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Abstract: Recent work directed toward understanding the molecular
features of advanced prostate cancers has revealed a relatively high
incidence of both germline and somatic alterations in genes involved
in DNA damage repair (DDR). Many of these alterations likely play a
critical role in the pathogenesis of more aggressive prostate cancers—
leading to genomic instability and an increased probability of the
development of lethal disease. However, because the ability to repair
DNA damage with a high degree of fidelity is critical to an individ-
ual cell’s survival, tumor cells harboring alterations in DDR pathway
genes are also more susceptible to drugs that induce DNA damage
or impair alternative DNA repair pathways. In addition, because the
genomic instability that results from these alterations can lead to an
inherently higher number of mutations than occur in cells with intact
DDR pathways, patients with genomic instability may be more likely
to respond to immune checkpoint inhibitors, presumably owing to a
correspondingly high neoantigen burden. In this review, we discuss
the emerging molecular taxonomy that is providing a framework for
precision oncology initiatives aimed at developing targeted approach-
es for treating prostate cancer.

Introduction

Failure to repair DNA damage and replication errors accurately can
lead to the accumulation of mutations and an increased risk for
cancer. It is therefore not surprising that mutations in DNA repair
genes have been associated with several cancer predisposition syn-
dromes.” Studies across a variety of malignancies have also shown
that when DNA damage repair (DDR) deficiency occurs—often
as a result of homozygous loss-of-function mutations in BRCA1/2,
ATM, and other genes involved in homologous recombination
(HR)—intrinsic genomic instability is present, which can render
cells vulnerable to agents that induce DNA damage or inhibit
alternative DNA repair pathways. Poly(ADP-ribose) polymerase
(PARP) has been shown to be a key mediator in this respect, and
strategies to inhibit PARP activity have been shown to be effective
in a number of cancers with impaired HR.*' In addition, more
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recent data have shown that targeting PARP activity may
be an effective strategy to augment the antitumor effects
of other DNA-damaging agents (eg, alkylating agents and
platinum chemotherapeutic agents) in cancers with intact
DDR pathways.*!! Tumors with homologous recombi-
nation deficiency (HRD) also appear to be exquisitely
sensitive to DNA-damaging chemotherapeutic agents.'**?

In addition, because alterations in mismatch repair
(MMR) pathway genes can lead to the accumulation
of vastly more mutations than occur in tumors with an
intact MMR pathway (ie, hypermutation), it has been
hypothesized that such tumors will have a higher neo-
antigen burden, which renders them more susceptible to
immune checkpoint inhibitors. A recent study testing this
hypothesis has led to the first US Food and Drug Admin-
istration (FDA) tumor-agnostic approval for pembroli-
zumab (Keytruda, Merck) in patients with MMR gene
mutations or microsatellite instability (MSI), a marker of
genomic fragility.'*1¢

Alterations in the DDR pathway are present in
upward of 20% of men with metastatic castration-resistant
prostate cancer (nCRPC) and in up to 12% of men with
metastatic prostate cancer harboring a germline alteration
in one of these genes.>"” Given how prevalent these muta-
tions are, it is not surprising that a number of precision
oncology approaches are being developed to treat patients
who have advanced prostate cancer with impaired DDR.
This review outlines the clinically relevant DDR pathways
as they pertain to prostate cancer and discusses efforts to
develop drugs targeting these pathways.

DNA Damage Repair: Overview

A multditude of events occur daily that lead to DNA dam-
age that requires subsequent repair. The ability to repair
DNA damage with a high degree of fidelity is both critical
to an individual cell’s survival and necessary to prevent
malignant transformation. As such, germline alterations
in DDR genes can increase replicative DNA stress, the
accumulation of mutations, and the risk for cancer.'®"’
Because of the critical role that DDR pathways play in
maintaining cellular viability, a complex network of cel-
lular pathways has evolved to deal with DNA damage by
detecting and repairing it as it arises—herein referred to
as DDR pathways.?*%

The DDR pathways are signal transduction pathways
consisting of sensors, transducers, and effectors.**? The
ataxia telangiectasia mutated (ATM) and ataxia telangi-
ectasia and RAD3-related (ATR) proteins are key kinases
involved in sensing and regulating the response to DNA
damage and are intimately involved in several DDR
pathways.”® If DNA damage is detected, cell cycle arrest
occurs, providing an opportunity either for damaged

DNA to be repaired via a number of DDR pathways or
for apoptosis to occur if catastrophic genomic instability
has occurred.””??% Some key proteins involved in regu-
lating the cell cycle include the following: ATM (G1/S
checkpoint), ATR (S-phase checkpoint), CHK1 (G2/M
and S-phase checkpoints), CHK2 (G1/S checkpoint),
DNA-PK (S-phase checkpoint), WEEIL (S-phase and
G2/M checkpoints), and TP53 (G1/S checkpoint).?

Following the detection of DNA damage, overlap-
ping downstream DDR pathways are activated to resolve
double-strand DNA (dsDNA) damage or single-strand
DNA (ssDNA) damage.”” The key pathways involved in
ssDNA repair are MMR, base excision repair (BER), and
nucleotide excision repair (NER). The main pathways
involved in dsDNA damage repair are HR and nonho-
mologous end joining (NHE]).?3% A third pathway
responsible for rescuing damaged dsDNA is called trans-
lesion DNA synthesis. Redundancies in these pathways
ensure that even with loss-of-function mutations in one
of these pathways, an individual cell may still be able to
survive. Key proteins involved in these overlapping path-
ways are outlined in Table 1.1%2

Given the complexity of the DDR pathways, an
exhaustive review of the topic is beyond the scope of this
article. Instead, we focus on the pathways that appear
most clinically relevant to the prognosis and treatment of
prostate cancer.

Targeting Homologous Recombination
Deficiency

Mutations in the genes involved in HR are frequently
observed in men with metastatic prostate cancer.>'” Nearly
12% of unselected patients with metastatic prostate can-
cer have been found to have germline alterations in HR
genes, and approximately 20% to 25% of patients with
mCRPC harbor alterations in HR genes (somatic and/
or germline), with BRCA2, ATM, and BRCAI the most
commonly affected genes.>'” Studies examining the effect
of germline BRCA1/2 mutations on prostate cancer risk
have reported that BRCA2 confers an 8.6-fold increased
risk for prostate cancer and that BRCAI confers a 3.4-fold
increased risk.**** BRCA1/2 germline alterations have also
been shown to be associated with a higher Gleason score,
a higher T stage, nodal involvement, and metastases at
diagnosis.”® Rates of cause-specific overall survival and
metastasis-free survival are also significantly lower for
patients with localized prostate cancer and a germline
alteration in BRCAI (hazard ratio, 2.6; P=.01) or BRCA2
(hazard ratio, 2.7; P=.009).

