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Prostatic adenocarcinoma (PCa) remains a significant health concern. Although localized
PCa can be effectively treated, disseminated disease remains uniformly fatal. PCa is reliant on
androgen receptor (AR); as such, first-line therapy formetastatic PCa entails suppression of AR
signaling. Although initially effective, recurrent tumors reactivate AR function, leading to a
lethal stage of disease termed castration-resistant PCa (CRPC). Recent findings implicate AR
signaling in control of DNA repair and show that alterations in DNA damage repair pathways
are strongly associated with disease progression and poor outcome. This review will address
the DNA repair alterations observed in the clinical setting, explore the anticipated molecular
and cellular consequence of DNA repair dysfunction, and consider clinical strategies for
targeting tumors with altered DNA repair.

Prostatic adenocarcinoma (PCa) is the most
frequently diagnosed noncutaneous malig-

nancy in men in the United States, and the third
leading cause of cancer death inU.S.men (Siegel
et al. 2017). Although organ-confined disease
can be readilymanaged (Lavery and Cooperberg
2017), there is no durable means of treatment
for advanced, disseminated PCa (Cotter et al.
2016; Ritch and Cookson 2016). First-line ther-
apy for metastatic disease targets the androgen
receptor (AR) signaling axis via androgen dep-
rivation therapy (ADT), as PCa is typically de-
pendent on the action of AR for cell survival and
proliferation. However, within 3–4 years of ini-
tiating therapy, patients relapse, and the AR sig-
naling pathway is reactivated despite continued

therapeutic targeting. For this stage of disease,
deemed castrate-resistant PCa (CRPC), there
are no durable therapeutic options (Ferraldeschi
et al. 2015; Saad and Fizazi 2015; Coutinho et al.
2016; Graham and Schweizer 2016).

Recent findings indicate that, although re-
current copy number changes occur in PCa,
point mutations in early-stage PCa are less
frequent (Taylor et al. 2010; Grasso et al. 2012;
Cancer Genome Atlas Research 2015; Tomlins
et al. 2015). In advanced disease, the frequency
of point mutations and widespread genomic re-
arrangements is further enhanced (Kumar et al.
2011a,b, 2016; Grasso et al. 2012; Beltran et al.
2013, 2017; Robinson et al. 2015b; Pritchard
et al. 2016). For example, no single gene in non-
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indolent localized PCa is mutated in >10% of
tumors (Barbieri et al. 2012; Cancer Genome
Atlas Research 2015; Fraser et al. 2017b); how-
ever, it has been reported that an excess of CRPC
tumors harbor potentially actionable mutations
(Robinson et al. 2015b). As such, CRPC biology
is markedly distinct from that of localized PCa
following selective adaptation driven by ADT.
Despite a paucity of mutations present in local-
ized PCa, it has been observed that primary PCa
harbors both copy number alterations and re-
current genomic rearrangements (Taylor et al.
2010; Berger et al. 2011; Kumar et al. 2011a,b,
2016; Barbieri et al. 2012; Grasso et al. 2012;
Beltran et al. 2013, 2017; Cancer Genome Atlas
Research 2015; Robinson et al. 2015a; Tomlins
et al. 2015; Fraser et al. 2017a). Furthermore,
PCa harbors a significant number of genomic
rearrangements that have the potential to be
derived in an interdependent manner leading
to rapid, punctuated evolution of PCa in a
phenomenon termed chromoplexy (Baca et al.
2013; Imielinski and Rubin 2017). This chromo-
plexy can result in coordinated disruption of
multiple cancer genes and may result from
open chromatin and active transcription by
factors such as AR (Berger et al. 2011).

As will be discussed herein, clinical observa-
tions have revealed significant enrichment of
alterations in DNA repair processes as a func-
tion of disease progression, suggesting thatDNA
repair defects may be selected for as a mecha-
nism of therapeutic bypass. Furthermore, cross
talk between the AR pathway and DNA repair
components has been identified and shown to
have relevance for disease management. The
impact of DNA repair alterations, AR-DNA re-
pair cross talk, and the potential to convert
knowledge of these processes into novel modes
of clinical intervention will be considered.

OVERVIEW OF DNA DAMAGE AND
REPAIR PATHWAYS

DNA damage is a major contributor to carcino-
genesis (Bartkova et al. 2005). Although the ge-
nome is replicated with high fidelity in normal
cells, with only one error in∼1 × 1010 bases rep-
licated (McCulloch andKunkel 2008), a number

