA2 carriers, double than the 24% estimated for the general population [52]. Importantly, most
of the tumors in BRCA2 carriers identified through PSA in this preliminary report are of intermediate
or high risk unlike those detected through PSA screening in the general population, who are often
low-risk tumors [52]. However, considering the limitations of PSA-only screening in populations
at increased risk for prostate cancer, assessing the role of additional imaging and urine or blood
biomarkers in BRCA carriers would be important. The PRECISION study has demonstrated the value
of multiparametric magnetic resonance imaging (mpMRI) as a screening tool for prostate cancer [53]
and further studies should now assess if this more precise screening tool is of particular benefit for
men at an increased risk of aggressive prostate cancer due to inherited BRCA mutations.

Beyond prostate cancer, germline BRCA1 and BRCA2 mutations are known to increase the risk of
other tumor types including breast and ovarian cancers. More than 25 genes linked to DNA repair
have been associated with familial breast and/or ovarian cancers, most of them involved in HR and
Fanconi Anemia pathways [54]. Cancer patients who carry a germline mutation in one of these genes
often have other relatives also diagnosed with cancer, triggering genetic screening. However, studies
conducted in prostate cancer patients [3,4] have revealed that 30% of patients harboring a germline
mutation in a DDR gene and 15% of those who carry a BRCA2 mutation do not have a relative affected
by cancer. Although some reports suggest that intraductal histology may be common in patients
with germline BRCA2 mutations [55,56], no tumor features have been strongly associated with the
presence of BRCA mutations in prostate cancer beyond a Gleason score >8 and a higher prevalence of
node and distant metastasis at diagnosis [8]. Accordingly, updated National Comprehensive Cancer
Network clinical practice guidelines [24] now recommend clinicians consider germline screening for
mutations in BRCA2 and other HR genes in all patients with high risk localized prostate cancer and
metastatic disease. Identification of a germline mutation in a prostate cancer patient would not only
have implications for the patient, but should also be followed by genetic testing of all related family
members, providing the opportunity for early cancer-specific screening and risk reduction strategies
in those found to be carriers [57].



Cancers 2019, 11, 352 11 of 15

Considering the high prevalence of prostate cancer in developed countries [58], the increasing
need for genetic testing, and the shortage of genetic counsellors, it is evident that the traditional
approach consisting of pre-test counselling is no longer feasible and new strategies to enable more
widespread access to genetic testing in a timely manner are needed. Some institutions are implementing
prostate cancer-focused genetic clinics alongside their pre-existing prostate cancer clinics. Under this
approach, patients eligible for testing may undergo counselling by a trained urologist or oncologist
managing the patient’s prostate cancer [59]. The ENGAGE study recently reported the results of the
oncologist-led BRCA testing in women with ovarian cancer and demonstrated efficient turnaround
times along with high levels of patient and physician satisfaction [60]. This could also be an adequate
and efficient strategy to counsel prostate cancer patients before undertaking a genetic test.

6. Conclusions and Future Directions

DDR defects are present in prostate cancer at a higher prevalence than previously recognized.
BRCA2 is the DDR gene most commonly mutated in advanced prostate cancer with up to 5.3% of these
patients carrying a germline mutation. Often, carriers lack a personal or family history of cancer to
suspect a heritable mutation, therefore germline screening should be considered in all patients with
advanced prostate cancer, at least until we are able to discern in which patients the likelihood of a
germline mutation is low enough to spare screening. Understanding the real prevalence of germline
DDR mutations in prostate cancer across populations would require further studies into screening
groups with different genetic backgrounds. Treating physicians are becoming aware of the clinical
implications of identifying these alterations and thanks to the more widespread access to genetic
testing, we are likely to obtain an accurate estimation of this prevalence in the near feature. Major
efforts are needed to guarantee the carriers’ access to a genetic counsellor in a timely manner as well
as to establish management protocols that improve these patient outcomes.

