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JOURNAL OF CLINICAL ONCOLOGY O R I G I N A L R E P O R T

Targeting Androgen Receptor and DNA Repair in Metastatic
Castration-Resistant Prostate Cancer: Results From NCI 9012
Maha Hussain, Stephanie Daignault-Newton, Przemyslaw W. Twardowski, Costantine Albany, Mark N. Stein,
Lakshmi P. Kunju, Javed Siddiqui, Yi-Mi Wu, Dan Robinson, Robert J. Lonigro, Xuhong Cao, Scott A. Tomlins,
Rohit Mehra, Kathleen A. Cooney, Bruce Montgomery, Emmanuel S. Antonarakis, Daniel H. Shevrin, Paul G.
Corn, Young E. Whang, David C. Smith, Megan V. Caram, Karen E. Knudsen, Walter M. Stadler, Felix Y. Feng,
and Arul M. Chinnaiyan

A B S T R A C T

Purpose
To determine whether cotargeting poly (ADP-ribose) polymerase-1 plus androgen receptor is su-
perior to androgen receptor inhibition in metastatic castration-resistant prostate cancer (mCRPC)
and whether ETS fusions predict response.

Patients and Methods
Patients underwent metastatic site biopsy and were stratified by ETS status and randomly assigned
to abiraterone plus prednisone without (arm A) or with veliparib (arm B). Primary objectives were:
confirmed prostate-specific antigen (PSA) response rate (RR) and whether ETS fusions predicted
response. Secondary objectives were: safety, measurable disease RR (mRR), progression-free
survival (PFS), and molecular biomarker analysis. A total of 148 patients were randomly assigned to
detect a 20% PSA RR improvement.

Results
A total of 148 patients with mCRPC were randomly assigned: arm A, n = 72; arm B, n = 76. There
were no differences in PSA RR (63.9% v 72.4%; P = .27), mRR (45.0% v 52.2%; P = .51), or median
PFS (10.1 v 11 months; P = .99). ETS fusions did not predict response. Exploratory analysis of tumor
sequencing (80 patients) revealed: 41 patients (51%) were ETS positive, 20 (25%) had DNA-damage
repair defect (DRD), 41 (51%) had AR amplification or copy gain, 34 (43%) had PTEN mutation, 33
(41%) had TP53 mutation, 39 (49%) had PIK3CA pathway activation, and 12 (15%) had WNT
pathway alteration. Patients with DRD had significantly higher PSA RR (90% v 56.7%; P = .007) and
mRR (87.5% v 38.6%; P = .001), PSA decline$ 90% (75% v 25%; P = .001), and longer median PFS
(14.5 v 8.1months; P= .025) versus thosewith wild-type tumors.Median PFSwas longer in patients
with normal PTEN (13.5 v 6.7months; P= .02), TP53 (13.5 v 7.7months; P= .01), and PIK3CA (13.8 v
8.3 months; P = .03) versus those with mutation or activation. In multivariable analysis adjusting for
clinical covariates, DRD association with PFS remained significant.

Conclusion
Veliparib and ETS status did not affect response. Exploratory analysis identified a novel DRD as-
sociation with mCRPC outcomes.

J Clin Oncol 36:991-999. © 2017 by American Society of Clinical Oncology

INTRODUCTION

Despite a high response rate (RR) to androgen
deprivation (AD), a majority of patients with
metastatic prostate cancer (PCa) will experience
progression to castration resistance. Advances
in understanding the biology and progression
mechanisms to castration resistance led to devel-
opment and approval of novel androgen receptor
(AR) –targeted therapies: abiraterone acetate plus

prednisone (AAP) and enzalutamide.1,2 Both
prolong survival in metastatic castration-resistant
prostate cancer (mCRPC) irrespective of prior
docetaxel.3,4 However, many patients exhibit de
novo resistance to both therapies, and resistance
invariably occurs in responders, warranting a search
for better treatments.5-8

Several studies have shown that AR regulates
components of DNA-repair pathways, and con-
versely, several enzymes involved inDNA repair can
modulate AR activity.9-15 An important example is
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poly (ADP-ribose) polymerase-1 (PARP1), an enzyme with essential
roles in recognition and repair of single-strand DNA breaks through
base excision repair process.16 Several cancers, including CRPC,
exhibit increased PARP1 expression and/or activity.16-19 Compelling
data implicate PARP1 in mediation of DNA-repair responses to
alkylators, cellular survival in BRCA-deficient cells, and AR-mediated
PCa cell proliferation.16,20-23 Specifically, preclinical studies using
PARP1 inhibitors (eg, veliparib, olaparib) in PCa showed that
PARP1 activity was required formaximal AR function.16 In vivo, PARP1
inhibition with veliparib was as effective as castration in preventing
tumor growth, and even greater inhibition was achieved with
combination veliparib and castration.16

