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ABSTRACT

Advances in DNA sequencing technology have created a
wealth of information regarding the genomic landscape of
prostate cancer. It had been thought that BRCA1 and BRCA2
mutations were associated with only a small fraction of
prostate cancer cases. However, recent genomic analysis
has revealed that germline or somatic inactivating muta-
tions in BRCA1 or BRCA2, or other genes involved in the
homologous recombination (HR) pathway of DNA repair
collectively occur in as much as 20%–25% of advanced

prostate cancers. A synthetic lethal therapeutic approach
using poly(ADP-ribose) polymerase inhibitor therapy has
been developed for BRCAmutant- and HR deficient-related
cancers (those with “BRCAness”) and is being studied in
multiple clinical trials. This article discusses the current
understanding of the genomic landscape of prostate can-
cer, focusing on the occurrence of DNA repair mutations
and the therapeutic opportunities that this presents.
The Oncologist 2016;21:940–945

Implications for Practice: This reviewaimstoupdateoncologists about the increasedunderstandingof thegenomesofprostate cancers
and, inparticular,theprevalenceofmutations inDNArepairgenes.Theseobservationsprovidepotentialnewtherapeuticopportunitiesfor
theuseofpoly(ADP-ribose)polymeraseinhibitorsandothertherapies,especially inadvancedformsofthedisease.OfnoteistherecentU.S.
Food andDrug Administration breakthrough therapy designation of olaparib for the treatment of BRCA1/2- orATM-mutatedmetastatic
castration-resistant prostate cancer.The implications of this new knowledge for clinical practice now and in the future are discussed.

THE GENOMIC LANDSCAPE OF PROSTATE CANCER
More than 900,000 new cases of prostate cancer are diagnosed
worldwide each year, and advanced disease remains a major
treatment challenge [1, 2]. This is a genomically and clinically
heterogeneous cancer, with some patients presenting with
metastatic disease and others being cured after local surgery or
radiation. With advances in next-generation sequencing, the
genomic landscape of prostate cancer is being defined more
clearly. The burden of overall mutations and copy-number
alterations appears higher inmetastatic prostate cancer than in
localized prostate cancer. Similarly, it has been shown that
mutations leadingtodefectiveDNArepairappeartobeenriched
in later stages of the disease, perhaps speaking to an overall
poorer prognosis for patients with these mutations [3, 4].

Early studies evaluating the genomic landscape of primary
prostate cancers demonstrated recurrent mutations in the
FOXA1, SPOP, TP53, and PTEN genes [5]. The Cancer Genome
Atlas (TCGA) Research Network has described a compre-
hensive analysis of 333 primary prostate cancers following
radical prostatectomy and found a complex genomic land-
scape [4]. Almost 53% of primary tumors demonstrated ETS

(erythroblast transformation specific)-family gene fusions,
with TMPRSS2 being the most common fusion partner. ETS
gene fusions (specifically TMPRSS2-ERG) may be associated
with poly(ADP-ribose) polymerase (PARP) inhibitor sensitivity
[4, 6], but the clinical significance of this potential sensitivity
remains to be explored.The TCGA study also found that 19%of
primary prostate cancers had mutations in DNA repair genes
including 3% of patients with inactivating germline and so-
maticmutations inBRCA2 [4]. FANCD2,BRCA1,CKD12, andATM
made up the other mutations that were classified under DNA
repair. Of note, all patients with heterozygous BRCA2 loss also
had a corresponding loss of the distal RB1 tumor suppressor
gene, perhaps suggesting a possible bystander effect. Although
some homozygous deletions and loss-of-function mutations
were seen, many of the identified mutations included hetero-
zygous losses with unknown functional impact that will require
validation biologically and in other cohorts.