of sources contribute to the formation of genetic
lesions that can lead to carcinogenesis. Exoge-
nous sources of DNA damage include toxins,
ultraviolet (UV) radiation, mutagenic chemi-
cals, and ionizing radiation. Mutations can
result from endogenous damage as well (Tubbs
and Nussenzweig 2017), and reactive oxygen
species (ROS) and reactive nitrogen species
(NOS) released from immune cells can induce
oxidative damage within the prostatic epithelia
(Colotta et al. 2009; Jaamaa and Laiho 2012).
Additionally, ROS can be generated as a by-
product of normal cellularmetabolism (Tennant
et al. 2009). Regardless of the source of DNA
damage, failure of proper DNA repair or the
use of error-prone repair results in sustained ge-
netic alterations that include base oxidation and
alkylation, interstrand cross-linking, UV photo-
products, and adduct formation, as well as sin-
gle-strand breaks (SSBs) or double-strandbreaks
(DSBs). To maintain genomic integrity and to
suppress tumorigenesis, the process of evolution
has selected for a system to repair DNA damage
termed DNA damage response and repair
(DDR) (Bartkova et al. 2005; Bartek et al.
2007). DDR encompasses the detection of the
damage, engagement of cell cycle checkpoints,
induction and recruitment of repair factors to
the site of the lesion, and subsequent repair of
the damage. Effective damage repair results in
reengagement of the cell cycle, although improp-
er repairor damage at a level that overwhelms the
system results in permanent cell cycle exit (sen-
escence) or apoptotic cell death. One of the hall-
marks of cancer, genomic instability, results
when cells are not able to properly repair dam-
age, yet survive (Hanahan and Weinberg 2011).

To resolve damaged DNA, eukaryotic cells
possess a number of disparate DNA pathways
with unique capabilities that have been reviewed
extensively elsewhere (Ceccaldi et al. 2015;
Abbotts and Wilson 2016; Bhattacharjee and
Nandi 2016; Hustedt and Durocher 2016; Jeggo
et al. 2016; Roos et al. 2016; Williams and
Schumacher 2016; Brown et al. 2017). In brief,
base excision repair (BER) is responsible for the
removal of small lesions that do not distort the
double helix, such as oxidized bases or misin-
corporated uracil. Bulky DNA adducts are re-
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paired by the nucleotide excision repair (NER),
although base mismatches/insertions–deletions
are repaired via mismatch repair (MMR).Mam-
malian cells typically repair DSBs via homolo-
gous recombination (HR) or nonhomologous
end joining (NHEJ) (Ceccaldi et al. 2015; Ermo-
laeva et al. 2015). DSBs present after DNA
replication can be repaired via the high-fidelity
HR pathway, owing to the requirement for a
template (sister chromatid) for this DSB repair
mechanism. In all other phases of the cell cycle,
NHEJ and related mechanisms are engaged to
repair DSBs, but these processes are error-
prone. Alterations in DDR pathway integrity,
such as germline or somatic mutation, promoter
methylation of key genes, or other epigenetic
alterations, increase susceptibility to malignant
transformation. As discussed below, alterations
in each of these pathways have been shown to
increase PCa risk and/or are associated with dis-
ease progression.

DNA REPAIR ALTERATIONS AND PCa RISK

Preliminary findings have implicated alterations
in DNA repair pathways as being associated
with risk of PCa development, aggressiveness,
and progression. Single-nucleotide polymor-
phisms (SNPs) in several DNA damage repair
pathway genes have been reported with in-
creased risk of PCa, including BER (Mittal
et al. 2012), NER (Mittal and Mandal 2012;
Yang et al. 2013; Mirecka et al. 2014; Wang
et al. 2016), MMR (Saunders et al. 2016; Scar-
brough et al. 2016), NHEJ (Chang et al. 2008;
Mandal et al. 2011; Henriquez-Hernandez et al.
2016), HR (Scarbrough et al. 2016), and the
DNA damage–related kinase ATM (Angele
et al. 2004). Although these studies provide
evidence that SNPs in DDR genes are associated
with increased PCa risk (summarized in Fig.
1A), their use is limited by a lack of functional
studies and data on causation. Additional anal-
yses of SNPs and risk alleles is needed to assess
which genetic alteration(s) are likely actionable.

Despite current limitations for implement-
ing overall SNP-associated alleles in PCa screen-
ing, diagnosis, and management, several studies
indicate that germline mutations in DNA repair

genes may demark biologically distinct PCa
cases. A large cohort of men with multiple fami-
lial PCa diagnoses (n = 191) were sequenced for
22 tumor suppressor genes, and the data show
that loss-of-function mutations in these genes
occurred with an approximate rate of 7%, and
these mutations were predictive of lymph node
involvement, increased stage, and development
of metastases (Leongamornlert et al. 2014).
These data indicate that heritable DNA repair
defects predispose to poor outcomes in PCa. A
second large study (n = 692) of men with meta-
static PCa that examined 20 genes involved
in autosomal dominant cancer predisposition
syndromes found that almost 12% of these cases
harbored germline DDR gene defects, which
was much higher than that observed in primary
PCa (4.6%, n = 499) (Pritchard et al. 2016).
These studies (summarized in Fig. 1B) indicate
that germline DNA repair defects may lead to
tumor phenotypes distinct from those associat-
ed with sporadic cases. Concordantly, studies
examining distinct DNA repair pathways reveal
increasing evidence that heritable mutations in
MMR genes predispose to PCa, some of which
are associated with Lynch syndrome (Grindedal
et al. 2009; Pritchard et al. 2014; Ryan et al. 2014;
Dominguez-Valentin et al. 2016). Further, data
suggest that MMR defective tumors have a
hypermutated and microsattelite unstable phe-
notype (Pritchard et al. 2014). Based on these
data and the high frequency of PCa diagnoses
annually (an estimated 161,360 in 2017 in the
United States alone), DNA repair deficiency is
linked to a large number of patients and should
therefore be considered when making disease
management decisions.