The most genotoxic form of DNA damage is dsDNA
damage because both strands of DNA are affected.?>*
The 2 key pathways involved in resolving dsSDNA damage
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Table 1. Key DNA Damage Repair Pathway Sensors, Transducers, and Effectors

dsDNA Repair Pathways ssDNA Repair Pathways
HR NHE] alt-NHE] BER MMR NER
Causes of Radiation, Radiation, Radiation, Radiation, Replication/ Ultraviolet
damage topoisomerase | topoisomerase | topoisomerase | alkylating recombina- light, polycyclic
inhibitors, nucleoside II inhibitors II inhibitors agents, tion errors, aromatic
analogues oxidation, alkylating hydrocarbons,
deamination agents platinum
chemotherapy
Sensors MRN complex Ku70-Ku80 PARP APEl, 9-1-1 MLH]1, XPC, DDB2,
complex, PARP, | MSH2, CSA
RPA complex MSH3,
MSHBo,
PMS2
Transducers | ATM, ATR, BRCA1, ATM, RPA complex
BRCA2, PALB2 DNAPK
Effectors BLM, FANC], PARI, LIG4, PAXX, | LIGI, LIG3, LIG1, LIG3A, EXO1, LIG1, | ERCCI, POLE,
POLQ, RAD51, XLE XRCC4 | POLQ, POLB, XRCC POLD POLDI, LIG 1,
RECQL5 XRCCl1 LIG 3, XPG

alt-NHE], alternative NHE]; BER, base excision repair; dsDNA, double-strand DNA; HR, homologous recombination; MMR, mismatch repair;

NER, nucleotide excision repair; NHE], nonhomologous end joining; ssDNA, single-strand DNA.

are NHE] and HR. It is important to note that although
HR results in error-free repair of dsDNA damage and uses
the undamaged sister chromatid as a template, NHE] is
an error-prone repair mechanism that can lead to a large
number of chromatid breaks and aberrations, which can
result in loss of cell viability.**> As mentioned earlier, HR
is the major pathway for high-fidelity DNA repair fol-
lowing an insult that results in dsDNA damage. Cancers
in which the tumor cells have biallelic loss-of-function
mutations in genes involved in HR are sensitive to agents
that induce DNA damage.

PARP Inhibitors in Prostate Cancer

PARPs (especially PARP1, PARP2, and PARP3) are key
enzymes involved in BER and are required to repair
ssDNA damage efliciently. Without PARP1 function,
single-strand gaps in DNA persist, and degeneration
to double-strand breaks can occur if a replication fork
encounters these genomic defects.”* Under normal
conditions, such dsDNA damage can be repaired via the
HR pathway; however, in the case of HRD, replication
forks collapse and chromatid breaks persist, leading a
cell down a pathway toward apoptotsis.”*" In addition,
PARP1 is involved in repairing dsDNA breaks through
the alternative NHE] pathway and can therefore further
impair the ability to repair dsDNA breaks in HR-defi-
cient tumors.’'> Preclinical studies have supported this
model, demonstrating that BRCA1/2-deficient cell lines

are sensitive to pharmacologic PARP1 inhibition.**

Proof of concept for this approach is derived from
TOPARP (A Phase II Trial of Olaparib in Patients With
Advanced Castration Resistant Prostate Cancer).® This
was a phase 2 study testing olaparib (Lynparza, AstraZen-
eca) at an oral dose of 400 mg twice daily in men with
mCRPC. The primary endpoint was the response rate,
which was defined as the presence of any of the following:
an objective radiographic response per the Response Eval-
uation Criteria in Solid Tumors (RECIST) criteria v1.1,
a reduction in the prostate-specific antigen (PSA) level of
at least 50% from baseline (ie, a PSA response), or a
confirmed reduction in the number of circulating tumor
cells (CTCs) from at least 5/7.5 mL of blood to fewer
than 5/7.5 mL of blood. Of the 50 patients with mCRPC
who were enrolled, all had received prior docetaxel, and
49 had received prior abiraterone acetate (Zytiga, Janssen
Biotech) or enzalutamide (Xtandi, Astellas/Medivation).
There were 16 patients (33%) who met the primary end-
point, achieving a response according to the composite
definition. Most notably, responses to olaparib were
enriched in the subset of patients with loss-of-function
alterations (homozygous deletions, deleterious mutations,
or both) in HR genes (eg, BRCA1/2, ATM, Fanconi ane-
mia genes, CHK2); the observed response rate was 88%
in this biomarker-positive cohort. Interestingly, genomic
reversions of germline and/or somatic DNA repair muta-
tions that restore the open reading frame (ORF) were
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described as driving secondary resistance in this trial.*
Several subsequent studies have since been launched to
evaluate PARP inhibitors further in men with recurrent
or advanced prostate cancer (Table 2).

DNA-Damaging Agents

The induction of DNA damage is one of the most com-
mon mechanisms by which chemotherapeutic agents
exert their cytotoxic effects. Given the importance of HR
in repairing dsDNA damage, it is intuitive that cells with
impaired HR activity will be sensitive to any number of
DNA-damaging agents. Indeed, preclinical models have
shown that BRCAI and BRCA2 are important mediators
of platinum-induced DNA damage, and loss of function
of these genes can enhance platinum sensitivity.*>> Con-
sistent with this finding is the observation that ovarian
cancers with mutations in BRCAI or BRCA2 are more
susceptible to platinum chemotherapy.®

Several older trials that did not include next-genera-
tion sequencing of tumor samples tested platinum-based
chemotherapy regimens in men with advanced prostate
cancer.” ! Because most of these studies tested combi-
nation regimens, it is difficult to estimate the contri-
bution of the platinum agent to the observed response
rate. Many studies have reported PSA, response rates
of 15% to 30%—approximating the incidence of HRD
in patients with CRPC." A phase 2 study reported by
Ross and colleagues is particularly informative. In that
trial, the authors reported that of 34 men with CRPC
that had progressed during or within 45 days of com-
pletion of docetaxel-based chemotherapy, 18% had a
decline in PSA of at least 50% following treatment with
docetaxel (60 mg/m?) plus carboplatin (area under the
curve [AUC], 4).”” One can surmise that because this
study enrolled only men with previously progression on
docetaxel, the observed clinical effects were most likely
the result of carboplatin activity.

Emerging data support HRD as a predictive bio-
marker for prostate cancer response to DNA-damaging
agents. In a small case series, Cheng and colleagues
reported on 3 heavily pretreated patients with mCRPC
who had extreme responses to platinum-based che-
motherapy; all of the men had deleterious alterations
in HR genes.'? Similarly, a recent retrospective analysis
of patients with mCRPC who were receiving plati-
num-based chemotherapy revealed that PSA response
rates were higher in men with known pathogenic germ-
line BRCA2 alterations. In this study, by Pomerantz and
colleagues, 6 of 8 carriers (75%) of a pathogenic BRCA2
variant had a PSA, | response following carboplatin plus
docetaxel vs 23 of 133 men (17%) without a pathogenic
BRCA?2 variant (P<.001).> On the basis of these data, a
precision oncology trial testing docetaxel plus carboplatin

in patients with mCRPC who have HRD was recently
launched (NCT02598895).

Combination PARP Inhibitors and

DNA-Damaging Agents

Because DDR inhibitors impair a cell’s ability to resolve
DNA damage, combining a PARP inhibitor with a con-
ventional cytotoxic therapy could in theory potentiate the
effects of the cytotoxic therapy. Consistent with this idea,
PARP inhibitors have been shown across multiple preclin-
ical tumor models to potentiate the antitumor effects of
DNA-damaging cytotoxic agents (eg, alkylating agents,
platinum chemotherapy) as well as of radiation.®*’
Importantly, many of these studies have shown that the
observed antitumor effects are not restricted to cell lines
with a biallelic loss of HR pathway genes.

On the basis of preclinical work demonstrating syn-
ergy between PARP inhibitors and temozolomide, a num-
ber of trials testing PARP inhibitors in combination with
temozolomide have been launched.?? A pilot study testing
low-dose veliparib with temozolomide in patients with
mCRPC after docetaxel was previously reported by Hus-
sain and colleagues.®® Of the 26 patients eligible for this
study, 25 were evaluable for PSA_ | response (the primary
endpoint). Overall, 2 of 25 patients (8%) had a confirmed
PSA, | response, and there were no objective radiographic
responses in the 16 patients with RECIST-evaluable
disease. The authors questioned whether the low dose of
veliparib (40 mg twice daily) tested in this trial could have
affected the overall efficacy of the combination. In addi-
tion, temozolomide is not particularly active in prostate
cancer and may not have yielded sufficient DNA damage
in this tumor type. Somatic tumor sequencing was unfor-
tunately not performed in this study, and the underlying
HRD status of the enrolled subjects is not known.