In a landmark study in 2015, the East Coast Dream Team
conducted whole exome and transcriptome sequencing of
150 biopsy specimens from metastatic castration-resistant
prostate cancer tumors [3]. As expected, aberrations of the
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androgen receptor (AR) were common and much more
prevalent in advanced prostate cancer than in early-stage
disease, with 71.3% of cases showing alterations in genes
involved in AR signaling, including alterations in AR itself,
FOXA1 (an AR transcription factor), NCOR 1/2, SPOP, and
ZBTB16. PI3K, Wnt, and Rb1 pathway genes were also
commonly altered. One exciting finding of this study was that
22.7% of these biopsy specimens had defects in DNA repair
genes, including 8% with germline mutations in DNA repair
genes, including in BRCA1/2, ATM, CDK12, FANCA, RAD51B,
and RAD51C. Somatic or germline BRCA2 alterations were
identified in 12.7% of cases and 5.3% of cases had germline
BRCA2 loss. This finding dramatically expands the subset of
patients who may benefit from PARP inhibitors to a much
larger proportion of prostate cancers than previously envi-
sioned (Fig. 1). It should also be noted that recurrent ETS
fusions were observed in 56% of cases where the most com-
monfusionwastoERGbut fusionstoFLI1,ETV4, andETV5were
also observed. As mentioned, it has been shown that ETS-
positive prostate cancer xenografts are sensitive to PARP in-
hibitors and, more recently, it was shown that ETS gene-fusion
products physically interact with the enzymes PARP1 and DNA-
PKcs (catalytic subunit of DNA protein kinase), both of which
are required for ETS-mediated transcription and invasion.

Although the prevalence of somatic and germline muta-
tions in the BRCA genes is becoming better understood, the
implications for prognosis or response to therapy remain
unclear. The only available data come from studies in a
restricted subset of germline BRCA mutation carriers [7]. The
largest of these studies showed that germlineBRCAmutations
are associated with an overall poorer prognosis. Castro et al.
examined 2,019 patients with prostate cancer, of whom
18 were germline BRCA1 carriers, 61 were germline BRCA2
carriers, and 1,940 were noncarriers, and found that the
BRCA1/2 carriers were more frequently associated with a
Gleason scoreof at least 8 (p5 .00003),T3/T4 stage (p5 .003),
nodal involvement (p 5 .0005), and metastases at diagnosis
(p 5 .005) than prostate cancer in noncarriers. For localized
prostate cancer, the 5-year metastasis-free survival was
significantly higher in noncarriers (93% vs. 77% of carriers;
hazard ratio: 2.7; p5 .009) [7].

Understanding of the prognostic significance of prostate
cancersthatharbormutations inotherDNArepairgenes (ATM,
CDK12, FANCA, RAD51B, and RAD51C) will require long-term
follow-up in large cohorts. Moreover, it is also not known
whether these molecular defects are associated with any
particular histologic subtype. BRCA1-associated breast
cancer is much more likely to be of the triple-negative/basal
phenotype. Moreover, unselected triple-negative breast can-
cers enrich for BRCA1 mutations; a study of 77 unselected
women with triple-negative breast cancer found 15 patients
(19.5%) had mutations in BRCA1 or BRCA2. This study highlights
the importance of phenotypically characterizing BRCA-mutated
prostate cancers tumors to aid in determining who may
benefit from therapies targeting DNA repair [8].

DNA REPAIR MUTATIONS AND PARP INHIBITORS: THE

STORY SO FAR
Patients with germline mutations in BRCA1 or BRCA2 have a
considerably elevated risk of developing cancers of the breast

and ovary; those with BRCA2 germline mutations additionally
have increased risk of developing prostate and pancreatic
cancers. Heterozygous germline mutations in BRCA1/2 are
at risk of losing the wild-type allele, resulting in defective
homologous repair that can lead to tumorigenesis.This results
in a high lifetime risk for a number of cancers; large meta-
analyses revealed that BRCA1 carriers have a 65% cumulative
lifetime risk for breast cancer and 39% lifetime risk for ovarian
cancer. BRCA2 carriers are at a smaller but still substantial 45%
risk forbreastcancerandan11%lifetimerisk forovariancancer
[9].The risk for prostate cancer is less precisely known, but in 1
study, BRCA2 conferred an 8.6-fold increased risk for prostate
cancer by age 65, corresponding to an absolute risk of 15% [1].