Canonic ETS gene fusions (androgen-responsive promoters
driving ETS transcription factor overexpression) are present in
. 50% of patients with PCa. ERG, the predominant ETS gene fusion
product, physically interacts with PARP1.24-26 PARP1 is required for
full ERG activity and its downstream oncogenic functions. ERG-
positive xenografts are preferentially sensitive to PARP1 inhibitors.26

On the basis of these data, we hypothesized that in patients
with mCRPC, cotargeting AR and PARP1 would result in a better
RR than AAP and the combination would be most effective in
patients with ETS fusion–positive tumors.

PATIENTS AND METHODS

Patients
Eligible patients had mCRPC, Eastern Cooperative Oncology Group

performance status of 0 to 2, testosterone, 50 ng/dL, normal organ function,
no prior exposure to AAP, and up to two prior chemotherapy regimens.
Complete eligibility criteria are outlined in the Study Protocol. All patients
provided written informed consent per institutional and federal guidelines.

Study Design, Treatment, and End Points
This was a biomarker-stratified and randomized phase II multicenter

trial (Fig 1). The primary objectives were to evaluate whether AAP plus
veliparib is superior to AAP, as reflected by prostate-specific antigen (PSA)

Patients enrolled
(N = 190)

Biopsy unusable because
of shipping error

(n = 1)

Biopsy completed
(n = 186)

Biopsy not done (off study)
(n = 4)

Tissue assessment and random
assignment completed

(n = 159)

Inadequate tissue for
biomarker assessment

(n = 26)

Abiraterone arm
(n = 79)

Abiraterone + veliparib arm
(n = 80)

ETS positive
(n = 56; 35%)

ETS negative
(n = 103; 65%)

(n = 52)
(n = 51) (n = 28)

Sequenced‡
(n = 47)

(n = 28)

Received treatment*
(n = 74)

Not treated
Ineligible (n = 2)
Withdrew consent (n = 2)
Insurance issue (n = 1)

Not treated
Ineligible (n = 1)

Received treatment*
(n = 79)

Sequenced‡
(n = 33)

Response
evaluable†

(n = 72)

Treatment
cycles < 2

(n = 2)

Response
evaluable†

(n = 76)

Treatment
cycles < 2

(n = 3)

Fig 1. CONSORT diagram. (*) Safety evaluable. (†) Defined as having received two cycles of therapy or removed because of toxicity; five patients who received, two
cycles did so by patient choice. (‡) Sequencing completed for all patients with sufficient extra tissue from biopsy required for sequencing.
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RR ($ 50% decline), and whether ETS gene fusion predicts response.
Other end points included measurable disease RR (mRR), progression-free
survival (PFS), toxicities, and exploratory tumor molecular analysis.

All patients underwent metastatic disease biopsy (unless metastatic
archival tissue was available). ETS status was determined by immunohis-
tochemistry (IHC) for ERG and in situ hybridization (ISH) –based assays for
ETV1 fusions,27,28 conducted in a College of American Pathologists/Clinical
Laboratory Improvement Amendments–accredited laboratory. The study
was activated before AAP approval in prechemotherapy setting. Eligible
patients were stratified by prior ketoconazole and ETS fusion status (positive
or negative) and randomly assigned to AA 1,000 mg per day plus prednisone
5 mg twice per day (arm A) or AAP plus veliparib 300 mg twice per day
(arm B), for days 1 to 28. Arm B patients underwent lead-in treatment with
AAP, followed on day 8 by veliparib, in cycle 1 only. Treatment was con-
tinued until radiographic/clinical disease progression, intercurrent illness,
unacceptable adverse events (AEs), withdrawal of consent, or death.

Assessments
Patients underwent baseline disease assessments and then every

12 weeks with bone scan, computed tomography or magnetic resonance
imaging of abdomen/pelvis, and x-ray or computed tomography of chest
for the first year. For patients who have completed $ 1 year of therapy,
imaging can be done every 4 months, and for patients who have completed
$ 2 years of therapy, imaging can be done every 6 months. Irrespective of
duration on therapy, imaging can be done sooner than the specified in-
tervals as clinically indicated. PSA was assessed at baseline and on day 1 of
each cycle. AEs were graded according to Common Terminology Criteria
for Adverse Events (version 4.0).