The approval of the PARP inhibitors to treat mCRPC patients with DDR defects is likely to occur
in the foreseeable future. Pending questions to be answered by currently ongoing trials are the benefit
of using PARP inhibitors at earlier disease stages either in monotherapy or in combination. However,
stratification of patients for PARP inhibition therapy by DDR defects is still suboptimal and represents
the major hurdle for the development of PARP inhibitors in this population. Each of the ongoing phase
II/III clinical trials testing the antitumor activity of PARP inhibitors and each laboratory performing
genetic diagnostic tests uses a different panel. Even more importantly, the analyses pipelines and the
criteria to classify genetic variants may differ significantly [61]. In addition, loss of function may occur
without changes in a gene sequence, but may be driven by other mechanisms including epigenetic
and transcriptomic changes. Assessing all the heterogeneous and complex mechanisms that could
lead to deficient DDR using the methodologies currently available is not cost-effective and we may
be under-identifying patients likely to benefit from PARP inhibitors. Further efforts are needed to
ascertain DDR deficiency in a comprehensive and efficient approach.

Author Contributions: P.N., R.L., and E.C. designed and wrote the whole manuscript; A.A., J.M., and D.O.
reviewed and edited the manuscript. All authors read and approved the final manuscript.

Funding: R.L., A.A., and D.O. were funded by the Instituto de Salud Carlos III (grants CM17/00221 to
R.L., PI16/01070 and CP15/00090 to A.A., and PI16/01565 to D.O.). A.A. is supported by grants from
the European Association of Urology Research Foundation (EAURF/407003/XH), a Department of Defense
Award (W81XWH-18-1-0193), Fundacion BBVA, CERCA Program/Generalitat de Catalunya, and FEDER
funds/European Regional Development Fund (ERDF)-A Way to Build Europe. D.O. was funded by grants from
the Ministerio de Economía y Empresa (RYC-2015-18625). E.C. and J.M. were supported by Young Investigator
Awards from the Prostate Cancer Foundation. J.M. and D.O. were supported by an Impact Award from the
Department of Defense US (PC170510P2).

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2019, 11, 352 12 of 15

References

1. Robinson, D.; Van Allen, E.M.; Wu, Y.M.; Schultz, N.; Lonigro, R.J.; Mosquera, J.M.; Montgomery, B.;
Taplin, M.E.; Pritchard, C.C.; Attard, G.; et al. Integrative Clinical Genomics of Advanced Prostate Cancer.
Cell 2015, 161, 1215–1228. [CrossRef]

2. Armenia, J.; Wankowicz, S.A.M.; Liu, D.; Gao, J.; Kundra, R.; Reznik, E.; Chatila, W.K.; Chakravarty, D.;
Han, G.C.; Coleman, I.; et al. The long tail of oncogenic drivers in prostate cancer. Nat. Genet. 2018,
50, 645–651. [CrossRef] [PubMed]

3. Pritchard, C.C.; Mateo, J.; Walsh, M.F.; De Sarkar, N.; Abida, W.; Beltran, H.; Garofalo, A.; Gulati, R.;
Carreira, S.; Eeles, R.; et al. Inherited DNA-Repair Gene Mutations in Men with Metastatic Prostate Cancer.
N. Engl. J. Med. 2016, 375, 443–453. [CrossRef]

4. Castro, E.; Romero-Laorden, N.; Del Pozo, A.; Lozano, R.; Medina, A.; Puente, J.; Piulats, J.M.; Lorente, D.;
Saez, M.I.; Morales-Barrera, R.; et al. PROREPAIR-B: A Prospective Cohort Study of the Impact of Germline
DNA Repair Mutations on the Outcomes of Patients With Metastatic Castration-Resistant Prostate Cancer. J.
Clin. Oncol. 2019. [CrossRef]

5. Narod, S.A.; Neuhausen, S.; Vichodez, G.; Armel, S.; Lynch, H.T.; Ghadirian, P.; Cummings, S.; Olopade, O.;
Stoppa-Lyonnet, D.; Couch, F.; et al. Rapid progression of prostate cancer in men with a BRCA2 mutation.
Br. J. Cancer 2008, 99, 371–374. [CrossRef] [PubMed]

6. Gallagher, D.J.; Gaudet, M.M.; Pal, P.; Kirchhoff, T.; Balistreri, L.; Vora, K.; Bhatia, J.; Stadler, Z.; Fine, S.W.;
Reuter, V.; et al. Germline BRCA mutations denote a clinicopathologic subset of prostate cancer. Clin. Cancer
Res. 2010, 16, 2115–2121. [CrossRef]

7. Thorne, H.; Willems, A.J.; Niedermayr, E.; Hoh, I.M.; Li, J.; Clouston, D.; Mitchell, G.; Fox, S.; Hopper, J.L.;
Kathleen Cunningham Consortium for Research in Familial Breast Cancer Consortium; et al. Decreased
prostate cancer-specific survival of men with BRCA2 mutations from multiple breast cancer families.
Cancer Prev. Res. 2011, 4, 1002–1010. [CrossRef]