The PARPs are a family of enzymes involved in protein
modification DNA repair. Some of these enzymes, particularly
PARP1, are involved in the repair of DNA single-strand breaks
through base-excision repair [11, 12]. These single-strand
breaks can lead to double-strand breaks at replications forks,
which are normally repaired via the homologous recombina-
tion pathway involving BRCA1 and BRCA2. PARP inhibitors
exploit defective DNA repair in BRCA1/2-mutated tumors and
induce selective tumor cytotoxicity, relying on the concept of
synthetic lethality [13, 14]. Synthetic lethality is the concept
whereby a genetic mutation or compound is compatible with
cell viability alone, but incompatible with viability when
combined with another genetic defect or induced deficiency
(i.e., PARP inhibitors and BRCA-mutated tumors).

Since the discovery of the first PARP inhibitor,
3-aminobenzamide, over 30 years ago, considerable ad-
vances in this area have been made. Currently, there are at
least five different PARP inhibitors in phase III clinical trials,
including olaparib, rucaparib, niraparib, velaparib, and talazo-
parib (Table 1). In December 2014, olaparibwas approved in the
U.S. and Europe for the treatment of BRCA mutation-related
ovarian cancer; the U.S. approval was as a third-line agent for
patientswhohavebeen treatedwith threeormoreprior lines of
therapy. This approval was based on a phase II clinical trial
by Kaufman et al., who enrolled 298 patients with germline
BRCA1/2 mutations and recurrent cancers (ovarian, breast,
pancreatic, and prostate), including 193 patients with ovarian
cancer [15]. Patients were treatedwith olaparib at a dose of 400
mg orally twice daily until disease progression or intolerance to
therapy. Of the 193 patients in the ovarian cancer cohort, 137
had measurable disease at baseline and had received 3 or
more prior lines of chemotherapy. In the ovarian cancer
cohort, the objective response rate was 34% (the partial and
complete response rateswere 32%and2%, respectively) with
median response duration of 7.9 months. Median overall
survival in the ovarian cancer group was 16.6 months. The
most common frequent adverse events (AEs) were fatigue and
anemia.Unfortunately,therewereninedeathsasa resultofAEs in
this trial, including two patients who developed leukemia and
another who developed myelodysplastic syndrome (MDS).
All three of these patients had been heavily pretreated with
chemotherapy before receiving olaparib, but there has been
concern about the potential for olaparib to increase the risk
of MDS or acute myeloid leukemia.

In Europe, based in part on results of the Ledermann et al.
trial [16], olaparib was approved for use in the European
Medicine Agency asmonotherapymaintenance treatment for
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women with BRCA1 and BRCA2 mutant, high-grade, serous
ovarian cancer, fallopian tube, or primary peritoneal cancerwho
had a prior complete or partial response to platinum-based
chemotherapy. This was a randomized, double-blind, placebo-
controlled, phase II study involving 265 patients with platinum-
sensitive, relapsed ovarian, fallopian tube, or primary peritoneal
cancers. The study demonstrated a progression-free survival
that was significantly longer with olaparib than with placebo
(median: 8.4 months vs. 4.8 months from randomization on
completion of chemotherapy; hazard ratio for progression or
death: 0.35; 95% confidence interval [CI]: 0.25–0.49; p, .001).

PARP inhibitors are undergoing trials in multiple tumor
types involving ovarian, breast, pancreatic, gastric, non-small
cell lung cancer, melanoma, glioblastoma, and other cancers.
These trials range frommonotherapy trials to combination ther-
apy trials to maintenance therapy trials [17]. Some (including
TOPARP, discussedbelow)areexpanding the inclusion criteria for
PARP inhibitors beyond patients with germline BRCA1/2 carriers
to those who have somatic “BRCAness” genomic signatures.

It is now apparent that platinum therapy may also be
selective against particular DNA repair deficiencies. Platinum
salts cause platinum DNA adducts, which may cause DNA
crosslinking, requiring base-excision repair and homologous
recombination for their repair. Platinum salts (carboplatin and
cisplatin) have both been used for decades to treat patients
with ovarian cancer, where BRCA1 and BRCA2 mutation is
common. The Triple-Negative Breast Cancer Trial (TNT trial)
wasaproof-of-conceptphase III trial that showed thatpatients
with advanced, triple-negative breast cancer with BRCA1/2
mutations had a greater response and progression-free sur-
vival to carboplatin than with docetaxel [18].