Tumor Sequencing
Extra tumor tissue for sequencing was available for 87 patients; 80 of

87 were response evaluable (four patients received , two cycles of
treatment, three patients were never treated, one was ineligible, and two
withdrew consent). Their baseline characteristics are detailed in Appendix
Tables A1 and A2 (online only). Flash-frozen biopsies were processed for
genomic DNA and total RNA isolation using Qiagen AllPrep Kit (Hilden,
Germany) and then underwent targeted exon sequencing and capture
transcriptome analysis at University of Michigan (Ann Arbor, MI), as
previously detailed.29,30

Statistical Analysis
Biomarker-stratified design31 was used to determine a PSA RR dif-

ference between arms A and B and between arms by ETS fusion (positive v
negative strata). The trial was designed to accrue 148 response-evaluable
patients randomly assigned at a one-to-one ratio to arms A and B to
provide 80% power at a one-sided 5% significance level to detect an
improvement of 20% in PSA RR between arms with a x2 test of pro-
portions, assuming a PSA RR of 30% in arm A (based on data available at
time of study design).1 Response-evaluable patients were those receiving at
least two therapy cycles or those removed from study because of toxicity
before completing two cycles. The PSA RR difference between treatment
groups by ETS fusion status was an interaction test with a significance
threshold of .15 from a logistic model (trial design details provided in
protocol).

The primary outcome of confirmed PSA RR (complete or partial
response) was analyzed with x2 tests to test differences between treatment
arms and differences within a biomarker stratum between treatment arms.
Confirmed PSA RR was modeled to test ETS fusion status as prognostic
using a logistic model with ETS status as the only covariate and as pre-
dictive using logistic models testing interaction of treatment arm and ETS.
Similar models were used for mRR. Both prognostic and predictive models
were used in the exploratory analyses for each sequencing biomarker
including DNA-damage repair defect (DRD). Secondary end point PFSwas
reported using Kaplan-Meier methods and associated log-rank tests.

Exploratory analysis for prognostic biomarkers with association with PFS
was reported using product-limit estimates and log-rank tests. Cox models
were used to test biomarkers as predictive of PFS with models including an
interaction of treatment arm and biomarker status. An unplanned analysis
using a multivariable Cox model for PFS was used to explore biomarker
associations with PFS after controlling for clinical covariates by adding the
biomarker to the model including the clinical covariates. Each biomarker
was modeled separately. All analyses were completed using SAS software
(version 9.4; SAS Institute, Cary, NC).

RESULTS

Patient Characteristics
From May 2012 through December 2015, 190 patients with

mCRPC were enrolled at 12 centers (Table 1); 185 eligible patients
underwent metastatic biopsy (soft tissue, n = 89; bone, n = 96); 159

Table 1. Baseline Patient Demographic and Clinical Characteristics by
Treatment Arm

Characteristic

No. (%)

P

Arm A:
Abiraterone
(n = 74)

Arm B: Abiraterone +
Veliparib
(n = 79)

Age, years .35
Median 69 68
Range 50-90 47-85

Race .09
White 61 (82.4) 74 (93.7)
Black 9 (12.2) 3 (3.8)
Other 4 (3.4) 2 (2.5)

Performance status .93
0 46 (62.2) 50 (63.3)
1 28 (37.8) 28 (35.4)
2 0 1 (1.3)

PSA, ng/mL .67
Median 32.7 36.4
Range 0.8-1,557.6 0.04-1,074.4

Cancer pain present 23 (31.1) 26 (33.0) .81
Sites of disease
Bone 64 (86.5) 68 (86.1) .94
Lymph node 45 (60.8) 53 (67.1) .42
Visceral 13 (17.6) 21 (26.6) .18
Other 13 (17.6) 16 (20.3) .67

Previous treatments
Chemotherapy 16 (20.8) 23 (30.3) .29
Docetaxel/cabazitaxel 11 (14.9) 17 (21.5)
Other 5 (6.8) 6 (7.6)

Enzalutamide 2 (2.7) 2 (2.5) .99
Sipuleucel-T 22 (29.7) 13 (16.5) .05
Experimental agent 19 (25.7) 15 (19.0) .32