Further studies examining distinct DNA re-
pair pathways show that heritable mutations in
HR genes are associated with PCa risk, progres-
sion, therapeutic response, and outcomes. These
include BRIP1 (Kote-Jarai et al. 2009), CHK2,
and NBS1, the latter of which is prognostic
for aggressive disease (Cybulski et al. 2013). Fur-
thermore, germline BRCA1/2 mutations are
associated with aggressive disease (Gallagher
et al. 2010) including nodal involvement and
development of metastases (Castro et al. 2013).
These mutations are putatively loss-of-function,
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which would predict for defective HR. Heritable
BRCA1 alterations correlate with early-onset
PCa (Leongamornlert et al. 2012), and aberrant
BRCA1/2 is associated with poor outcomes after
curative treatment (prostatectomy or radiation)

in primary disease (Castro et al. 2015). Finally,
BRCA2mutations result in more aggressive pri-
mary disease that harbors other genetic defects
that are typically more associated with metastat-
ic disease although still localized in the prostate
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Figure 1. Single-nucleotide polymorphisms (SNPs) and germline DNA damage response and repair (DDR)
mutations in prostate cancer. (A) SNPs that result in elevated risk for prostate cancer or disease aggressiveness
have been identified in several studies (citations at right). These include SNPs in base excision repair (BER),
nucleotide excision repair (NER), mismatch repair (MMR), homologous recombination (HR), and nonhomol-
ogous end joining (NHEJ). (B) Two studies have identified the prevalence of germline mutations in DDR genes.
In primary prostate cancer (PCa), ∼5%–7% of tumors are associated with germline DDR mutations (Leonga-
mornlert et al. 2014; Pritchard et al. 2016). These germline DDR mutations were further found to be associated
with lymph node involvement, higher disease stage, and increased frequencyofmetastases (Leongamornlert et al.
2014). Furthermore, inmetastatic PCa, the prevalence of germline DDRmutations is higher than in primary PCa
(∼12%) (Pritchard et al. 2016). (C) Several studies (citations at right) have implicated germline HRmutations in
significantly altering PCa biology. mets, metastases.
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(Taylor et al. 2017). Based on the critical role
BRCA2 plays in HR, these tumors are likely
HR-defective, and this HR deficiency appears
to be associated with aggressive disease. Togeth-
er, these data (summarized in Fig. 1C) suggest
that germline defects in multiple DDR genes
predispose to PCa development, progression,
and poor clinical outcomes.

AR-DNA REPAIR CROSS TALK:
IMPLICATIONS FOR LOCALLY
ADVANCED DISEASE AND BEYOND

Understanding of DNA repair function in PCa,
and the potential influence on risk and progres-
sion, was further advanced by discovery of ma-
jor cross talk pathways linking AR function to
DNA repair competency (Goodwin et al. 2013;
Polkinghorn et al. 2013; Tarish et al. 2015). The
concept that hormones regulated DNA repair
was first observed in the clinical setting in the
context of locally advanced PCa, which is de-
fined as PCa that has extended beyond the pros-
tatic and is locally invasive, but without local
lymph node involvement or distant metastases.
For locally advanced PCa, the standard of care
is radiation therapy in conjunction with ADT
based on significant survival benefits seen in
large phase 3 clinical trials (Bolla et al. 1997,
2013; Widmark et al. 2009; Warde et al. 2011),
including most recently the phase 3 RTOG 9601
(Shipley et al. 2017). RTOG 9601 analyzed the
use antiandrogen therapy in 760 patients with
localized disease treated with surgery followed
by radiation therapy after 12 years of follow-up.
The results indicate that the use of antiandrogens
increased overall survival (76.3% vs. 71.3%),
decreased the incidence of metastases (14.5%
vs. 23%), and reduced PCa-specific death (5.8%
vs. 13.4%). Despite the overwhelming clinical
evidence of the benefit of combined targeting
AR and radiation, and the fact that ADT plus
radiation therapy remains the standard of care
for locally advanced PCa, the molecular under-
pinnings of sensitization to DNA damage by
blocking AR function was ill-defined.