8. Castro, E.; Goh, C.; Olmos, D.; Saunders, E.; Leongamornlert, D.; Tymrakiewicz, M.; Mahmud, N.; Dadaev, T.;
Govindasami, K.; Guy, M.; et al. Germline BRCA mutations are associated with higher risk of nodal
involvement, distant metastasis, and poor survival outcomes in prostate cancer. J. Clin. Oncol. 2013,
31, 1748–1757. [CrossRef] [PubMed]

9. Castro, E.; Goh, C.; Leongamornlert, D.; Saunders, E.; Tymrakiewicz, M.; Dadaev, T.; Govindasami, K.;
Guy, M.; Ellis, S.; Frost, D.; et al. Effect of BRCA Mutations on Metastatic Relapse and Cause-specific Survival
After Radical Treatment for Localised Prostate Cancer. Eur. Urol. 2015, 68, 186–193. [CrossRef]

10. Cheng, H.H.; Pritchard, C.C.; Boyd, T.; Nelson, P.S.; Montgomery, B. Biallelic Inactivation of BRCA2 in
Platinum-sensitive Metastatic Castration-resistant Prostate Cancer. Eur. Urol. 2016, 69, 992–995. [CrossRef]

11. Zafeiriou, Z.; Bianchini, D.; Chandler, R.; Rescigno, P.; Yuan, W.; Carreira, S.; Barrero, M.; Petremolo, A.;
Miranda, S.; Riisnaes, R.; et al. Genomic Analysis of Three Metastatic Prostate Cancer Patients with
Exceptional Responses to Carboplatin Indicating Different Types of DNA Repair Deficiency. Eur. Urol. 2019,
75, 184–192. [CrossRef] [PubMed]

12. Pomerantz, M.M.; Spisak, S.; Jia, L.; Cronin, A.M.; Csabai, I.; Ledet, E.; Sartor, A.O.; Rainville, I.;
O’Connor, E.P.; Herbert, Z.T.; et al. The association between germline BRCA2 variants and sensitivity
to platinum-based chemotherapy among men with metastatic prostate cancer. Cancer 2017, 123, 3532–3539.
[CrossRef] [PubMed]

13. Mateo, J.; Carreira, S.; Sandhu, S.; Miranda, S.; Mossop, H.; Perez-Lopez, R.; Nava Rodrigues, D.;
Robinson, D.; Omlin, A.; Tunariu, N.; et al. DNA-Repair Defects and Olaparib in Metastatic Prostate
Cancer. N. Engl. J. Med. 2015, 373, 1697–1708. [CrossRef]

14. Grasso, C.S.; Wu, Y.M.; Robinson, D.R.; Cao, X.; Dhanasekaran, S.M.; Khan, A.P.; Quist, M.J.; Jing, X.;
Lonigro, R.J.; Brenner, J.C.; et al. The mutational landscape of lethal castration-resistant prostate cancer.
Nature 2012, 487, 239–243. [CrossRef]

15. Beltran, H.; Yelensky, R.; Frampton, G.M.; Park, K.; Downing, S.R.; MacDonald, T.Y.; Jarosz, M.; Lipson, D.;
Tagawa, S.T.; Nanus, D.M.; et al. Targeted next-generation sequencing of advanced prostate cancer identifies
potential therapeutic targets and disease heterogeneity. Eur. Urol. 2013, 63, 920–926. [CrossRef] [PubMed]

16. Cancer Genome Atlas Research, N. The Molecular Taxonomy of Primary Prostate Cancer. Cell 2015,
163, 1011–1025.

http://dx.doi.org/10.1016/j.cell.2015.05.001
http://dx.doi.org/10.1038/s41588-018-0078-z
http://www.ncbi.nlm.nih.gov/pubmed/29610475
http://dx.doi.org/10.1056/NEJMoa1603144
http://dx.doi.org/10.1200/JCO.18.00358
http://dx.doi.org/10.1038/sj.bjc.6604453
http://www.ncbi.nlm.nih.gov/pubmed/18577985
http://dx.doi.org/10.1158/1078-0432.CCR-09-2871
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0397
http://dx.doi.org/10.1200/JCO.2012.43.1882
http://www.ncbi.nlm.nih.gov/pubmed/23569316
http://dx.doi.org/10.1016/j.eururo.2014.10.022
http://dx.doi.org/10.1016/j.eururo.2015.11.022
http://dx.doi.org/10.1016/j.eururo.2018.09.048
http://www.ncbi.nlm.nih.gov/pubmed/30340782
http://dx.doi.org/10.1002/cncr.30808
http://www.ncbi.nlm.nih.gov/pubmed/28608931
http://dx.doi.org/10.1056/NEJMoa1506859
http://dx.doi.org/10.1038/nature11125
http://dx.doi.org/10.1016/j.eururo.2012.08.053
http://www.ncbi.nlm.nih.gov/pubmed/22981675