Strata: ETS fusion and
ketoconazole use

.83

ETS fusion positive* 25 (33.8) 28 (35.4)
ETS fusion negative 49 (66.2) 51 (64.6)
Previous ketoconazole 8 (10.8) 9 (11.3) .91

No. of treatment cycles .68
Median 9 9
Range 1-46 1-50

Overall survival —

Median 30.6 32.3
95% CI 28.4 to NR 28.4 to NR

Abbreviations: NR, not reached; PSA, prostate-specific antigen.
*ETS fusion determined by immunohistochemistry/in situ hybridization.
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patients (86%) had adequate tissue; 35% were ETS positive; 153
patients (white, 88%; black, 8%; median age, 68 years; median
PSA, 35.4 ng/mL) were randomly assigned to arm A (AAP; n = 74)
or arm B (AAP + veliparib; n = 79; Fig 1).

Safety
Because of bothersome low-grade AEs, veliparib dose was

reduced to 200 mg twice per day for cycle 1, and if tolerated, dose
was escalated to 300 mg twice per day for subsequent cycles.
Distribution of grade $ 3 AEs irrespective of attribution was
similar between arms. Overall, therapy was well tolerated (Appendix
Table A3, online only); hyperglycemia was the only high-grade
treatment-related AE that occurred in . 5% of patients in either
arm (arm A, 9%; arm B, 5%). In arm A, 20% of patients (n = 15)
had grade 3 treatment-related AEs, and one patient had grade 4
hyperglycemia. In arm B, 24% of patients (n = 19) had grade 3
treatment-related AEs, one patient had grade 4 thrombocytopenia,
and one patient had grade 5 cardiac arrest possibly treatment related.
Any-grade AEs that were significantly more frequent (P , .05) in
arm B versus arm A were fatigue, lymphopenia, nausea, and vom-
iting; edema occurred more frequently in arm A than arm B.

Efficacy
Of the 153 randomly assigned and treated patients, 148 were

response evaluable; five (3%) were not evaluable (four patients
chose to stop treatment within one cycle, and one had . 4-week
treatment delay). There was no statistically significant difference
between arms in confirmed PSA RR (arm A, 63.9%; arm B, 72.4%;
P = .27), mRR (arm A, 45.0%; arm B, 52.2%; P = .51), or median
PFS (arm A, 10.1 months; arm B, 11 months; P = .99; Table 2;
Appendix Fig A1A). Furthermore, ETS fusion status did not predict
PSA, mRR, or PFS (Appendix Fig A1B).

DRD and Additional Prognostic Biomarkers
For 87 patients, extra biopsy tumor tissue was analyzed by

next-generation sequencing; 80 of 87 were treated and response
evaluable (arm A, n = 33; arm B, n = 47). Sequenced patients’
characteristics compared with those of patients who did not have
tumor sequencing and their baseline characteristics by treatment
arm are listed in Appendix Tables A1 and A2. Overall, the groups
were fairly comparable, except for site of disease (bone v soft
tissue [eg, lymph node, visceral disease]), which affected the site
of biopsy: in the sequenced cohort, a majority (75%) were soft
tissue biopsies, whereas in the nonsequenced population, a ma-
jority (70%) had bone biopsies. This is not surprising, consid-
ering tumor yield is known to be better with soft tissue biopsy.
The tumor yield likely affected the difference between the two
groups in the proportion of patients with ETS-positive tumors,
which was higher in the sequenced group.

ETS fusion status was also analyzed by sequencing to evaluate
concordance with the IHC/ISHmethods used. Agreement between
methods was observed for 72 (90%) of 80 patients (Appendix Table
A4, online only); 41 patients (51.3%) were ETS positive by
sequencing.

Sequencing classified patients into three categories of DNA-
repair status (Fig 2A): wild type (WT; n = 55 [68.75%]), biallelic
DRD (n = 20 [25%]), and monoallelic DRD (n = 5 [6.25%]).
Patients with DRD had alterations in BRCA1, BRCA2, ATM,
FANCA, PALB2, RAD51B, or RAD51C, with BRCA2 being the most
frequently detected (Fig 2A). Notably, these genes represent major
players in the homologous recombination (HR) pathway, which
functions along with the nonhomologous end-joining (NHEJ)
pathway to repair DNA double-strand breaks.15 Additional genes
of interest were also significantly altered, including AR (n= 41
[51%]), TP53 (n = 33 [41%]), PTEN (n = 34 [42.5%]), and
PIK3CA (n = 39 [49%]). Alterations were also annotated for
AR-related genes and the WNT pathway.