Mechanistic understanding of the means
by which castration and/or AR-directed thera-
peutics enhance response to radiotherapy was

recently attained through a series of seminal dis-
coveries (Al-Ubaidi et al. 2013; Goodwin et al.
2013; Polkinghorn et al. 2013). Inmodel systems
of PCa, ADT enhances the antitumor effect of
radiation, as is observed clinically. Interestingly,
DNA damage induces AR transcriptional activ-
ity, and this DNA damage–induced AR activity
is required for faithful DSB repair. Mechanisti-
cally, AR directly regulates the expression
and function of DNA-PC catalytic subunit
(DNAPKcs), which is a required component
of NHEJ. Importantly, androgen-dependent
DNA repair requires DNA-dependent kinase
catalytic subunit (DNAPKcs) (Goodwin et al.
2013), indicating that the AR-DNAPKcs axis
is a key determinant of radiosensitization by
ADT. Additionally, AR regulates the expression
of genes involved in HR (XRCC2, XRCC3
[Goodwin et al. 2013], RAD54B, and RAD51C
[Polkinghorn et al. 2013]), as well as genes
involved in DNA damage sensing, MMR, Fan-
coni anemia, and BER (especially poly(ADP-ri-
bose) polymerase [PARP]-1) (Polkinghorn et al.
2013). Importantly, the impact of AR on expres-
sion of DNA repair genes was determined to be
independent of its function in cell cycle progres-
sion and was instead a result of direct regulation
of DDR gene transcription by AR. Accordingly,
tissues from men with PCa having undergone
ADT before prostatectomy have significantly
decreased levels of Ku70 protein, a key compo-
nent of the NHEJ pathway (Al-Ubaidi et al.
2013). As such, it is clear in both preclinical
models and in human PCa tissues that a major
function for AR is to regulate the expression
and/or function of DNA repair genes, and that
this AR-DNA repair cross talk is the underlying
mechanism by which ADT cooperates with
radiation in locally advanced PCa.

Further exploration of AR-DNA repair cross
talk led to new understanding of DNAPKcs
function, linking this DNA repair–associated
kinase to metastasis (Goodwin et al. 2015).
Unbiased transcriptional profiling shows that
DNAPKcs regulates a distinct gene expression
signature in models of CRPC, including genes
involved in androgen metabolism (UGTs,
uridine 50-diphospho-glucuronosyltransferases)
and metastases such as PREX1, ROCK2, ITGB4,
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and VAV3. As such, DNAPKcs function sup-
ports metastatic phenotypes, including migra-
tion/invasion and developments of metastases
in vivo. Clinically, DNAPKcs is the most dereg-
ulated kinase in a large cohort of localized PCa
with significant follow-up, and high DNAPKcs
proved independently predictive for biochemical
recurrence, poor freedom from metastases, and
poor overall survival. Importantly, DNAPKcs
activity is significantly higher in metastatic
CRPC than in treatment-naïve PCa, indepen-
dent of DNA damage, indicating DNAPKcs
function is likely a key driver of PCa progression.
Based on these data, the first-in-man DNAPKcs
inhibitor (CC-115, a dual DNAPKcs/TOR in-
hibitor) is currently under clinical investigation
in CRPC in combination with the AR antagonist
enzalutamide (NCT02833883). These findings
nominate DNAPKcs, induced downstream from
AR, as a biomarker to predict development of
metastatic disease, and as a target for therapeutic
intervention

Although DNAPK appears to be a clinically
relevant DNA repair protein functioning di-
rectly downstream fromAR, DNA repair factors
also appear to function upstream of AR to
influence AR signaling. Activation of several nu-
clear receptors, including AR, are associated
with DNA DSBs (Ju et al. 2006), and AR activa-
tion in conjunction with exogenous DNA dam-
age is associated with generation of DSBs that
induce genomic rearrangements with PCa rele-
vance, including TMPRSS2:ETS fusions (Tom-
lins et al. 2005; Lin et al. 2009; Mani et al.
2009; Haffner et al. 2010). The TMPRSS2:ETS
fusions place ETS oncogenic transcription
factors under control of AR by placing the
coding region of ETS genes downstream from
the AR-driven TMPRSS2 gene promoter via
genomic rearrangement (Gasi Tandefelt et al.
2014). Whether this translocation occurs in
the absence of exogenous DNA damage remains
to be determined. Chromosome conformation
capture (Hi-C) data indicate that overexpression
of ERG places the regulatory loci of TMPRSS2
and ERG in proximity (Rickman et al. 2012).
Together, these data suggest that the oncogenic
transcription factor functions of both AR and
ERGmay drive genomic rearrangements in PCa.