The more recent I-SPY 2 trial (Neoadjuvant and
Personalized Adaptive Novel Agents to Treat Breast Can-
cer) tested veliparib in combination with carboplatin as
a neoadjuvant therapy in patients with breast cancer.®
This study was a multicenter, randomized, phase 2 “plat-
form” trial testing the addition of multiple experimental
regimens to a control “backbone” regimen. Patients with
high-risk primary breast cancer planning to undergo sur-
gery were eligible. The control arm received 12 weekly
cycles of paclitaxel followed by 4 cycles, every 2 to 3
weeks, of doxorubicin/cyclophosphamide. One of the
experimental arms received a combination of 50 mg of
veliparib by mouth twice daily and carboplatin (AUC, 6)
concurrently with the weekly paclitaxel. The primary end-
point was the pathologic complete response (pCR) rate as
assessed at the time of surgery. Among the patients with
triple-negative breast cancer (ie, negative for human epi-
dermal growth factor 2 [HER?2], estrogen receptor [ER],
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Table 2. Selected Ongoing Clinical Trials Testing PARP Inhibitors in Men With Prostate Cancer

Trial Disease Sample | Primary
Agents Being Tested | Phase State Key Eligibility Criteria | Size Endpoint Identifier
Olaparib +/- degarelix | Phase 1 Localized Intermediate- to high-risk | 20 Determination | NCT 02324998
(Firmagon, Ferring disease of PARP
Pharmaceuticals) Planning to undergo inhibition
prostatectomy
Olaparib +/- cediranib | Phase 2 mCRPC Two or more prior lines of | 84 Radiographic NCT02893917
therapy for mCRPC PFS
Rucaparib (Rubraca, Phase 2 mCRPC HRD 160 Objective NCT02952534
Clovis Oncology) After taxane and 1-2 response rate
next-generation AR PSA response
signaling inhibitors rate
Rucaparib vs Phase 3 mCRPC HRD 400 Radiographic NCT02975934
abiraterone, After next-generation AR PES
enzalutamide, or signaling inhibitor
docetaxel
Niraparib (Zejula, Phase 2 mCRPC Progression on >1 160 Objective NCT02854436
Tesaro) taxane-based chemother- response rate
apy regimen and 21 AR
signaling inhibitor
Niraparib + Phase 1 mCRPC — — MTD NCT02500901
enzalutamide
Olaparib Phase 2 Biochemical | After prostatectomy 50 PSA response NCT03047135
recurrence | Nonmetastatic disease rate
Olaparib + abiraterone | Phase 2 mCRPC After docetaxel 159 Safety NCT01972217
Radiographic
PFS
Abiraterone vs Phase 2 mCRPC HRD 70 PES NCT03012321
olaparib vs olaparib + Before docetaxel
abiraterone
Olaparib vs Phase 3 mCRPC HRD 340 Radiographic NCT02987543
enzalutamide or After abiraterone and/or PES
abiraterone enzalutamide
Olaparib + Phase 1 mCRPC After docetaxel 210 PSA response NCT02861573
pembrolizumab* rate
Safety
Niraparib + Phase 1 mCRPC — 6 MTD NCT03076203
radium-223
Niraparib + apalut- Phase 1 mCRPC After docetaxel 60 MTD NCT02924766
amide or abiraterone Safety

AR, androgen receptor; HRD, homologous recombination deficiency; mCRPC, metastatic castration-resistant prostate cancer; MTD, maximum

tolerated dose; PARD, poly(ADP-ribose) polymerase; PES, progression-free survival; PSA, prostate-specific antigen.

* This is a multiple-arm study testing pembrolizumab in combination with several prostate cancer therapies, including olaparib.
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and progesterone receptor [PR]), the estimated pCR rates
were 51% (95% Bayesian probability interval [PI], 36%-
66%) in the veliparib/carboplatin arm and 26% (95%
PI, 9%-43%) in the control group. It is notable that this
study was not restricted to patients with DDR deficiency,
although the percentage of patients in the veliparib/
carboplatin arm with deleterious mutations in BRCA! or
BRCA2 (12/72, 17%) was higher than the percentage in
the control arm (2/44, 5%). Given that platinum-based
chemotherapy has shown promise in mCRPC, it would
be reasonable to test platinum/PARP inhibitor combina-
tion strategies in men with advanced prostate cancer.

Although mounting evidence suggests synergis-
tic efficacy when PARP inhibitors are combined with
DNA-damaging agents, this likely comes at the expense
of increased toxicity. For instance, in the aforementioned
[-SPY 2 trial, grade 3 or higher neutropenia occurred in
71% of patients receiving paclitaxel in combination with
veliparib and carboplatin compared with 2% in patients
receiving only paclitaxel.® Although some of the increased
bone marrow toxicity observed in the experimental arm
of I-SPY 2 was likely due to the addition of carboplatin,
the stark difference in the rates of neutropenia cannot be
completely explained solely by the addition of carbopla-
tin, and it seems probable that veliparib compounded
this risk. Similarly, increased toxicity was observed in
a randomized phase 2 study, reported by Oza and col-
leagues, comparing olaparib, paclitaxel, and carboplatin
followed by maintenance olaparib vs paclitaxel and carbo-
platin alone in women with recurrent platinum-sensitive
ovarian cancer.”” This study reported grade 3 or higher
neutropenia in 43% of patients receiving PARP inhibitor
combination therapy and in 35% of patients receiving
chemotherapy only. Larger studies are needed to better
define the clinical benefit, as well as overlapping toxicity,
of PARP inhibitor/chemotherapy combinations.

Homologous Recombination Deficiency and Inhibition
of Androgen Receptor Signaling

Hussain and colleagues recently reported on the activity
450 (CYP) 17 inhibitor able

to decrease the production of androgens in extragonadal

of abiraterone, a cytochrome P

(eg, intratumoral and adrenal) sources with or without
veliparib.”® Their rationale for combining an inhibitor of
androgen receptor (AR) signaling with a PARP inhibitor
was based on preclinical data demonstrating that PARP
is involved in the AR transcriptional machinery, and that
inhibiting PARP can downregulate AR activity.”! Ran-
domization to this study was stratified by expression of
the ETS protein as determined by immunohistochemistry
(IHC) on the basis of the hypothesis that the presence
of AR-regulated E7S oncogene fusions would predict a
response to PARP inhibition. The primary endpoint was

the PSA, | response rate (e, the proportion of patients
with decreases in PSA of >50% from baseline). This
trial accrued 148 subjects, with 72 randomly assigned to
abiraterone alone and 76 to the combination arm. The
study ultimately failed to meet its primary endpoint, with
similar PSA,, response rates in the 2 arms (63.9% with
abiraterone vs 72.4% with the combination; P=.27), and
ETS THC status did not predict response to therapy. A
secondary analysis involved next-generation sequencing
of tumor samples (N=80) to evaluate for other genomic
biomarkers that might predict response. This analysis
revealed that 20 patients (25%) had alterations in HR
genes (ie, BRCAI, BRCA2, ATM, FANCA, PALB2,
RADS51B, and RAD51C), and interestingly, a post hoc
analysis revealed that alterations in these genes predicted
improved response rates irrespective of the treatment arm
(PSA, response rates, 58% vs 39%; P=.013).