Table 2. Detailed PSA and Measurable Response Outcomes by Treatment Arm and ETS Gene Fusion Status

Response

Overall
(n = 148)

ETS Positive
(n = 52)

ETS Negative
(n = 96)

Interaction P

No. (%)

P

No. (%)

P

No. (%)

PAbiraterone
Abiraterone +

Veliparib Abiraterone
Abiraterone +

Veliparib Abiraterone
Abiraterone +

Veliparib

PSA outcomes (n = 72) (n = 76) (n = 25) (n = 27) (n = 47) (n = 49)
PSA response (CR/

PR)
46 (63.9) 55 (72.4) .27 15 (60.0) 19 (70.4) .43 31 (66.0) 36 (73.5) .42 .89

CR 12 (16.7) 12 (15.8) 4 (16.0) 3 (11.1) 8 (17.0) 9 (18.4)
PR 34 (47.2) 43 (56.6) 11 (44.0) 16 (59.3) 23 (48.9) 27 (55.1)
Stable disease 19 (26.4) 15 (19.7) 7 (28.0) 7 (25.9) 12 (25.5) 8 (16.3)
Progressive
disease

7 (9.7) 6 (7.9) 3 (12.0) 1 (3.7) 4 (8.5) 5 (10.2)

Measurable disease (n = 40) (n = 46) (n = 15) (n = 19) (n = 25) (n = 27)
RECIST response

(CR/PR)
18 (45.0) 24 (52.2) .51 6 (40.0) 10 (52.6) .46 12 (48.0) 14 (51.9) .78 .69

CR 1 (2.5) 0 (0) 0 (0) 0 (0) 1 (4.0) 0 (0)
PR 17 (42.5) 24 (52.2) 6 (40.0) 10 (52.6) 11 (44.0) 14 (51.9)
Stable disease 14 (35.0) 12 (26.1) 5 (33.3) 6 (31.6) 9 (36.0) 6 (22.2)
Progressive
disease

8 (20.0) 8 (17.4) 4 (26.7) 3 (15.8) 4 (16.0) 5 (18.5)

Not evaluable 0 (0) 2 (4.4) 0 (0) 0 (0) 0 (0) 2 (7.4)

Abbreviations: CR, complete response; PR, partial response; PSA, prostate-specific antigen; RECIST, Response Evaluation Criteria in Solid Tumors.
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Outcome analysis combined WT and monoallelic DRD patients,
because theDRD status of the latter group is considered nondeleterious,
and compared them with biallelic DRD patients. Prognostic covariates

(metastatic site, performance status, PSA, pain, and prior therapies)
were similar between DRD andWT groups except for prior sipuleucel-
T therapy (DRD, n = 1 [5%] v WT, n = 16 [29%]).
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Fig 2. Landscape of molecular alterations, DNA-repair status, and survival in this cohort of patients with metastatic castration-resistant prostate cancer (mCRPC).
(A) Next-generation sequencing of tumor tissues identified alterations in different genes for each patient (n = 80) as depicted in the matrix, called by each allele. Three
groups of patients were determined based on DNA-damage repair defect (DRD) status, represented at the top by black (biallelic DRD), gray (monoallelic DRD), or white
boxes (wild-type [WT] DRD). Above this, maximum percent decreases in prostate-specific antigen (PSA) levels throughout treatment are graphed for each patient, and
those with confirmed PSA responses are noted with dark blue bars. Progression-free survival (PFS; months), treatment (abiraterone [A/ABI], veliparib [V/VEL]), and ETS
fusion status are also indicated at the top of the matrix for each patient. (B) Matrix of DRD status associated with PTEN alterations. Patients along the top in black
correspond to patients in this study, and patients in green represent cases from an additional mCRPC cohort.29 (C) PFS curves are shown for patients withWT/monoallelic
or biallelic DRD status. LOH, loss of heterozygosity.
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Unexpectedly, we uncovered a novel, significant association
between DRD and overall outcome/response. Patients with DRD
tumors had significantly higher confirmed PSA RR (90% v 56.7%;
P= .007; Table 3; Fig 2A), PSAdecline of$ 90% (75% v 25%; P= .001;
Appendix Fig A2, online only), mRR (87.5% v 38.6%; P = .001;
Table 3), and median PFS (14.5 v 8.1 months; P = .025; Fig 2C;
depicted by treatment arm in Fig 3) compared with patients with
WT tumors.