It has been shown that PARP-1/2 inhibition
(PARPi) has significant benefit in patients with
metastatic CRPC, and that responsive tumors
are enriched for DDR defects (Mateo et al.
2015). However, in addition to being a key
orchestrator of DNA repair, PARP-1 holds
another important role on chromatin, namely
transcriptional regulation. PARP-1 also func-
tions as a transcriptional regulator in malignan-
cy (reviewed in Schiewer and Knudsen 2014).
Furthermore, there is preclinical evidence that
PARP-1 regulates the transcriptional function
of ETS transcription factors, and that elevated
ETS function is associated with increased
DNA DSBs in the absence of exogenous DNA
damage, which can be reduced by PARPi (Bren-
ner et al. 2011). Additionally, in the context
of PCa, PARP-1 positively regulates AR activ-
ity, as PARPi results in diminished AR chro-
matin residency, and subsequent decreased AR
target gene expression. The combination of
ADT and PARPi in vivo results in a delay of
the development castration resistance and
enhanced tumor stasis in CRPC (Schiewer
et al. 2012). The clinical relevance of PARP-
1/AR transcriptional regulation remains to be
determined.

On balance, these findings show that inter-
playbetweenARand theDNArepairmachinery,
as depicted in Figure 2, has significant impact on
tumor progression, and nominate DNA repair
processes as targets for therapeutic intervention.

DNA REPAIR ALTERATIONS ASSOCIATED
WITH DISEASE PROGRESSION

Given the impact of DNA repair functions on
genome stability and AR function, it is perhaps
expected that DNA repair alterations would be
selected for during disease progression. Indeed,
recent genome-wide analyses of human cancers
strongly support a potential role for DNA repair
pathway defects in promoting aggressive cancer
features and therapeutic relapse.

DNA Repair Alteration in Primary PCa

The Cancer Genome Atlas (TCGA) recently
sought to integrate data from multiple omics
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platforms analyzing 333 primary PCa speci-
mens. These data indicate that there is a signifi-
cant amount of heterogeneity in PCa. However,
the TCGA effort also uncovered that 19% of
localized prostate tumors have inactivation of
DNA repair genes, the majority of which were
found in the HR pathway. These included 1%
of tumors with mutation in BRCA1, 3% with
aberrant BRCA2 (mutation and homozygous
deletion), and 3% with deletion of RAD51C
(mostly heterozygous deletion). Additionally,
key kinases involved in DNA repair were found

to be altered in primary PCa: 4% mutation rate
of ATM and 2% aberrant CDK12 (mutation and
heterozygous deletion); 6% of this cohort har-
bored alterations in FANCD2, a key player in the
Fanconi anemia pathway (Cancer Genome
Atlas Research 2015). These data indicate that
defects in DNA repair genes are much more
frequent than previously appreciated or report-
ed (1.3%, Taylor et al. 2010), although this study
was not designed to comprehensively assess
DNA repair gene aberrations. Furthermore, a
multi-omics study of localized intermediate

AR-DNA REPAIR CROSS TALK

A

B

C

*Cell growth
*Cell Survival
*Metastasis

DNAPKcs
Nonhomologous

end joining

Homologous
recombination

Base excision
repair

*AR chromatin occupancy
*Transition to CRPC
*CRPC maintenance

Ku70

XRCC2
XRCC3
RAD54B
RAD51C

AR
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AR PARP-1

Figure 2. Androgen receptor (AR)-DNA repair cross talk. (A) The AR regulates the expression of key nonho-
mologous end joining (NHEJ) factors, namely, DNA-dependent kinase catalytic subunit (DNAPKcs) (mRNA,
protein, and kinase function) and Ku70 (protein). As such, AR is a key determinant of NHEJ capacity. Further-
more, AR and DNAPKcs show a feed-forward loop in which AR drives the expression of DNAPKcs, and
DNAPKcs serves as a coactivator of AR transcriptional activity. This feed-forward loop drives tumor cell growth
and survival, as well as the development ofmetastases. Importantly, DNAPKcs is themost frequently deregulated
kinase in tumors that go on to metastasize. (B) AR drives the expression of mRNA encoding several homologous
recombination (HR) factors, including XRCC2, XRCC3, RAD54B, and RAD51C. (C) AR and poly(ADP-ribose)
polymerase-1 (PARP-1) exist in a feed-forward loop, wherein AR drives the mRNA expression of PARP-1, and
PARP-1 enzymatic activity is required for maximal AR transcriptional function. Pharmacological targeting of
PARP-1 results in diminished AR occupancy on chromatin, prolongs the transition to castration-resistant
prostate cancer (CRPC), and diminishes CRPC growth.
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risk PCa further showed DNA repair defects are
much less frequent in early stage disease. In this
study, 1.75% of the tumors harbored deleterious
mutations inATM. Although no single gene was
altered in >10% of cases (DNA repair–related or
otherwise) in this cohort, likely because of the
overall low mutation frequency of primary PCa,
ATM alteration was nonetheless the only gene
that showed prognostic value (Fraser et al.
2017b). Although these studies were informative
for primary PCa, this disease stage is typically
not lethal. Therefore, it is imperative to under-
stand the landscape of DNA repair genes in
CRPC.