A contemporary phase 2 study reported by Chi and
colleagues tested abiraterone vs the next-generation AR
antagonist enzalutamide in patients with newly diagnosed
mCRPC, with crossover following PSA progression.”?
The coprimary endpoints were response and time to
PSA progression following crossover. The study accrued
202 patients and randomized them equally between the
groups. The PSA, | response rates at 12 weeks were 53%
for abiraterone and 73% for enzalutamide (P=.004). Cir-
culating cell-free tumor DNA (ctDNA) was sequenced as
part of this study, and in contrast to the results reported
by Hussain and colleagues, the presence of deleterious
BRCA2 or ATM mutations (n=14) did not predict
improved outcomes. Chi and colleagues instead found an
association between HRD and shorter time to progression
(hazard ratio, 5.34; P<.001).

We now have 2 studies with conflicting results
regarding the use of HRD to predict response to AR-sig-
naling inhibitors. To a certain extent, the study of Chi
and colleagues confirms our biases derived from natu-
ral history studies that have revealed more aggressive
biology in patients with DDR alterations.” Caution
should be exercised, however, in relying too heavily on
these results. Both analyses used exploratory secondary
endpoints, with relatively small subsets of patients who
had HRD in each trial. The assays used in these studies
were also different; Hussain and colleagues relied on tis-
sue sequencing, whereas Chi and colleagues used newer
methods to sequence selected target genes from ctDNA
samples. Finally, the definitions of a DNA repair lesion
in the 2 studies may have been different, in terms of both
the spectrum of genes included in the biomarker panel
and the designation of pathogenicity (monoallelic vs
biallelic).”” Confirmatory studies to assess the efficacy of
HRD as a predictive biomarker of response/resistance to
AR-signaling inhibition are therefore needed.
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Targeting Mismatch Repair Deficiency and
Somatic Hypermutation

The MMR pathway is responsible for correcting base-
base mismatch and insertion-deletion loops, which occur
during DNA replication and recombination. In tumors
with MMR deficiency, long tracks of repetitive DNA
sequences, known as microsatellites, are prone to strand
slippage, which can result in persistent insertion-deletion
loops and the rapid accumulation of mutations.'® As such,
MMR-deficient tumors have been described as exhibiting
a “mutator” phenotype, which is characterized by MSI
(defined as differences in microsatellite tracks between
normal germline DNA and somatic tumor DNA) and
somatic hypermutation (210 mutations per megabase of
coding DNA).74

Lynch syndrome is a cancer predisposition syndrome
characterized by germline loss of function of MMR genes
and is a well-established risk factor for colorectal, endo-
metrial, ovarian, and upper tract urothelial cancer in addi-
tion to other malignancies, including prostate cancer.'®”
This syndrome has most commonly been associated
with alterations in genes involved in the MMR pathway,
including MLHI, MSH2, MSH6, and PMS2, which
occur in 32%, 39%, 15%, and 14% of cases of colorectal
Lynch syndrome, respectively.”® Clinically, this syndrome
can be defined with the Amsterdam criteria, in which a
germline alteration in an MMR pathway gene is assumed
if a family meets the following criteria: (1) 3 or more fam-
ily members with a Lynch syndrome-associated cancer;
(2) 2 or more successive generations affected; and (3) 1
or more family members with cancer developing before
the age of 50 years.”””® The pathogenic role of MMR
gene alterations in prostate cancer risk is not well defined,
however. Pritchard and colleagues found deleterious ger-
mline MMR gene alterations in 4 of their cohort of 692
men (0.6%) with metastatic prostate cancer.’ Estimates of
MMR mutations in metastatic prostate cancer (combined
somatic and germline) are likely higher, however, with
series reporting mutations in anywhere from 3% to 12%
of cases. Rates of MMR deficiency may be higher in more
aggressive histologic subtypes.!””*#

Defining the true incidence of MMR-deficient pros-
tate cancer has been further challenged by the limitations
of the assays commonly used to determine MSI status.
Most MSI assays involve multiplex polymerase chain
reaction (PCR) testing on a handful of genomic loci (the
National Institutes of Health panel includes 5 micro-
satellite loci) and rely on comparisons of microsatellite
loci amplified from tumors and matched normal con-
trols.>”>8! The loci tested in these assays and the threshold
for declaring MSI have, for the most part, been validated
and optimized to detect MSI only in colorectal cancer.

Because the performance of these PCR-based MSI assays
for prostate cancer is unknown, clinicians should not rely
too heavily on their results. Less-biased approaches for
determining MSI status from next-generation sequencing
data are available, and these tests may be more appropri-
ate for noncolorectal histologies.®

The determination of whether an MMR gene is
altered in a prostate cancer is also challenged by the fact
that hypermutated prostate cancers often occur as a con-
sequence of complex structural genomic rearrangements
in MMR genes.””#% This contrasts with the inactivating
mutations, loss of heterozygosity, and epigenetic silenc-
ing typical of colorectal cancers in patients with Lynch
syndrome. sequencing assays that
sequence only the exons of target genes (which are the

Next-generation

most common type of DNA-sequencing assays in clinical
use) will therefore miss MMR gene alterations that arise
as a result of rearrangements involving intronic regions.
Assays that provide complete target gene coverage are
more appropriate in this instance because they can accu-
rately identify complex genomic rearrangements that may
lead to MMR-deficient prostate cancer.” However, such
assays are not in wide clinical use. A simpler screening
approach could be to use standard IHC for MMR protein
loss. For example, a recent paper used a validated IHC
assay to screen 1176 primary prostate cancers for loss of
MSH2, the most commonly inactivated MMR protein
in prostate cancer. Although MSH2 deficiency was rare
in the entire cohort (1%), MSH2 loss was enriched in
patients with primary Gleason pattern 5 cancers (8%)
and small cell prostate cancers (5%).% If these data can be
replicated, screening for MSH2 inactivation in patients
with primary Gleason 5 cancers and small cell prostate
cancers might facilitate the identification of patients with
MMR deficiency.

Because the loss of MMR gene function is often asso-
ciated with a high mutational load, it has been hypoth-
esized that individuals with this loss will have a higher
tumor neoantigen burden, possibly predisposing them to
respond to immune checkpoint inhibitors.'*#*#¢ Proof of
concept that MMR-deficient tumors may respond well to
checkpoint inhibition comes from a phase 2 study that
tested the anti-programmed death 1 (anti-PD-1) agent
pembrolizumab in patients who had metastatic carcino-
mas with and without MMR deficiency (ie, MSI-high
and MSI-low carcinomas, respectively).'* In this study,
40% of the patients with MSI-high colorectal cancer had
an immune-related objective response (irOR), compared
with 0% of the patients with MSI-low colorectal cancer.
Similarly, pembrolizumab was associated with a 50%
response rate in patients with hypermutated noncolorectal
gastrointestinal malignancies—supporting the hypothesis
that mutational load may predict response to immune
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checkpoint blockade in a range of malignancies. This study
paved the way for the recent FDA approval of pembroli-
zumab in the treatment of patients with unresectable or
metastatic MSI-high or MMR-deficient solid tumors that
have progressed following prior treatment and who have
no satisfactory alternative options. Of note, the approval
of pembrolizumab for this indication is the FDA’s first tis-
sue-agnostic approval for a cancer therapy, which includes
therapy for MMR-deficient advanced prostate cancer.