DespitetheinitialpromiseofPARPinhibitorsaspotentiatorsof
chemotherapy, clinical experience has been that dose escalation

is problematic because of hematologic toxicity. For example,
in a completed phase I clinical trial of cisplatin, gemcitabine, and
olaparib in patientswith advanced solid tumors, investigators saw
significanthematologic toxicity thathamperedtheirability todose
escalatetoefficaciousdosesofolaparib.Theprotocolneededtobe
amended to only enroll patients treated with 2 or fewer prior
myelosuppressiveregimensandtreatedpatientswith lowdosesof
olaparib(100mgoncedailyondays1–4ofthecycle) [19].Similarly,
our group has had significant difficulties finding a maximum
tolerated dose in a carboplatin/talazoparib trial, due to significant
hematologic toxicity at multiple dose levels (NCT02358200,
https://clinicaltrials.gov/ct2/show/NCT02358200). A number
of trials are nowevaluatingPARP inhibitors in combinationwith
agents that have considerably less hematologic toxicity but,
hopefully, synergism,nonetheless, including combinationswith
immunotherapy, histone deacetylase (HDAC) inhibitors, AKT
inhibitors, as well as androgen receptor-directed therapy in
prostate cancer (http://www.clinicaltrials.gov).

TOPARP: PROOF OF CONCEPT OF PARP INHIBITOR
EFFICACY IN PROSTATE CANCER
In 2009, Fong et al. published results of a phase I trial in which
60 patients were enrolled and given escalating doses of
olaparib monotherapy. This cohort notably included one patient
with BRCA2-mutated, castration-resistant prostate cancer who
had a greater than 50% decrease in prostate-specific antigen
(PSA) level and resolution of bone metastases. The patient
remained in the trial for over 2 years [20]. This laid the
groundwork fortheTOPARP(PhaseIITrialofOlaparib inPatients
WithAdvancedCastration-ResistantProstateCancer)published
inOctober 2015byMateoetal. [21]. In this phase II clinical trial,
50 patients with metastatic castration-resistant prostate can-
cer were treated with olaparib, 400 mg twice a day. Of the 50

Figure1. Schematic ofcaseswith aberrations in theDNArepair pathway inmetastatic castration-resistantprostatecancer [3].Mutations
in DNA repair genes were seen in 22.7% of cases. The majority of mutations were found in BRCA2 and ATM, but mutations were also
observed in BRCA1, FANCA, RAD51B, RAD51C, and the mismatch repair genesMLH1 andMSH2.
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patients enrolled, 49 (98%) had received prior treatment with
docetaxel, 49 (98%) had received abiraterone or enzalutamide,
and 29 (58%) had received cabazitaxel. Paired biopsy proce-
dures were mandated before and during treatment and next-
generation sequencing identified deleterious mutations,
homozygous deletions, or both in DNA repair genes (including
BRCA1/2, Fanconi anemia genes, ATM, and CHEK2) in 16 of
the 49 evaluable patients (33%). Of these patients, 88% had a
response to olaparib, indicating the specificity for response in
patients with DNA repair mutations was 94%.

In this study, response criteria were broad, and included
a) an objective response by RESIST or b) at least a 50%
decrease inPSA levelorc) a confirmedreduction incirculating
tumor cell count. Presumably these response criteria were
chosen as a route to the development of a more-sensitive
biomarker suite. Nonetheless, radiologic progression-free
survival and overall survival for patients who had DNA repair
defects or “biomarker positivity” were 9.8 months and 13.8
months, respectively, versus a 2.7 months and 7.5 months,
respectively, in those patients who were biomarker negative
(p, .001 and p5 .05 for respective analyses). Anemia (in 10
of 50 patients; 20%) and fatigue (in 6 of 50; 12%) were the
most common grade 3 and 4 adverse effects, in keeping with
other studies of olaparib.