Cancers 2019, 11, 352 13 of 15

17. Kumar, A.; Coleman, I.; Morrissey, C.; Zhang, X.; True, L.D.; Gulati, R.; Etzioni, R.; Bolouri, H.;
Montgomery, B.; White, T.; et al. Substantial interindividual and limited intraindividual genomic diversity
among tumors from men with metastatic prostate cancer. Nat. Med. 2016, 22, 369–378. [CrossRef]

18. Janavicius, R. Founder BRCA1/2 mutations in the Europe: Implications for hereditary breast-ovarian cancer
prevention and control. EPMA J. 2010, 1, 397–412. [CrossRef]

19. Osorio, A.; Rodriguez-Lopez, R.; Diez, O.; de la Hoya, M.; Ignacio Martinez, J.; Vega, A.;
Esteban-Cardenosa, E.; Alonso, C.; Caldes, T.; Benitez, J. The breast cancer low-penetrance allele 1100delC in
the CHEK2 gene is not present in Spanish familial breast cancer population. Int. J. Cancer 2004, 108, 54–56.
[CrossRef]

20. Mateo, J.; Cheng, H.H.; Beltran, H.; Dolling, D.; Xu, W.; Pritchard, C.C.; Mossop, H.; Rescigno, P.;
Perez-Lopez, R.; Sailer, V.; et al. Clinical Outcome of Prostate Cancer Patients with Germline DNA Repair
Mutations: Retrospective Analysis from an International Study. Eur. Urol. 2018, 73, 687–693. [CrossRef]

21. Antonarakis, E.S.; Lu, C.; Luber, B.; Liang, C.; Wang, H.; Chen, Y.; Silberstein, J.L.; Piana, D.; Lai, Z.; Chen, Y.;
et al. Germline DNA-repair Gene Mutations and Outcomes in Men with Metastatic Castration-resistant
Prostate Cancer Receiving First-line Abiraterone and Enzalutamide. Eur. Urol. 2018, 74, 218–225. [CrossRef]

22. Annala, M.; Struss, W.J.; Warner, E.W.; Beja, K.; Vandekerkhove, G.; Wong, A.; Khalaf, D.; Seppala, I.L.; So, A.;
Lo, G.; et al. Treatment Outcomes and Tumor Loss of Heterozygosity in Germline DNA Repair-deficient
Prostate Cancer. Eur. Urol. 2017, 72, 34–42. [CrossRef]

23. Parker, C.; Gillessen, S.; Heidenreich, A.; Horwich, A.; Committee, E.G. Cancer of the prostate: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2015, 26, v69–v77. [CrossRef]

24. National Comprehensive Cancer Network. Prostate Cancer (Version 1). 2018. Available online: https:
//www.nccn.org/professionals/physician_gls/pdf/prostate.pdf (accessed on 18 August 2018).

25. Carter, H.B.; Helfand, B.; Mamawala, M.; Wu, Y.; Landis, P.; Yu, H.; Wiley, K.; Na, R.; Shi, Z.; Petkewicz, J.;
et al. Germline Mutations in ATM and BRCA1/2 Are Associated with Grade Reclassification in Men on
Active Surveillance for Prostate Cancer. Eur. Urol. 2018. [CrossRef]

26. Polkinghorn, W.R.; Parker, J.S.; Lee, M.X.; Kass, E.M.; Spratt, D.E.; Iaquinta, P.J.; Arora, V.K.; Yen, W.F.; Cai, L.;
Zheng, D.; et al. Androgen receptor signaling regulates DNA repair in prostate cancers. Cancer Discov. 2013,
3, 1245–1253. [CrossRef] [PubMed]