Opverall, immune checkpoint inhibitors have demon-
strated only modest activity in unselected advanced
prostate cancer, which may be a consequence of the
relatively low mutational load observed in cohorts with
unselected prostate cancer.¥” To date, the results of 2
phase 3 studies testing the anti—cytotoxic T-lymphocyte—
associated antigen 4 (anti-CTLA-4) agent ipilimumab
(Yervoy, Bristol-Meyers Squibb) in mCRPC have been
negative.®®® Similarly, rates of response to anti-PD-1
therapy in patients with unselected prostate cancer have
been low, with no responses identified in the phase 1
study of nivolumab (Opdivo, Bristol-Meyers Squibb) and
an objective response to single-agent pembrolizumab in
only 13% of patients.”®! It is worth noting, however,
that a small trial testing combination enzalutamide plus
pembrolizumab documented dramatic PSA declines in
3 of 10 patients.” In that study, 2 responders had ade-
quate tumor material for sequencing, and one of them
was found to have underlying MSI—providing a partial
explanation for the high response rate observed in that
study. Cases of other patients with MSI-high prostate
cancer responding to PD-1 pathway inhibitors have also
been reported, and studies designed to determine the rate
of response to immune checkpoint inhibitors in MSI-high
mCRPC are planned (Durvalumab in Treating Patients
With Metastatic Hormone-Resistant Prostate Cancer;
NCT02966587).% In another recent study, 2 of 8 patients
who had mCRPC and measurable disease achieved an
objective response to a combination of ipilimumab and
nivolumab; neither of the 2 responding patients had MSI
or hypermutation.”

Given that PARP inhibitors may be able to induce
genomic instability, leading to neoepitope formation and
enhanced sensitivity to checkpoint blockade, trials testing
PARP inhibitors combined with PD-1 pathway inhibitors
in advanced prostate cancer have also been launched. In an
ongoing study testing the anti-programmed death ligand
1 (anti-PD-L1) agent durvalumab (Imfinzi, AstraZeneca)
in combination with olaparib, 7 of 16 patients enrolled
for longer than 2 months have had documented PSA,
responses.”* It should be noted that although most of the
patients with a PSA, response had evidence of HRD,
some patients with an intact HR pathway responded
favorably to combination therapy. Therefore, the presence

of an HRD mutation or an MMR mutation may be
neither necessary nor sufficient for a response to immune
checkpoint inhibitors in prostate cancer.

Conclusion

During the past few years, our understanding of the
recurrent molecular alterations defining advanced
prostate cancer has increased dramatically. Somewhat
unexpectedly, we have learned that a significant subset of
men with this disease harbor alterations in DDR path-
way genes, and precision oncology strategies designed
to exploit these cellular vulnerabilities are being pur-
sued actively, including in multiple large-scale efforts
aimed at developing PARP inhibitors for patients who
have prostate cancer with HRD. Several retrospective
reports have also shown that platinum-based chemo-
therapy can be highly effective in patients with HRD,
which is encouraging given that these drugs are read-
ily available.'*® In a similar vein, pembrolizumab has
recently been approved for MSI-high or MMR-deficient
advanced solid tumors, including prostate cancers, in
patients who lack a reasonable alternative therapy. With
this rapidly evolving treatment landscape, it is becoming
increasingly important to define the genomic features
of each patient’s tumor so that all potentially beneficial
therapies can be explored. However, as we strive toward
a precision oncology framework for treating prostate
cancer, critical issues surrounding the acquisition of
tumor material for next-generation sequencing and the
development of assays able that can accurately identify
relevant somatic alterations are becoming apparent.

Currently, metastatic biopsy is the gold standard for
obtaining tumor DNA for sequencing. Germline DNA
assessments are insufficient because they do not capture
all the relevant DDR pathway alterations used to guide
therapeutic decision making. In addition, selective pres-
sure during treatment can lead to clonal evolution, so
that freshly obtained tumor DNA is preferred because it
provides a snapshot of the current spectrum of mutations.
Obtaining fresh tumor material is not a trivial matter,
however. Prostate cancer is an osteotropic disease, and
extracting DNA from osseous metastases for next-gener-
ation sequencing can be challenging.”>% Metastatic biop-
sies are also painful, potentially morbid, and expensive.
Fortunately, sequencing ctDNA is quickly becoming a
viable alternative.” These so-called liquid tumor biopsies
have the advantage of allowing genomic material to be
sampled easily and repeatedly as needed.

Several commercial ¢tDNA sequencing assays are
currently available; however, caution should be exercised
before blood-based assays not optimized for use on prostate
cancer samples are undertaken. For example, most com-
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mercially available assays are not designed to identify accu-
rately genomic copy number changes, which are some of
the most frequent alterations found in mCRPC tumors."”
A number of groups are actively developing strategies to
detect copy changes in ctDNA, and these approaches may
provide a more accurate means for detecting the spectrum
of mutational events that can lead to DDR pathway inac-
tivation.”®!% Undil these technologies are widely dissemi-
nated, however, metastatic biopsy should still be considered
the standard for evaluating DDR pathway alterations.

Recurrent genomic rearrangements are another hall-
mark of prostate cancer, and many commercial sequenc-
ing assays—based on both ctDNA and tumor tissue—do
not provide sufficient gene coverage to identify such
changes accurately.'”* This problem has specific relevance
to MMR pathway genes because complex genomic rear-
rangements involving these genes have been described as a
frequent cause of hypermutation in prostate cancers.” In
addition, most PCR-based MSI assays rely on the testing
of a limited number of microsatellite loci, which have
been selected on the basis of data from colorectal cancer
cohorts. Less-biased MSI assays that cover a larger number
of microsatellite loci are currently available, however, and
may be more appropriate for testing prostate cancers.'"?
With the recent approval of pembrolizumab for treating
MSI-high and MMR-deficient tumors, it is increasingly
important to choose tests that can accurately identify
these alterations across a spectrum of tumor types.

Mutations affecting DDR pathway genes are both
a liabilitcy—increasing the likelihood of cancer develop-
ment—and potentially a therapeutic opportunity. Bridges
first described the concept of synthetic lethality in the
1920s after observing that 2 mutations were necessary
to induce lethality in a fruit fly, whereas either mutation
in isolation had no effect on the insect’s health.'® Only
recently have we applied these principles to treating pros-
tate cancer, developing precision oncology strategies to
select patients whose tumors have lost critical DDR path-
way functionality. These tailored approaches for treating
patients with advanced prostate cancer have tremendous
potential and should provide hope that a wave of highly
effective therapies are around the corner.

Disclosures

Dr Antonarakis has served as a paid consultant or advisor for
Janssen, Astellas Pharma, Sanofi, Dendreon, Essa Pharma,
Medivation, Merck, Clovis Oncology, and AstraZeneca; has
received institutional research funding from Janssen, Johnson
& Johnson, Sanofi, Dendreon, Genentech, Novartis, Tokai
Pharmaceuticals, Merck, and AstraZeneca; and is a coinven-
tor of a biomarker technology that has been licensed to Tokai
Pharmaceuticals and Qiagen. Dr Schweizer has received
institutional research funding from Janssen.

References

1. Brown JS, O’Carrigan B, Jackson SP, Yap TA. Targeting DNA repair in cancer:
beyond PARP inhibitors. Cancer Discov. 2017;7(1):20-37.

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5):646-674.

3. Boland CR, Goel A. Microsatellite instability in colorectal cancer. Gastroenterol-
ogy. 2010;138(6):2073-2087.€3.

4. Mackay J, Szecsei CM. Genetic counselling for hereditary predisposition to
ovarian and breast cancer. Ann Oncol. 2010;21(suppl 7):vii334-vii338.