Of interest, investigators saw a response in a patient with
bilallelic somatic mutations in HDAC2, which has not
traditionally been reported as a mutation associated with
PARP inhibitor (PARPi) response, although it is known that
HDAC1andHDAC2participate inDNA repair [20, 22]. Basedon
this trial, olaparib has been granted breakthrough therapy
designation for BRCA1/2- or ATM-mutated castration-
resistant prostate cancer. This trial also laid the groundwork
for furtherstudies inwhichbiomarkerpositivitywill likely serve
as an eligibility criterion, as well as studies evaluating PARP
inhibitors in earlier stages of prostate cancer and in
combination with other prostate cancer therapies, including
AR-targeted agents. An international, randomized phase II
clinical trial is evaluating the combination of olaparib with
abiraterone versus placebo with abiraterone in patients with
metastatic castration-resistant prostate cancer.The estimated
enrollment is 150 patients, with completion estimated around
October 2016 (NCT01972217). Also underway is another
multicenter, phase II clinical trial evaluating thecombinationof
veliparib with abiraterone versus abiraterone with placebo in

patients with metastatic castration-resistant prostate cancer;
estimated enrollment is 150 patients (NCT 01576172).

BIOMARKERS FOR BRCANESS AND PARPI RESPONSIVENESS

IN PROSTATE CANCER
As demonstrated in the TOPARP trial, the proportion of
patients whomay preferentially respond to PARP inhibitors or
platinum chemotherapies is not limited to patients with
germline BRCA1/2 mutations. As a consequence, there are
numerous efforts to identify tumors with “BRCAness” (i.e.,
those that may display functional defects similar to those in
BRCA-mutated tumors). In prostate cancer, it has become
increasingly obvious that there is a large subset of tumorswith
somatic mutations in genes involved in HR that may confer
sensitivity to PARP inhibitors, including ATM, FANC, CDK12,
RAD51B, RAD51C, PALB2, ATR, CHEK1, CHEK2, DSS1, and ETS
gene fusions (TMPRSS2:ERG) [3, 6, 21, 23].Thus, one approach
for future clinical trials would be to aggregate these genetic
mutations into one large BRCAness panel that would serve as
the trial inclusion criteria.

Asdemonstrated in theTOPARP trial, theproportionof
patients who may preferentially respond to PARP
inhibitors orplatinumchemotherapies is not limited to
patients with germline BRCA1/2 mutations. As a
consequence, there are numerous efforts to identify
tumors with “BRCAness” (i.e., those that may display
functional defects similar to those in BRCA-mutated
tumors).

Other groups are working on deriving transcriptional
signatures of BRCAness, including Larsen et al., who
analyzed 55 familial BRCA1- or BRCA2-mutant breast
tumors and 128 sporadic breast tumors to derive a
transcriptional signature that predicted BRCA-mutated
tumors in an independent dataset [24]. Another group has
developed a gene expression profile to predict response to
anthracycline and cyclophosphamide chemotherapy for
breast cancer. This was done by first creating a DNA gene
expressionmicroarray from 21 patientswith Fanconi anemia
and 11 control subjects to identify pathways associated with
DNA repair processes [25]. The activity of this pathway was

Table 1. PARP inhibitors in clinical development

PARP inhibitor (other name):
manufacturer Approved Latest phase of development: current trials

Olaparib (Lynparza): AstraZeneca FDA approved in ovarian cancer, breakthrough
therapy designation for BRCA1/2 or
ATM-mutated CRPC

Phase III trials for breast, gastric, pancreatic,
ovarian cancers
Ongoing phase II trials for prostate

Rucaparib: Clovis Oncology Phase III trials in ovarian, breast cancer

Niraparib (MK4927): Tesaro Phase III trial in ovarian, breast cancer

Talazoparib (BMN 673): Medivation Phase III trial in breast cancer (EMBRACA)

Veliparib (ABT-888): AbbVie Phase III trial in breast cancer, ovarian, lung
adenocarcinoma, glioblastoma cancers
Ongoing phase II trials for prostate

BGB-290: BeiGene Phase I trial (solid tumors)