Analysis of Clinical and Molecular Variables
Exploratory biomarker analysis revealed three additional

biomarkers associated with longer median PFS (Appendix Tables
A5 and A6, online only). Significantly better overall outcomes were
identified in patients with normal PTEN (13.5 v 6.7 months in
those with mutation; P = .02), normal TP53 (13.5 v 7.7 months in
those with mutation; P = .01), or nonactivated PIK3CA pathway
(13.8 v 8.3 months in those with activation; P = .03; Appendix
Table A5, online only). Multivariable analysis including clinical and
biomarker variables individually revealed DRD and TP53 as
biomarkers separately associated with PFS after controlling for
clinical covariates (Table 4). We also noted that mutation or loss of
PTEN seemed to be almost mutually exclusive with DRD (Fig 2A).

Exceptional Responders
Several patients had exceptional and durable responses to

therapy. These were patients in either arm with PFS . 24 months
and PSA decline . 90%. On the basis of these criteria, 19 ex-
ceptional responders (arm A, n = 8; arm B, n = 11) were identified;
their characteristics are listed in Appendix Table A7 (online only).
Nine of 19 had tumor sequencing: four had biallelic DRD, one had
monoallelic DRD, and four had WT tumors (Fig 2A; Appendix
Table A8, online only).

DISCUSSION

This prospective metastatic tissue–based biomarker-stratified
trial stratified patients with mCRPC by ETS fusion status and
then randomly assigned them to AAP with or without veliparib.
Preclinical data suggested that targeting PARP1 would synergize
with AR inhibition, and ETS fusion–positive tumors would be
preferentially sensitive to PARP1 inhibition.13,16,26 However, the
addition of veliparib did not affect response, nor did ETS status
predict response. There was no difference between arms in the
rate of exceptional responders (AAP, n = 8; AAP + veliparib, n = 11).
ETS fusion concordance between IHC/ISH and sequencing was
90%. ERG/ETS failure to predict response may have been a
result of the high prevalence of defects in DRD genes (approx-
imately 25% of patients), which was not known at time of study
design.

Exploratory metastatic tissue sequencing analysis uncovered
a novel finding. Several patients had alterations in genes involved in
DNA repair, particularly those implicated in the HR pathway; DRD
was significantly associated with better response and PFS irre-
spective of treatment arm. Prior studies demonstrated mechanistic
connections between AR and DNA repair in prostate cancer
models,9-15 but ours is the first report, to our knowledge, to show
the association of DRD with outcome in patients with mCRPC
treated with AAP with higher PSA RR, mRR, and PFS compared
with patients with WT tumors. However, additional studies are
needed for confirmation, because this trial was not designed
specifically to test DRD predictive power with AR-targeted therapy.
A recent trial in mCRPC showed that DRD was associated with
high RRs to a different PARP1 inhibitor (olaparib), but there was
no control arm of an AR-targeted agent.32
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Fig 2. (Continued).

Table 3. PSA and Measurable Disease Response Rate by DNA Repair Status

Response

Prognostic Biomarker
DRD

(n = 20)
DNA-Repair WT/Monoallelic

(n = 60)

Interaction
P

No. (%)

P

No. (%)

P

No. (%)

PDRD

DNA-Repair
WT/

Monoallelic Abiraterone
Abiraterone +

Veliparib Abiraterone
Abiraterone +

Veliparib

PSA (n = 20) (n = 60) (n = 7) (n = 13) (n = 26) (n = 34)
PSA response 18 (90.0) 34 (56.7) .007 6 (85.7) 12 (92.3) 1.0 12 (46.2) 22 (64.7) .15 .97
95% CI, % 76.9 to 100 44.1 to 69.2 59.8 to 100 77.8 to 100 27.0 to 65.3 48.6 to 80.8

Measurable disease (n = 16) (n = 44) (n = 5) (n = 11) (n = 19) (n = 25)
RECIST response 14 (87.5) 17 (38.6) .001 4 (80.0) 10 (90.9) 1.0 7 (36.8) 10 (40.0) .83 .64
95% CI, % 59.5 to 98.3 24.1 to 54.0 44.9 to 100 73.9 to 100 15.2 to 58.5 20.8 to 59.2

Abbreviations: DRD, DNA-damage repair defect; PSA, prostate-specific antigen; RECIST, Response Evaluation Criteria in Solid Tumors; WT, wild type.
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AR plays a major role in promoting double-strand DNA break
repair.12,13 As such, AR blockade alone would be expected to
compromise DNA repair. This concept is supported by our data,
wherein tumors defective in DNA repair were sensitized to AAP.
Given this recently realized redundancy in function (eg, capacity of
both PARP1 inhibitors and AR blockade to suppress DNA repair), it
is not unexpected that PARP1 inhibitors did not add to AR blockade.