DNA Repair Defects in Advanced PCa

One of the first studies to compare themutation-
al burden in CRPC and compare to primary PCa
found many more genetic abnormalities in
DNA repair factors (ERCC5, BRCA2, ATM,
PRKDC, RAD50, XRCC4, ERCC4, and ERCC2)
in CRPC (23/50) than in treatment-naïve, high-
grade localized tumors (3/11). These data were
the first to suggest that there is an enrichment
of DDR pathway aberrations during PCa pro-
gression (Grasso et al. 2012). The International
Stand Up to Cancer (SU2C) PCa study recently
published exome sequencing data from150met-
astatic CRPC tumors, showing a surprising 8%
of mCRPC harbor germline DDR pathway ab-
errations, and 23% of these tumors have somatic
DNA repair pathway alterations. BRCA2was the
most frequently altered DDR gene (12.7% of the
cases studied), and∼90% of these BRCA2 defec-
tive tumors showed biallelic loss (loss of hetero-
zygosity [LOH] or a mutation on the second
allele). Of the overall cohort, 5.3% harbored
germline BRCA2 mutations, a frequency higher
than primary disease. Additionally, four tumors
in this cohort were found to have a hypermu-
tated genome, and three of these harbored de-
fects in MLH1 or MSH2. Other genes that were
altered in these mCRPC samples include ATM,
BRCA1, CDK12, FANCA, RAD51B, and
RAD51C, with ATM being the second most al-
tered gene (6/150 somatic, 2/150 germline). Ab-
errations inATM, BRCA1, or BRCA2may render
tumors HR-defective and potentially more sensi-

tive to PARP inhibitors (PARPi) and platinum-
based chemotherapy. If this hypothesis is correct,
∼20%ofmCRPCpatients would potentially ben-
efit from these therapeutic strategies, which also
has implications for the large number of patients
that must be screened to get to these 20% (Rob-
inson et al. 2015b).

In amore recent study, a large cohort of men
with mCRPC (n = 692) with no family history at
time of diagnosis was used to study germline
mutational status of 20 DNA repair genes asso-
ciated with familial cancer–predisposition syn-
dromes. Remarkably, 11.8% of the tumors in
this cohort harbored mutations (presumed del-
eterious) in 16 of these genes, with alterations in
BRCA2 being most frequent (5.3%). In contrast,
only 4.6% of the tumors in a cohort of 499 men
with nondisseminated PCa harbored mutations
in these 20 DNA repair genes (Pritchard et al.
2016). In sum, PCa features an enrichment of
both germline and somatic alterations in DNA
repair genes, which provides the impetus of clin-
ically evaluating the targeting of DNA repair in
PCa management

One such evaluation of targeting DNA re-
pair is a recently published phase 2 clinical trial
testing the efficacy of the PARPi olaparib in
50 mCRPC patients. In addition to having failed
ADT, these patients had also progressed on
docetaxel (100%), enzalutamide or abiraterone
(98%), and cabizitaxel (58%) (Mateo et al. 2015).
Of the cohort that could be analyzed, 33% had
a response to olaparib, with 12 of 16 of these
patients being on treatment longer than 6
months. Tumors from these patients underwent
next-generation sequencing, and of the re-
sponders, 14/16 were considered to have poten-
tial defects in DNA repair, including aberrations
in several DNA repair factors. Biomarker posi-
tivity was assigned in some cases of single copy
hits. Seven tumors of the total cohort (∼14%)
were found to be BRCA2-null (four biallelic so-
matic loss, three germline mutation with LOH),
and patients harboring loss of BRCA2 all had
durable responses of at least 6 months. Three
of 49 tumors had germline ATM mutations, al-
though three other tumors harbored homozy-
gous deletion of FANCA, and in both cases two
of three patients with ATM or FANCA altered
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tumors responded to PARPi. Two tumors were
homozygously deleted for CHEK2, and one of
the patients with aberrant CHEK2 had a re-
sponse to PARPi. Finally, one tumor harbored
PALB2 aberration, and this patient was PARPi-
responsive (Mateo et al. 2015). These data indi-
cate that there is enrichment for PARPi efficacy
in heavily pretreated mCRPC patients with
DNA repair defects, although the association is
not perfect. The success of this trial lead to the
U.S. Food and Drug Administration giving
“breakthrough therapy designation” to olaparib
for treatment of mCRPC patients with tumors
harboring ATM, BRCA1, or BRCA2 alterations
in early 2016.