5. Pritchard CC, Mateo J, Walsh ME et al. Inherited DNA-repair gene mutations
in men with metastatic prostate cancer. N Engl | Med. 2016;375(5):443-453.

6. Mateo J, Carreira S, Sandhu S, et al. DNA-repair defects and olaparib in meta-
static prostate cancer. N Engl | Med. 2015;373(18):1697-1708.

7. Fong PC, Boss DS, Yap TA, et al. Inhibition of poly(ADP-ribose) polymerase
in tumors from BRCA mutation carriers. N Engl ] Med. 2009;361(2):123-134.

8. Rugo HS, Olopade OI, DeMichele A, et al; I-SPY 2 Investigators. Adaptive
randomization of veliparib-carboplatin treatment in breast cancer. N Engl ] Med.
2016;375(1):23-34.

9. Mirza MR, Monk BJ, Herrstedt J, et al; ENGOT-OV16/NOVA Investigators.
Niraparib maintenance therapy in platinum-sensitive, recurrent ovarian cancer. N
Engl ] Med. 2016;375(22):2154-2164.

10. Scott CL, Swisher EM, Kaufmann SH. Poly (ADP-ribose) polymerase inhib-
itors: recent advances and future development. J Clin Oncol. 2015;33(12):1397-
1406.

11. Gojo I, Beumer JH, Pratz KW, et al. A phase 1 study of the PARP inhibitor
veliparib in combination with temozolomide in acute myeloid leukemia. Clin
Cancer Res. 2017;23(3):697-706.

12. Cheng HH, Pritchard CC, Boyd T, Nelson PS, Montgomery B. Biallelic inac-
tivation of BRCA2 in platinum-sensitive metastatic castration-resistant prostate
cancer. Eur Urol. 2016;69(6):992-995.

13. Pennington KB, Walsh T, Harrell MI, et al. Germline and somatic mutations in
homologous recombination genes predict platinum response and survival in ovar-
ian, fallopian tube, and peritoneal carcinomas. Clin Cancer Res. 2014;20(3):764-
775.

14. Le DT, Uram JN, Wang H, et al. PD-1 blockade in tumors with mismatch-re-
pair deficiency. N Engl ] Med. 2015;372(26):2509-2520.

15. FDA grants accelerated approval to pembrolizumab for first tissue/site agnos-
tic indication. US Food and Drug Administration. https://www.fda.gov/Drugs/
InformationOnDrugs/Approved Drugs/ucm560040.htm. Updated May 30, 1017.
Accessed August 11, 17.

16. Le DT, Durham JN, Smith KN, et al. Mismatch repair deficiency predicts
response of solid tumors to PD-1 blockade. Science. 2017;357(6349):409-413.
17. Robinson D, Van Allen EM, Wu YM, et al. Integrative clinical genomics of
advanced prostate cancer. Cell. 2015;161(5):1215-1228.

18. Romero-Laorden N, Castro E. Inherited mutations in DNA repair genes and
cancer risk. Curr Probl Cancer. 2017;41(4):251-264.

19. Hoeijmakers JH. Genome maintenance mechanisms for preventing cancer.
Nature. 2001;411(6835):366-374.

20. Corcoran NM, Clarkson MJ, Stuchbery R, Hovens CM. Molecular pathways:
targeting DNA repair pathway defects enriched in metastasis. Clin Cancer Res.
2016;22(13):3132-3137.

21. Li M, Yu X. The role of poly(ADP-ribosyl)ation in DNA damage response and
cancer chemotherapy. Oncogene. 2015;34(26):3349-3356.

22. O’Connor MJ. Targeting the DNA damage response in cancer. Mo/ Cell.
2015;60(4):547-560.

23.Tian H, Gao Z, Li H, et al. DNA damage response—a double-edged sword in
cancer prevention and cancer therapy. Cancer Lett. 2015;358(1):8-16.

24. Zhou BB, Elledge SJ. The DNA damage response: putting checkpoints in
perspective. Nature. 2000;408(6811):433-439.

25. Sulli G, Di Micco R, d’Adda di Fagagna . Crosstalk between chromatin state
and DNA damage response in cellular senescence and cancer. Nat Rev Cancer.
2012;12(10):709-720.

26. Cimprich KA, Cortez D. ATR: an essential regulator of genome integrity. Nat
Rev Mol Cell Biol. 2008;9(8):616-627.

27. Ward A, Khanna KK, Wiegmans AP. Targeting homologous recombination,
new pre-clinical and clinical therapeutic combinations inhibiting RAD51. Cancer
Treat Rev. 2015;41(1):35-45.

28. Rustgi AK. The genetics of hereditary colon cancer. Genes Dev. 2007;
21(20):2525-2538.

Clinical Advances in Hematology & Oncology Volume 15, Issue 10 October 2017 793



SCHWEIZER AND ANTONARAKIS

29. Bak ST, Sakellariou D, Pena-Diaz J. The dual nature of mismatch repair as
antimutator and mutator: for better or for worse. Front Genet. 2014;5:287.

30. Li ML, Greenberg RA. Links between genome integrity and BRCA1 tumor
suppression. Trends Biochem Sci. 2012;37(10):418-424.

31. Krajewska M, Fehrmann RS, de Vries EG, van Vugt MA. Regulators of homol-
ogous recombination repair as novel targets for cancer treatment. Front Genet.
2015;6:96.

32. Moshous D, Pannetier C, Chasseval Rd Rd, et al. Partial T and B lymphocyte
immunodeficiency and predisposition to lymphoma in patients with hypomorphic
mutations in Artemis. / Clin Invest. 2003;111(3):381-387.

33. Shibata A, Jeggo PA. DNA double-strand break repair in a cellular context.
Clin Oncol (R Coll Radiol). 2014;26(5):243-249.

34. Roddam PL, Rollinson S, O’Driscoll M, Jeggo PA, Jack A, Morgan GJ.
Genetic variants of NHE] DNA ligase IV can affect the risk of developing multiple
myeloma, a tumour characterised by aberrant class switch recombination. J Med
Genet. 2002;39(12):900-905.

35. Haynes B, Saadat N, Myung B, Shekhar MP. Crosstalk between translesion
synthesis, Fanconi anemia network, and homologous recombination repair path-
ways in interstrand DNA crosslink repair and development of chemoresistance.
Mutat Res Rev Mutat Res. 2015;763:258-266.

36. Wallace SS. Base excision repair: a critical player in many games. DNA Repair
(Amst). 2014;19:14-26.

37. de Boer J, Hoeijmakers JH. Nucleotide excision repair and human syndromes.
Carcinogenesis. 2000;21(3):453-460.

38. Dijk M, Typas D, Mullenders L, Pines A. Insight in the multilevel regulation
of NER. Exp Cell Res. 2014;329(1):116-123.

39. Breast Cancer Linkage Consortium. Cancer risks in BRCA2 mutation carriers.
J Natl Cancer Inst. 1999;91(15):1310-1316.

40. Edwards SM, Kote-Jarai Z, Meitz J, et al; Cancer Research UK/Bristish Pros-
tate Group UK Familial Prostate Cancer Study Collaborators; British Association
of Urological Surgeons Section of Oncology. Two percent of men with early-onset
prostate cancer harbor germline mutations in the BRCA2 gene. Am | Hum Genet.
2003;72(1):1-12.

41. Kote-Jarai Z, Leongamornlert D, Saunders E, et al; UKGPCS Collaborators.
BRCA2 is a moderate penetrance gene contributing to young-onset prostate
cancer: implications for genetic testing in prostate cancer patients. Br J Cancer.
2011;105(8):1230-1234.