Our results also raise the question of how DNA repair al-
terations may be associated with better outcomes with AR-targeted
therapy. Recent studies have shown that AR directly regulates genes
involved in DNA-damage responses that allow prostate cancer cells
to enhance DNA repair, decrease DNA damage, and continue
cycling.10,12,13,15 Conversely, castration or treatment with anti-
androgens leads to decreased expression of DNA-repair enzymes
and therefore increased DNA damage and decreased cellular
survival; in particular, inhibition of AR signaling has been shown to

inhibit the expression of genes primarily involved in the NHEJ
pathway of double-strand DNA break repair.11-14 Disruption of
NHEJ in the context of an underlying HR defect (the alterations
identified in this trial cohort) could induce a synthetic lethality via
disruption of both of the major repair pathways for double-
stranded DNA breaks, thus explaining why patients with HR
deficiencies fare better with AAP treatment. Furthermore, as de-
scribed in this report, AR directly increases DNA-damage response
effectors, and in turn, many DNA-damage response proteins di-
rectly modulate AR activity, including BRCA1 and BRCA2, two HR
factors altered in several of the DRD patients.33,34 Without
functional BRCA1 or BRCA2 cofactors, it can be hypothesized that
these patients may have had altered AR transcriptional activity
compared with WT patients. Further analysis of the sequencing
data herein uncovered a positive association with outcome for
patients with normal expression of PTEN and TP53 or nonactivated
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Fig 3. Survival by DNA-repair status and treatment arm. Progression-free survival (PFS) curves are shown by treatment arm for patients with wild-type (WT)/monoallelic
or biallelic DNA-damage repair defect (DRD), as determined by next-generation sequencing of tumors shown in Figure 2 of the main manuscript: (A) abiraterone/
prednisone; (B) abiraterone/prednisone plus veliparib.

Table 4. Multivariable Analysis of PFS by Biomarker Status (n = 80)

Biomarker

Marker Status Cox Model

Not Normal Normal

Log-Rank P

Univariable Multivariable*

No. (%)
Median PFS (months)

(95% CI) No. (%)
Median PFS (months)

(95% CI)
Hazard Ratio
(95% CI)

Hazard Ratio
(95% CI)

DRD v WT/monoallelic 20 (25) 14.5 (11.0 to 19.5) 55 (69) 8.0 (5.4 to 13.0) .02 0.52 (0.29 to 0.93) 0.51 (0.27 to 0.97)
TP53 (mutated v normal) 33 (41) 7.7 (5.3 to 8.8) 47 (59) 13.5 (8.2 to 16.6) .01 1.88 (1.14 to 3.12) 2.52 (1.30 to 4.89)
PTEN (mutated v normal) 34 (43) 6.7 (4.1 to 11.3) 46 (57) 13.5 (8.2 to 16.6) .02 1.82 (1.11 to 3.01) 1.61 (0.92 to 2.82)
PIK3CA (activated v normal) 39 (49) 8.3 (5.4 to 13.3) 41 (51) 13.8 (8.2 to 16.6) .03 1.74 (1.05 to 2.87) 1.45 (0.79 to 2.68)
SPOP (mutated v normal) 5 (6) NR (2.8 to NR) 75 (94) 8.8 (7.8 to 13.6) .06 0.28 (0.07 to 1.15) 0.54 (0.09 to 3.40)
CHD1 (mutated v normal) 4 (5) NR (2.6 to NR) 76 (95) 8.8 (7.8 to 13.6) .09 0.31 (0.07 to 1.29) 0.39 (0.09 to 1.71)
AR (amplified/mutated v normal) 41 (51) 8.8 (5.4 to 13.5) 39 (49) 11.0 (8.0 to 16.6) .17 1.41 (0.86 to 2.31) 1.34 (0.80 to 2.23)
ZFHX3 (mutated v normal) 6 (8) 10.0 (2.1 to 13.8) 74 (92) 10.3 (8.0 to 13.8) .20 1.74 (0.74 to 4.09) 1.44 (0.57 to 3.63)
RB1 (mutated v normal) 9 (11) 8.8 (1.9 to 23.7) 71 (89) 10.3 (8.0 to 13.8) .46 1.32 (0.62 to 2.78) 1.47 (0.66 to 3.28)
ETS (positive v negative) 41 (51) 8.2 (5.4 to 14.5) 39 (49) 13.3 (8.2 to 13.8) .48 1.19 (0.73 to 1.95) 1.24 (0.45 to 3.38)
WNT (activated v normal) 12 (15) 12.4 (2.7 to 23.7) 68 (85) 10.3 (8.0 to 13.6) .91 0.96 (0.5 to 1.85) 0.88 (0.44 to 1.74)