27. Goodwin, J.F.; Schiewer, M.J.; Dean, J.L.; Schrecengost, R.S.; de Leeuw, R.; Han, S.; Ma, T.; Den, R.B.;
Dicker, A.P.; Feng, F.Y.; et al. A hormone-DNA repair circuit governs the response to genotoxic insult.
Cancer Discov. 2013, 3, 1254–1271. [CrossRef]

28. Goodwin, J.F.; Kothari, V.; Drake, J.M.; Zhao, S.; Dylgjeri, E.; Dean, J.L.; Schiewer, M.J.; McNair, C.; Jones, J.K.;
Aytes, A.; et al. DNA-PKcs-Mediated Transcriptional Regulation Drives Prostate Cancer Progression and
Metastasis. Cancer Cell 2015, 28, 97–113. [CrossRef]

29. Tosco, L.; Briganti, A.; D’Amico, A.V.; Eastham, J.; Eisenberger, M.; Gleave, M.; Haustermans, K.;
Logothetis, C.J.; Saad, F.; Sweeney, C.; et al. Systematic Review of Systemic Therapies and Therapeutic
Combinations with Local Treatments for High-risk Localized Prostate Cancer. Eur. Urol. 2019, 75, 44–60.
[CrossRef]

30. Lozano, R.; Romero-Laorden, N.; del Pozo, A.; Medina, A.; Mendez Vidal, M.J.; Morales-Barrera, R.;
Gonzalez Del Alba, A.; Rodriguez-Vida, A.; Hernandez, A.; Silla-Castro, J.C.; et al. Comparative assessment
of abiraterone and enzalutamide activity in the PROREPAIR-B study. J. Clin. Oncol. 2018, 36, 164. [CrossRef]

31. Byrski, T.; Gronwald, J.; Huzarski, T.; Grzybowska, E.; Budryk, M.; Stawicka, M.; Mierzwa, T.; Szwiec, M.;
Wisniowski, R.; Siolek, M.; et al. Pathologic complete response rates in young women with BRCA1-positive
breast cancers after neoadjuvant chemotherapy. J. Clin. Oncol. 2010, 28, 375–379. [CrossRef]

32. Von Minckwitz, G.; Schneeweiss, A.; Loibl, S.; Salat, C.; Denkert, C.; Rezai, M.; Blohmer, J.U.; Jackisch, C.;
Paepke, S.; Gerber, B.; et al. Neoadjuvant carboplatin in patients with triple-negative and HER2-positive
early breast cancer (GeparSixto; GBG 66): A randomised phase 2 trial. Lancet Oncol. 2014, 15, 747–756.
[CrossRef]

33. Yang, D.; Khan, S.; Sun, Y.; Hess, K.; Shmulevich, I.; Sood, A.K.; Zhang, W. Association of BRCA1 and BRCA2
mutations with survival, chemotherapy sensitivity, and gene mutator phenotype in patients with ovarian
cancer. JAMA 2011, 306, 1557–1565. [CrossRef]

http://dx.doi.org/10.1038/nm.4053
http://dx.doi.org/10.1007/s13167-010-0037-y
http://dx.doi.org/10.1002/ijc.11414
http://dx.doi.org/10.1016/j.eururo.2018.01.010
http://dx.doi.org/10.1016/j.eururo.2018.01.035
http://dx.doi.org/10.1016/j.eururo.2017.02.023
http://dx.doi.org/10.1093/annonc/mdv222
https://www.nccn.org/professionals/physician_gls/pdf/prostate.pdf
https://www.nccn.org/professionals/physician_gls/pdf/prostate.pdf
http://dx.doi.org/10.1016/j.eururo.2018.09.021
http://dx.doi.org/10.1158/2159-8290.CD-13-0172
http://www.ncbi.nlm.nih.gov/pubmed/24027196
http://dx.doi.org/10.1158/2159-8290.CD-13-0108
http://dx.doi.org/10.1016/j.ccell.2015.06.004
http://dx.doi.org/10.1016/j.eururo.2018.07.027
http://dx.doi.org/10.1200/JCO.2018.36.6_suppl.164
http://dx.doi.org/10.1200/JCO.2008.20.7019
http://dx.doi.org/10.1016/S1470-2045(14)70160-3
http://dx.doi.org/10.1001/jama.2011.1456


Cancers 2019, 11, 352 14 of 15

34. Hager, S.; Ackermann, C.J.; Joerger, M.; Gillessen, S.; Omlin, A. Anti-tumour activity of platinum compounds
in advanced prostate cancer-a systematic literature review. Ann. Oncol. 2016, 27, 975–984. [CrossRef]
[PubMed]