As described above, DNA repair defects are
overall much more common in PCa than previ-
ously appreciated, and these defects are enriched
in advanced disease. To further illustrate this
point, the publicly available Memorial Sloan
Kettering Cancer Center cBioportal (Cerami
et al. 2012; Gao et al. 2013) was queried against
all available PCa data sets for DDR gene muta-
tion and copy number alterations. As seen in
Figure 3 (left), the frequency of genetic defects
(copy number alteration andmutation) in DNA
repair genes range is variable depending on the
DNA repair pathway queried. Using cBioportal
clinical data, if primary PCa (the results
shown here are in whole or part based on data
generated by the TCGA Research Network; see
cancergenome.nih.gov/) (Cancer Genome Atlas
Research 2015) is comparedwithmetastatic PCa
(SU2C data set) (Fig. 3) (Robinson et al. 2015b),
the relative frequency of alterations in BER is
slightly elevated in advanced disease compared
with primary (18% and 13%, respectively). In
contrast, there is no enrichment of NER defects
in metastatic (21%) versus primary PCa (20%).
Similarly, the frequency of alterations inMMR is
very similar in localized (13%) and disseminated
(14%) PCa. However, the HR pathway is the
most frequently aberrant DDR system in PCa
and is significantly enriched in advanced disease
(22% vs. 31%), which indicate this tumor type
may be especially amenable to use of platinum
agents and/or PARPi. Finally, alterations of the
NHEJ pathway are also enriched in metastatic
PCa (18%) when compared with primary PCa

(10%). The contrast between primary PCa and
advanced disease is even more striking when
only percentage of cohort harboring mutations
is considered (Fig. 3, right). Together, the pub-
lished and publicly available data indicate that
there are frequent alterations in DDR pathways,
HR being the most commonly defective mech-
anism, and there tends to be an increase in DDR
aberrations on disease progression.

CLINICAL TRIALS TARGETING DNA
REPAIR FACTORS

As described above, deregulation of DNA repair
is a frequent event in PCa, and there is an im-
portant interplay of DDR andAR, a key driver of
PCa. As shown in Table 1, there are a large
number of clinical trials using targeted therapies
against key DNA repair factors in the context of
PCa. These will be outlined below:

Kinases

Loss of BRCA1/2 function leads to replicative
stress (Fridlich et al. 2015) and activation of
cell cycle checkpoints, which includes CHK1/2
activation (Zannini et al. 2014). To exploit this,
a phase 2 trial of a CHK1/2 inhibitor in multiple
tumors types that harbor BRCA1/2 defects,
including metastatic CRPC, has been designed
(NCT02203513). There is a significant body of
data that shows thatDNAPKcs hasmultiple func-
tions in malignancy (Goodwin and Knudsen
2014), that there is an AR-DNAPKcs feed-for-
ward loop (Goodwin et al. 2013), and that
DNAPKcs is both causative of metastasis and of
prognostic value in PCa (Goodwin et al. 2015).
Based on these data, a clinical trial has been de-
signed combining CC-115 (a dual DNAPKcs/
TOR kinase inhibitor) and enzalutamide in met-
astatic CRPC (NCT02833883).

PARP Inhibition

Although there have been trials showing prom-
ise of PARPi in CRPC, it is likely we are only
beginning to scratch the surface of the therapeu-
tic potential of DNA repair pathways in PCa
management. In fact, DDR defects may provide

DNA Damage Response in Prostate Cancer
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Figure 3. DNA damage response and repair (DDR) defects increase as a function of disease progression. The
Memorial Sloan Kettering cBioportal database was queried for genes in each of the main DNA repair pathways
using the Cancer Genome Atlas (TCGA) data set for primary prostatic adenocarcinoma (PCa) and the Inter-
national Stand Up to Cancer (SU2C) data set for advanced, metastatic disease. As shown, the prevalence of
mutations and/or copy number alterations is more frequent in advanced disease (left panels). This increase is
more striking when only mutations are considered (right panels). DNA repair alterations are more frequent in
advanced PCa.
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the impetus to revisit platinum-based chemo-
therapeutic regimens in patient populations se-
lected for aberrant DNA repair. Given that tar-
geting PARP-1/2 in the context of HR defects
elicits synthetic lethality (Lord et al. 2015), a
number of trials have been designed to test
PARPi as a single agent in advanced PCa with
DDR defects (NCT02854436) and BRCA1/2
mutation (NCT01078662, NCT01286987,
NCT01989546, NCT00892736). Despite the en-
richment of PARPi responses being linked to
HR defects, preclinical data suggest that
PARP-1 regulates the function of AR, and that
PARPi and ADT delay CRPC progression and
cooperate in de novo CRPC model systems
that do not harbor HR defects (Schiewer et al.
2012). Several trials have been designed that
combine PARPi and second- or third-line
AR-directed therapies (NCT02500901, NCT
01972217, NCT02324998, NCT01576172). Fur-
thermore, a number of clinical trials in multiple
tumor types that did not select for BRCAmuta-
tions demonstrate that patients with BRCA-in-
tact tumors show objective responses (Gelmon
et al. 2011; Sandhu et al. 2013). As such, one
study has been designed to test the efficacy of
PARPi without preselection for BRCA muta-
tions (NCT00749502). Although PARPi has
shown promise as a single agent, PARPi alone
may not be curative. Several trials using combi-
natorial strategies have been developed combin-
ing PARPi with vascular endothelial growth
factor (VEGF) inhibition (NCT02893917),
VEGF inhibition and/or immunotherapy (NCT
02484404), or tomozolomide (NCT01085422).
Finally, DNA repair defects in triple negative
breast cancer (TNBC) enrich for responses to
platinum agents (Telli et al. 2016), and there is
evidence that there is overlap in sensitivity of
platinum and PARPi. As such, trials of platinum
alone (NCT02311764) and in combination with
taxanes (NCT02598895) have been designed
in advanced prostate cancers harboring DNA
repair aberrations.