42. Leongamornlert D, Mahmud N, Tymrakiewicz M, et al; UKGPCS Collab-
orators. Germline BRCAI mutations increase prostate cancer risk. Br J Cancer.
2012;106(10):1697-1701.

43. Castro E, Goh C, Olmos D, et al. Germline BRCA mutations are associated
with higher risk of nodal involvement, distant metastasis, and poor survival out-
comes in prostate cancer. J Clin Oncol. 2013;31(14):1748-1757.

44. van Gent DC, Hoeijmakers JH, Kanaar R. Chromosomal stability and the
DNA double-stranded break connection. Nat Rev Genet. 2001;2(3):196-206.

45. Farmer H, McCabe N, Lord CJ, et al. Targeting the DNA repair defect in
BRCA mutant cells as a therapeutic strategy. Nature. 2005;434(7035):917-921.
46. Dantzer E, Schreiber V, Niedergang C, et al. Involvement of poly(ADP-ribose)
polymerase in base excision repair. Biochimie. 1999;81(1-2):69-75.

47. Boulton S, Kyle S, Durkacz BW. Interactive effects of inhibitors of
poly(ADP-ribose) polymerase and DNA-dependent protein kinase on cellular
responses to DNA damage. Carcinogenesis. 1999;20(2):199-203.

48. Bryant HE, Schultz N, Thomas HD, et al. Specific killing of BRCA2-de-
ficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature.
2005;434(7035):913-917.

49. Lomonosov M, Anand S, Sangrithi M, Davies R, Venkitaraman AR. Stabili-
zation of stalled DNA replication forks by the BRCA2 breast cancer susceptibility
protein. Genes Dev. 2003;17(24):3017-3022.

50. Arnaudeau C, Lundin C, Helleday T. DNA double-strand breaks associ-
ated with replication forks are predominantly repaired by homologous recom-
bination involving an exchange mechanism in mammalian cells. / Mo/ Biol.
2001;307(5):1235-1245.

51. Audebert M, Salles B, Calsou P Involvement of poly(ADP-ribose) poly-
merase-1 and XRCC1/DNA ligase IIT in an alternative route for DNA dou-
ble-strand breaks rejoining. J Biol Chem. 2004;279(53):55117-55126.

52. Ratnam K, Low JA. Current development of clinical inhibitors of poly(ADP-ri-
bose) polymerase in oncology. Clin Cancer Res. 2007;13(5):1383-1388.

53. Annunziata CM, O’Shaughnessy J. Poly (ADP-ribose) polymerase as a novel
therapeutic target in cancer. Clin Cancer Res. 2010;16(18):4517-4526.

54. Goodall J, Mateo J, Yuan W, et al; TOPARP-A investigators. Circulating free
DNA to guide prostate cancer treatment with PARP inhibition [published online

April 27, 2017]. Cancer Discov.

55. Bhattacharyya A, Ear US, Koller BH, Weichselbaum RR, Bishop DK. The
breast cancer susceptibility gene BRCALI is required for subnuclear assembly of
Rad51 and survival following treatment with the DNA cross-linking agent cispla-
tin. / Biol Chem. 2000;275(31):23899-23903.

56. Tan DS, Rothermundt C, Thomas K, et al. “BRCAness” syndrome in ovarian
cancer: a case-control study describing the clinical features and outcome of patients
with epithelial ovarian cancer associated with BRCA1 and BRCA2 mutations. /
Clin Oncol. 2008;26(34):5530-5536.

57. Ross RW, Beer TM, Jacobus S, et al; Prostate Cancer Clinical Trials Con-
sortium. A phase 2 study of carboplatin plus docetaxel in men with metastatic
hormone-refractory prostate cancer who are refractory to docetaxel. Cancer.
2008;112(3):521-526.

58. Vaishampayan U, Shevrin D, Stein M, et al. Phase II trial of carboplatin, ever-
olimus, and prednisone in metastatic castration-resistant prostate cancer pretreated
with docetaxel chemotherapy: a Prostate Cancer Clinical Trial Consortium study.
Urology. 2015;86(6):1206-1211.

59. Buonerba C, Federico P, Bosso D, et al. Carboplatin plus etoposide in
heavily pretreated castration-resistant prostate cancer patients. Future Oncol.
2014;10(8):1353-1360.

60. Kentepozidis N, Soultati A, Giassas S, et al. Paclitaxel in combination with car-
boplatin as salvage treatment in patients with castration-resistant prostate cancer:
a Hellenic oncology research group multicenter phase II study. Cancer Chemother
Pharmacol. 2012;70(1):161-168.

61. Sternberg CN, Whelan P, Hetherington J, et al; Genitourinary Tract Group
of the EORTC. Phase III trial of satraplatin, an oral platinum plus prednisone vs.
prednisone alone in patients with hormone-refractory prostate cancer. Oncology.
2005;68(1):2-9.

62. Pomerantz MM, Spisék S, Jia L, et al. The association between germline
BRCA2 variants and sensitivity to platinum-based chemotherapy among men with
metastatic prostate cancer [published online June 13, 2017]. Cancer.

63. Donawho CK, Luo Y, Luo Y, et al. ABT-888, an orally active poly(ADP-ribose)
polymerase inhibitor that potentiates DNA-damaging agents in preclinical tumor
models. Clin Cancer Res. 2007;13(9):2728-2737.

64. Delaney CA, Wang LZ, Kyle S, et al. Potentiation of temozolomide and topo-
tecan growth inhibition and cytotoxicity by novel poly(adenosine diphosphori-
bose) polymerase inhibitors in a panel of human tumor cell lines. Clin Cancer Res.
2000;6(7):2860-2867.

65. Evers B, Drost R, Schut E, et al. Selective inhibition of BRCA2-deficient
mammary tumor cell growth by AZD2281 and cisplatin. Clin Cancer Res.
2008;14(12):3916-3925.

66. Miknyoczki SJ, Jones-Bolin S, Pritchard S, et al. Chemopotentiation of temo-
zolomide, irinotecan, and cisplatin activity by CEP-6800, a poly(ADP-ribose)
polymerase inhibitor. Mol Cancer Ther. 2003;2(4):371-382.

67. Rottenberg S, Jaspers JE, Kersbergen A, et al. High sensitivity of BRCA1-defi-
cient mammary tumors to the PARP inhibitor AZD2281 alone and in combina-
tion with platinum drugs. Proc Natl Acad Sci U S A. 2008;105(44):17079-17084.
68. Hussain M, Carducci MA, Slovin S, et al. Targeting DNA repair with combi-
nation veliparib (ABT-888) and temozolomide in patients with metastatic castra-
tion-resistant prostate cancer. [nvest New Drugs. 2014;32(5):904-912.

69. Oza AM, Cibula D, Benzaquen AO, et al. Olaparib combined with chemo-
therapy for recurrent platinum-sensitive ovarian cancer: a randomised phase 2 trial.
Lancet Oncol. 2015;16(1):87-97.

70. Hussain M, Daignault S, Twardowski B, et al. Abiraterone + prednisone (Abi)
+/- veliparib (Vel) for patients (pts) with metastatic castration-resistant prostate
cancer (CRPC): NCI 9012 updated clinical and genomics data. Paper presented
at: ASCO Annual Meeting 2017; June 2-6, 2017; Chicago, Illinois.

71. Schiewer M], Goodwin JE Han S, et al. Dual roles of PARP-1 promote cancer
growth and progression. Cancer Discov. 2012;2(12):1134-1149.