35. Lord, C.J.; Tutt, A.N.; Ashworth, A. Synthetic lethality and cancer therapy: Lessons learned from the
development of PARP inhibitors. Annu. Rev. Med. 2015, 66, 455–470. [CrossRef] [PubMed]

36. Murai, J.; Huang, S.Y.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y.
Trapping of PARP1 and PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [CrossRef]
[PubMed]

37. Fong, P.C.; Boss, D.S.; Yap, T.A.; Tutt, A.; Wu, P.; Mergui-Roelvink, M.; Mortimer, P.; Swaisland, H.; Lau, A.;
O’Connor, M.J.; et al. Inhibition of poly(ADP-ribose) polymerase in tumors from BRCA mutation carriers.
N. Engl. J. Med. 2009, 361, 123–134. [CrossRef]

38. De Bono, J.; Ramanathan, R.K.; Mina, L.; Chugh, R.; Glaspy, J.; Rafii, S.; Kaye, S.; Sachdev, J.; Heymach, J.;
Smith, D.C.; et al. Phase I, Dose-Escalation, Two-Part Trial of the PARP Inhibitor Talazoparib in Patients with
Advanced Germline BRCA1/2 Mutations and Selected Sporadic Cancers. Cancer Discov. 2017, 7, 620–629.
[CrossRef] [PubMed]

39. Sandhu, S.K.; Schelman, W.R.; Wilding, G.; Moreno, V.; Baird, R.D.; Miranda, S.; Hylands, L.; Riisnaes, R.;
Forster, M.; Omlin, A.; et al. The poly(ADP-ribose) polymerase inhibitor niraparib (MK4827) in BRCA
mutation carriers and patients with sporadic cancer: A phase 1 dose-escalation trial. Lancet Oncol. 2013,
14, 882–892. [CrossRef]

40. Kaufman, B.; Shapira-Frommer, R.; Schmutzler, R.K.; Audeh, M.W.; Friedlander, M.; Balmana, J.; Mitchell, G.;
Fried, G.; Stemmer, S.M.; Hubert, A.; et al. Olaparib monotherapy in patients with advanced cancer and a
germline BRCA1/2 mutation. J. Clin. Oncol. 2015, 33, 244–250. [CrossRef]

41. Abida, W.; Bryce, A.H.; Vogelzang, N.J.; Amato, R.J.; Percent, I.; Shapiro, J.D.; McDermott, R.; Hussain, M.;
Patnaik, A.; Petrylak, D.; et al. Preliminary results from TRITON2: A phase 2 study of rucaparib in
patients (pts) with metastatic castration-resistant prostate cancer (mCRPC) associated with homologous
recombination repair (HRR) gene alterations. Ann. Oncol. 2018, 29, viii271–viii302. [CrossRef]

42. Asim, M.; Tarish, F.; Zecchini, H.I.; Sanjiv, K.; Gelali, E.; Massie, C.E.; Baridi, A.; Warren, A.Y.; Zhao, W.;
Ogris, C.; et al. Synthetic lethality between androgen receptor signalling and the PARP pathway in prostate
cancer. Nat. Commun. 2017, 8, 374. [CrossRef]

43. Schiewer, M.J.; Goodwin, J.F.; Han, S.; Brenner, J.C.; Augello, M.A.; Dean, J.L.; Liu, F.; Planck, J.L.;
Ravindranathan, P.; Chinnaiyan, A.M.; et al. Dual roles of PARP-1 promote cancer growth and progression.
Cancer Discov. 2012, 2, 1134–1149. [CrossRef] [PubMed]

44. Hussain, M.; Daignault-Newton, S.; Twardowski, P.W.; Albany, C.; Stein, M.N.; Kunju, L.P.; Siddiqui, J.;
Wu, Y.M.; Robinson, D.; Lonigro, R.J.; et al. Targeting Androgen Receptor and DNA Repair in Metastatic
Castration-Resistant Prostate Cancer: Results From NCI 9012. J. Clin. Oncol. 2018, 36, 991–999. [CrossRef]

45. Clarke, N.; Wiechno, P.; Alekseev, B.; Sala, N.; Jones, R.; Kocak, I.; Chiuri, V.E.; Jassem, J.; Flechon, A.;
Redfern, C.; et al. Olaparib combined with abiraterone in patients with metastatic castration-resistant prostate
cancer: A randomised, double-blind, placebo-controlled, phase 2 trial. Lancet Oncol. 2018, 19, 975–986.
[CrossRef]