CONCLUDING REMARKS

In summary, there is significant evidence that
DNA repair pathways are relevant in PCa. This

is based on the frequency with which these path-
ways are deregulated on prostate oncogenesis,
as well as the complex reciprocal regulation of
DDRcomponents and theAR. The field of DNA
repair in PCa is fast becoming rediscovered as
critical to understanding PCa biology and dis-
covering new means to thwart this malignancy.

Although the observations described above
indicate that significant inroads have beenmade
inDNA repair research in PCa, several key ques-
tions remain. First, do alterations in DNA repair
factors alter AR function and subsequent effica-
cy of ADT? In most large published data sets
that show the high frequency of DDR alterations
in PCa, the impact these defects have on the
mainstay of treatment of disseminated disease
has yet to be determined. Second, how can the
DNA repair deficiencies found in PCa be ex-
ploited therapeutically? It appears that HR
defects will enrich in those tumors that respond
to PARPi, but not all PARPi responders have
readily apparent DDR aberrations, nor do all
tumors harboring DDRmutations/deletions re-
spond to PARPi. It is likely that PARPi will soon
become part of the standard of care of CRPC;
however the best use of PARPi remains to be
elucidated. Similarly, use of inhibitors of other
DNA repair proteins needs to be properly vetted
in PCa. Third, are DNA repair defects playing a
role in innate or acquired resistance to AR-
directed therapeutic strategies? Given that
DNA-PKcs is the most frequently up-regulated
kinase in CRPC, it is potentially involved in
ADT resistance. It will be imperative to deter-
mine the relative contributions of DNA repair
defects to response to such a commonly used
therapy and attempt to stratify patients accord-
ingly. Fourth, can DDR aberrations be devel-
oped as biomarkers to predict tumor progres-
sion? Functional assessment of the biological
impact of the DNA repair gene defects is of
high importance. Fifth, what is the clinical rele-
vance of the DDR-AR interplay? We are only
beginning to understand how AR and DNA re-
pair factors regulate each other. Future clinical
trial design would benefit from the prioritiza-
tion of confirming these functional interactions
and determine the best means to use this knowl-
edge therapeutically. Sixth, is it time for selected
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trials of platinum agents in PCa? In triple-neg-
ative breast cancer, the connection between
PARPi response and BRCA1/2 status is more
closely linked than in PCa (Anders et al.
2010). However, platinums tend to be effective
in patients with a spectrum of DDR defects that
may be less severe than BRCA1/2 loss of function
(Birkbak et al. 2012). Seventh, is it possible to
define DDR defects outside of SNPs, mutations,
and copy number alterations? Because not all
tumors that respond to agents that target homol-
ogous recombination defects harbor identifiable
mutations in the genes that we currently under-
stand are required for this DNA repair pathway,
efforts have been made to identify tumors with
homologous repair deficiencies by searching for
patterns of chromosomal abnormalities that
might be caused by tumor growth in the absence
of this repair pathway (Birkbak et al. 2012).
These signatures have been combined into the
homologous recombination deficiency (HRD)
assay, currently under evaluation in a number
of settings (Telli et al. 2016) and in clinical trials
(including NCT01982448 in breast cancer and
NCT02893917 in prostate cancer). Such assays
of “genomic scars”may be an alternative meth-
od of identifying tumors that may respond to
platinum agents and/or PARPi. Finally, what is
the absolute frequency of DNA repair defects
in PCa, and are these alterations driving tumor-
igenesis and disease progression? Given the
wide-ranging reports of how frequently DDR
genes are altered in PCa (from <5% to >70%),
it is necessary to better define the frequencywith
which keyDDRplayers are deregulated, whether
these alterations are driving malignant pheno-
types, and how best to target these tumors. Fu-
ture studies should be undertaken to increase
our mechanistic understanding of DDR defects
in PCa and how the DDR functions in general in
PCa, determine the biological and clinical im-
portance of DNA repair alterations, and attempt
to leverage this knowledge for better PCa diag-
nostic, prognostic, and therapeutic management.
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