72. Chi KN, Annala M, Sunderland K, et al. A randomized phase II cross-over
study of abiraterone prednisone (ABI) vs enzalutamide (ENZ) for patients (pts)
with metastatic, castration-resistant prostate cancer (nCRPC). Paper presented at:
ASCO Annual Meeting 2017; June 2-6, 2017; Chicago, Illinois.

73. Antonarakis ES. Germline DNA repair mutations and response to hormonal
therapy in advanced prostate cancer. Eur Urol. 2017;72(1):43-44.

74. Loeb LA. A mutator phenotype in cancer. Cancer Res. 2001;61(8):3230-3239.
75. Lynch HT, de la Chapelle A. Hereditary colorectal cancer. N Engl | Med.
2003;348(10):919-932.

76. Palomaki GE, McClain MR, Melillo S, Hampel HL, Thibodeau SN. EGAPP
supplementary evidence review: DNA testing strategies aimed at reducing morbid-
ity and mortality from Lynch syndrome. Genet Med. 2009;11(1):42-65.

794 Clinical Advances in Hematology & Oncology Volume 15, Issue 10 October 2017



DNA REPAIR GENE MUTATIONS IN ADVANCED PROSTATE CANCER

77. Vasen HE, Watson P, Mecklin JP, Lynch HT. New clinical criteria for hereditary
nonpolyposis colorectal cancer (HNPCC, Lynch syndrome) proposed by the Inter-
national Collaborative group on HNPCC. Guastroenterology. 1999;116(6):1453-
1456.

78. Pifiol V, Castells A, Andreu M, et al; Gastrointestinal Oncology Group of
the Spanish Gastroenterological Association. Accuracy of revised Bethesda
guidelines, microsatellite instability, and immunohistochemistry for the iden-
tification of patients with hereditary nonpolyposis colorectal cancer. JAMA.
2005;293(16):1986-1994.

79. Pritchard CC, Morrissey C, Kumar A, et al. Complex MSH2 and MSH6
mutations in hypermutated microsatellite unstable advanced prostate cancer. Nat
Commun. 2014;5:4988.

80. Schweizer MT, Cheng HH, Tretiakova MS, et al. Mismatch repair defi-
ciency may be common in ductal adenocarcinoma of the prostate. Oncotarget.
2016;7(50):82504-82510.

81. Yamamoto H, Imai K, Perucho M. Gastrointestinal cancer of the microsatellite
mutator phenotype pathway. / Gastroenterol. 2002;37(3):153-163.

82. Hempelmann JA, Scroggins SM, Pritchard CC, Salipante SJ. MSIplus for
integrated colorectal cancer molecular testing by next-generation sequencing. /
Mol Diagn. 2015;17(6):705-714.

83. Guedes L, Antonarakis ES, Schweizer MT, et al. MSH2 loss in primary prostate
cancer [published online August 8, 2017]. Clin Cancer Res. doi:10.1158/1078-
0432.CCR-17-0955.

84. Snyder A, Makarov V, Merghoub T, et al. Genetic basis for clinical response to
CTLA-4 blockade in melanoma. NV Engl ] Med. 2014;371(23):2189-2199.

85. Rosenberg JE, Hoffman-Censits J, Powles T, et al. Atezolizumab in patients
with locally advanced and metastatic urothelial carcinoma who have progressed
following treatment with platinum-based chemotherapy: a single-arm, multi-
centre, phase 2 trial. Lancer. 2016;387(10031):1909-1920.

86. Kelderman S, Schumacher TN, Kvistborg P. Mismatch repair-deficient cancers
are targets for anti-PD-1 therapy. Cancer Cell. 2015;28(1):11-13.

87. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA Jr, Kinzler
KW. Cancer genome landscapes. Science. 2013;339(6127):1546-1558.

88. Beer TM, Kwon ED, Drake CG, et al. Randomized, double-blind, phase III
Trial of ipilimumab versus placebo in asymptomatic or minimally symptomatic
patients with metastatic chemotherapy-naive castration-resistant prostate cancer. J
Clin Oncol. 2017;35(1):40-47.

89. Kwon ED, Drake CG, Scher HI, et al; CA184-043 Investigators. Ipilimumab
versus placebo after radiotherapy in patients with metastatic castration-resistant
prostate cancer that had progressed after docetaxel chemotherapy (CA184-

043): a multicentre, randomised, double-blind, phase 3 trial. Lancer Oncol.
2014;15(7):700-712.

90. Hansen A, Massard C, Ott PA, et al. Pembrolizumab for patients with
advanced prostate adenocarcinoma: Preliminary results from the KEYNOTE-028
study. Paper presented at: 41st European Society for Medical Oncology Congress;
October 7-11, 2016; Copenhagen, Denmark. Abstract 725PD.

91. Topalian SL, Hodi FS, Brahmer JR, et al. Safety, activity, and immune cor-
relates of anti-PD-1 antibody in cancer. N Engl ] Med. 2012;366(26):2443-2454.
92. Graff JN, Alumkal JJ, Drake CG, et al. Early evidence of anti-PD-1 activity
in enzalutamide-resistant prostate cancer. Oncotarget. 2016;7(33):52810-52817.
93. Boudadi K, Suzman DL, Luber B, et al. Phase 2 biomarker-driven study of
ipilimumab plus nivolumab (Ipi/Nivo) for ARV7-positive metastatic castrate-resis-
tant prostate cancer (nCRPC). Paper presented at: ASCO Annual Meeting 2017;
June 2-6, 2017; Chicago, Illinois.

94. Karzai F, Madan RA, Owens H, et al. Combination of PDL-1 and PARP
inhibition in an unselected population with metastatic castrate-resistant prostate
cancer (mCRPC). Paper presented at: ASCO Annual Meeting 2017; June 2-6,
2017; Chicago, Illinois.

95. Mehra R, Kumar-Sinha C, Shankar S, et al. Characterization of bone
metastases from rapid autopsies of prostate cancer patients. Clin Cancer Res.
2011;17(12):3924-3932.

96. Van Allen EM, Foye A, Wagle N, et al. Successful whole-exome sequencing
from a prostate cancer bone metastasis biopsy. Prostate Cancer Prostatic Dis.
2014;17(1):23-27.

97. Schweizer MT, Antonarakis ES. Liquid biopsy: clues on prostate cancer drug
resistance. Sci Transl Med. 2015;7(312):312fs45.

98. Carreira S, Romanel A, Goodall ], et al. Tumor clone dynamics in lethal pros-
tate cancer. Sci Transl Med. 2014;6(254):254ral25.

99. Romanel A, Gasi Tandefelt D, Conteduca V, et al. Plasma AR and abi-
raterone-resistant prostate cancer. Sci Transl Med. 2015;7(312):312re10.

100. Azad AA, Volik SV, Wyatt AW, et al. Androgen receptor gene aberrations in
circulating cell-free dna: biomarkers of therapeutic resistance in castration-resistant
prostate cancer. Clin Cancer Res. 2015;21(10):2315-2324.

101. Baca SC, Prandi D, Lawrence MS, et al. Punctuated evolution of prostate
cancer genomes. Cell. 2013;153(3):666-677.

102. Salipante SJ, Scroggins SM, Hampel HL, Turner EH, Pritchard CC.
Microsatellite instability detection by next generation sequencing. Clin Chem.
2014;60(9):1192-1199.

103. Bridges CB. The origin of variations in sexual and sex-limited characters. Am

Nat. 1922;56:51-63.

Clinical Advances in Hematology & Oncology Volume 15, Issue 10 October 2017 795