Abbreviations: CRPC, castration-resistant prostate cancer; FDA, U.S. Food and Drug Administration; PARP, poly(ADP-ribose) polymerase inhibitor.
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then analyzed in cohorts of BRCA1/2 carriers as well as those
with sporadic breast cancer. From this work, the group
developed a 44-gene expression signature used to pro-
spectively identify DNA repair-deficient subgroups. This gene
expression signature predicted complete pathologic response
versus residual disease after neoadjuvant DNA-damaging
chemotherapy (5-fluorouracil, anthracycline, and cyclophos-
phamide) with an odds ratio of 3.96 (95% CI: 1.67–9.41; p5.
002). Other groups are investigating functional biomarkers of
DNA repair, such as immunohistochemical detection of nuclear
RAD51 localization (a keymarkerofhomologous recombination),
which, if absent, speaks to DNA repair deficiency, while others
are exploring PARP enzymatic assays. The challenge to these
explorations is that they requirebiopsy specimens tobecollected
after treatment to look for treatment efficacy. Of course, one can
also use larger studies designed like TOPARP in which larger
populations are exposed to PARP inhibitors and responders
are sequenced to get abroader understandingofwhichtumors
and patients possess “BRCAness.”

CURRENT IMPLICATIONS AND FUTURE DIRECTIONS

Given the enrichment of DNA repair deficiencies in advanced
disease, for patientswhodemonstrate resistance to abiraterone
or enzalutamide or a robust response to platinum chemother-
apy, genomic sequencing of metastatic sites promises to be
a powerful tool. The broad availability of commercial next
generation genomic sequencing has simplified this process for
clinicians, who can now submit a variety of tumor samples,
ranging fromparaffinembedded tumorsamples towholeblood.
More challenging, however, is determining which of the various
findings can be used to inform an effective treatment plan.

Given the enrichment of DNA repair deficiencies
in advanced disease, for patients who demonstrate
resistance toabirateroneorenzalutamideora robust
response to platinum chemotherapy, genomic
sequencing of metastatic sites promises to be a
powerful tool.

From a diagnostic perspective, patients found to have
somatic mutations in DNA repair (in particular, the BRCA1/2,
FANC, and PALB2 genes) should also be referred for
comprehensive germline testing to fully understand their
genetic risk and to inform their family members. Such testing
andcounselingarenowavailable atmanycentersofexcellence

throughout the world. In addition to family assessment,
targeted assessment for other cancers known to arise in this
syndrome should be conducted.

As for therapeutic approaches, a variety of patient and
disease factors need to be taken into consideration. The first
factor to consider is disease state. It is unclear when PARP
inhibitors or DNA damaging agents (such as platinums) should be
introduced to the treatment paradigm, given our recent under-
standing that DNA repair mutations can present in localized
prostate cancer. For patients who have known DNA repair
mutations, studies need to be done to identify the best clinical
space (localized prostate cancer vs. metastatic castration-
sensitive disease vs. metastatic castration-resistant prostate
cancer) to introduce PARP inhibitors or DNA-damaging chemo-
therapy. Beyond platinums and PARP inhibitors, there are other
DNA damaging agents that also need to be evaluated, includ-
ing anthracyclines and topoisomerase inhibitors. It is similarly
uncertain at this point if primary prostate biopsy or prostatec-
tomy specimens should be analyzed by genomic sequencing, or
if should this be reserved for the patients with refractory
metastatic disease progressing past abiraterone, enzalutamide,
and chemotherapy

Nonetheless, in patientswithDNArepairdefects, platinum
chemotherapies are likely a good first choice for metastatic
disease until PARP inhibitors gain U.S. Food and Drug
Administrationapproval. Lookingahead,alongwithcombining
PARP inhibitors with chemotherapy and AR-targeted agents,
there is considerable interest in combining PARP inhibitors
with immunotherapy, AKT inhibitors, and HDAC inhibitors.
Further studies to understand the phenotypic profile of DNA
repair mutations in prostate cancer and the prognostic
significance of these genomic defects will help clarify how to
best treat and care for patients with prostate cancer.
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For Further Reading:
Elena Castro, Christos Mikropoulos, Elizabeth K. Bancroft et al. The PROFILE Feasibility Study: Targeted Screening of Men
With a Family History of Prostate Cancer. The Oncologist 2016;21:716–722.

Implications for Practice:
Prostate biopsy is a feasible and safe approach to prostate cancer screening inmenwith a family history and detects a high
proportion of prostate cancer that needs radical treatment. Calculating a polygenic risk score using prostate cancer risk
single nucleotide polymorphisms could be a potential future screening tool for prostate cancer.
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