46. Quigley, D.; Alumkal, J.J.; Wyatt, A.W.; Kothari, V.; Foye, A.; Lloyd, P.; Aggarwal, R.; Kim, W.; Lu, E.;
Schwartzman, J.; et al. Analysis of Circulating Cell-Free DNA Identifies Multiclonal Heterogeneity of BRCA2
Reversion Mutations Associated with Resistance to PARP Inhibitors. Cancer Discov. 2017, 7, 999–1005.
[CrossRef]

47. Goodall, J.; Mateo, J.; Yuan, W.; Mossop, H.; Porta, N.; Miranda, S.; Perez-Lopez, R.; Dolling, D.;
Robinson, D.R.; Sandhu, S.; et al. Circulating Cell-Free DNA to Guide Prostate Cancer Treatment with PARP
Inhibition. Cancer Discov. 2017, 7, 1006–1017. [CrossRef]

48. Cheng, H.H.; Salipante, S.J.; Nelson, P.S.; Montgomery, B.; Pritchard, C.C. Polyclonal BRCA2 Reversion
Mutations Detected in Circulating Tumor DNA After Platinum Chemotherapy in a Patient With Metastatic
Prostate Cancer. JCO Precision Oncol. 2018, 2, 1–5. [CrossRef]

49. Mucci, L.A.; Hjelmborg, J.B.; Harris, J.R.; Czene, K.; Havelick, D.J.; Scheike, T.; Graff, R.E.; Holst, K.; Moller, S.;
Unger, R.H.; et al. Familial Risk and Heritability of Cancer Among Twins in Nordic Countries. JAMA 2016,
315, 68–76. [CrossRef]

http://dx.doi.org/10.1093/annonc/mdw156
http://www.ncbi.nlm.nih.gov/pubmed/27052650
http://dx.doi.org/10.1146/annurev-med-050913-022545
http://www.ncbi.nlm.nih.gov/pubmed/25341009
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://www.ncbi.nlm.nih.gov/pubmed/23118055
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1158/2159-8290.CD-16-1250
http://www.ncbi.nlm.nih.gov/pubmed/28242752
http://dx.doi.org/10.1016/S1470-2045(13)70240-7
http://dx.doi.org/10.1200/JCO.2014.56.2728
http://dx.doi.org/10.1093/annonc/mdy284.002
http://dx.doi.org/10.1038/s41467-017-00393-y
http://dx.doi.org/10.1158/2159-8290.CD-12-0120
http://www.ncbi.nlm.nih.gov/pubmed/22993403
http://dx.doi.org/10.1200/JCO.2017.75.7310
http://dx.doi.org/10.1016/S1470-2045(18)30365-6
http://dx.doi.org/10.1158/2159-8290.CD-17-0146
http://dx.doi.org/10.1158/2159-8290.CD-17-0261
http://dx.doi.org/10.1200/PO.17.00169
http://dx.doi.org/10.1001/jama.2015.17703


Cancers 2019, 11, 352 15 of 15

50. Lecarpentier, J.; Silvestri, V.; Kuchenbaecker, K.B.; Barrowdale, D.; Dennis, J.; McGuffog, L.; Soucy, P.;
Leslie, G.; Rizzolo, P.; Navazio, A.S.; et al. Prediction of Breast and Prostate Cancer Risks in Male BRCA1
and BRCA2 Mutation Carriers Using Polygenic Risk Scores. J. Clin. Oncol. 2017, 35, 2240–2250. [CrossRef]

51. Carroll, P.H.; Mohler, J.L. NCCN Guidelines Updates: Prostate Cancer and Prostate Cancer Early Detection.
J. Natl. Compr. Canc. Netw. 2018, 16, 620–623. [CrossRef]

52. Bancroft, E.K.; Page, E.C.; Castro, E.; Lilja, H.; Vickers, A.; Sjoberg, D.; Assel, M.; Foster, C.S.; Mitchell, G.;
Drew, K.; et al. Targeted prostate cancer screening in BRCA1 and BRCA2 mutation carriers: Results from the
initial screening round of the IMPACT study. Eur. Urol. 2014, 66, 489–499. [CrossRef]

53. Kasivisvanathan, V.; Rannikko, A.S.; Borghi, M.; Panebianco, V.; Mynderse, L.A.; Vaarala, M.H.; Briganti, A.;
Budaus, L.; Hellawell, G.; Hindley, R.G.; et al. MRI-Targeted or Standard Biopsy for Prostate-Cancer
Diagnosis. N. Engl. J. Med. 2018, 378, 1767–1777. [CrossRef] [PubMed]

54. Nielsen, F.C.; van Overeem Hansen, T.; Sorensen, C.S. Hereditary breast and ovarian cancer: New genes in
confined pathways. Nat. Rev. Cancer 2016, 16, 599–612. [CrossRef] [PubMed]

55. Taylor, R.A.; Fraser, M.; Livingstone, J.; Espiritu, S.M.; Thorne, H.; Huang, V.; Lo, W.; Shiah, Y.J.;
Yamaguchi, T.N.; Sliwinski, A.; et al. Germline BRCA2 mutations drive prostate cancers with distinct
evolutionary trajectories. Nat. Commun. 2017, 8, 13671. [CrossRef]

56. Isaacsson Velho, P.; Silberstein, J.L.; Markowski, M.C.; Luo, J.; Lotan, T.L.; Isaacs, W.B.; Antonarakis, E.S.
Intraductal/ductal histology and lymphovascular invasion are associated with germline DNA-repair gene
mutations in prostate cancer. Prostate 2018, 78, 401–407. [CrossRef]

57. Giri, V.N.; Knudsen, K.E.; Kelly, W.K.; Abida, W.; Andriole, G.L.; Bangma, C.H.; Bekelman, J.E.; Benson, M.C.;
Blanco, A.; Burnett, A.; et al. Role of Genetic Testing for Inherited Prostate Cancer Risk: Philadelphia Prostate
Cancer Consensus Conference 2017. J. Clin. Oncol. 2018, 36, 414–424. [CrossRef] [PubMed]

58. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2017. CA Cancer J. Clin. 2017, 67, 7–30. [CrossRef]
59. Cheng, H.; Powers, J.; Schaffer, K.; Sartor, O. Practical Methods for Integrating Genetic Testing Into Clinical

Practice for Advanced Prostate Cancer. Am. Soc. Clin. Oncol. Educ. Book 2018, 38, 372–381. [CrossRef]
60. Colombo, N.; Huang, G.; Scambia, G.; Chalas, E.; Pignata, S.; Fiorica, J.; Van Le, L.; Ghamande, S.;

Gonzalez-Santiago, S.; Bover, I.; et al. Evaluation of a Streamlined Oncologist-Led BRCA Mutation Testing
and Counseling Model for Patients With Ovarian Cancer. J. Clin. Oncol. 2018, 36, 1300–1307. [CrossRef]
[PubMed]

61. Torga, G.; Pienta, K.J. Patient-Paired Sample Congruence Between 2 Commercial Liquid Biopsy Tests.
JAMA Oncol. 2018, 4, 868–870. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1200/JCO.2016.69.4935
http://dx.doi.org/10.6004/jnccn.2018.0036
http://dx.doi.org/10.1016/j.eururo.2014.01.003
http://dx.doi.org/10.1056/NEJMoa1801993
http://www.ncbi.nlm.nih.gov/pubmed/29552975
http://dx.doi.org/10.1038/nrc.2016.72
http://www.ncbi.nlm.nih.gov/pubmed/27515922
http://dx.doi.org/10.1038/ncomms13671
http://dx.doi.org/10.1002/pros.23484
http://dx.doi.org/10.1200/JCO.2017.74.1173
http://www.ncbi.nlm.nih.gov/pubmed/29236593
http://dx.doi.org/10.3322/caac.21387
http://dx.doi.org/10.1200/EDBK_205441
http://dx.doi.org/10.1200/JCO.2017.76.2781
http://www.ncbi.nlm.nih.gov/pubmed/29558274
http://dx.doi.org/10.1001/jamaoncol.2017.4027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Alterations in DNA Repair Genes Are Common in Prostate Cancer 
	Impact of BRCA Mutations on Clinical Outcomes and Response to Treatment in Prostate Cancer 
	Management of Localized Disease 
	Management of Metastatic Prostate Cancer 

	Mutations in BRCA and Other DNA Repair Genes as a Potential Target for Platinum-Based Chemotherapy and PARP Inhibitors in Prostate Cancer 
	Implications for Hereditary Cancer and Germline Testing 
	Conclusions and Future Directions 
	References