Abbreviations: DRD, DNA-damage repair defect; NR, not reached; PFS, progression-free survival; WT, wild type.
*Multivariable model includes age, baseline prostate-specific antigen, race, Eastern Cooperative Oncology Group performance status, treatment arm, prior
chemotherapy, prior ketoconazole, fusion status stratum, and biomarker of interest.
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PIK3CA pathway. However, multivariable analysis including clinical
and biomarker variables individually revealed DRD and TP53 as
biomarkers separately associated with PFS after controlling for
clinical covariates. Expanded analysis of DRD and PTEN from an
additional mCRPC cohort29 demonstrated that DRD patients had
significantly less aberrations in PTEN, whereas patients with WT
DNA repair all had PTEN loss or aberration. The mutual exclusivity
between DRD and PTEN could further explain why patients with
WT DNA repair had worse outcome with therapy. PTEN loss has
been associated with more aggressive prostate cancers, and pre-
clinical models have suggested that PTEN loss/PIK3CA pathway
activation can alter AR transcriptional activity and lead to hormonal
therapy resistance.35,36 Directly related to our results, in retrospective
analyses of patients with mCRPC receiving AAP in the postdocetaxel
setting, PTEN loss was associated with shorter overall survival from
time of initiation of AAP treatment.37

In contrast to findings presented here, a recent study proposed
that patients with germline DRD have decreased time from
androgen-deprivation therapy initiation to castration resistance
and worse outcome with first-line hormonal therapy once CRPC
develops.38 Important differences in these two studies are evident
and could account for discrepancies. In our trial, DRD was de-
termined by metastatic tumor tissue sequencing, the gold standard
for detecting alterations. The contrasting study did not analyze
tumor tissue but rather defined DRD through targeted germline
sequencing. The WT DNA repair patients with whom the DRD
patients were compared were only classified as such through
germline sequencing, thus not accounting for those WT germline
patients who may have acquired somatic DRD events. Indeed, the
authors proceeded to sequence cell-free DNA, but only from those
patients who were first determined to have germline DRD; these
patients totaled 21 in comparison with the 80 tumors sequenced in
our study. Finally, the patients with mCRPC in the previous study
were treated with enzalutamide or AAP; in contrast, patients in our
trial all received AAP.

There are several limitations in our study. The analyses of the
biomarkers from sequencing were unplanned and exploratory and
included a convenient sample of 80 of 148 patients who had extra
biopsy tissue. The sequenced cohort included more soft tissue
biopsies compared with patients who were not sequenced. This is
not surprising, considering the known fact that the tissue yield is
better from soft tissue metastases. The tumor tissue yield also likely
affected the difference in the rate of ETS-positive tumors between
the two cohorts. The multivariable modeling included many
covariates for the sample size, so caution should be taken when
interpreting these results. Additionally, there was not a correction

for multiple comparisons in this study. Additional validation is
needed for the exploratory findings.

In conclusion, this metastatic tissue biomarker-stratified,
randomized trial in mCRPC showed that the approach is feasi-
ble. Despite robust preclinical supporting evidence, the addition of
veliparib to AAP did not affect response, nor did ETS fusion predict
response. Nonetheless, exploratory analysis led to the novel and
unexpected finding that DRD was associated with improved
outcomes with AAP treatment, possibly through induction of
a synthetic lethality in the context of HR defects. Interestingly,
DRD was also generally associated with normal PTEN status.
Normal PTEN, normal TP53, and nonactivated PIK3CA signaling
were significantly associated with improved outcome overall. These
hypothesis-generating observations are being evaluated in a follow-up
DRD-preselected randomized trial (AAP v olaparib v combination).
These results highlight the complexity of mCRPC, importance of the
totality of the biologic context, and need for informative clinical trial
designs.
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A + V, ETS positive: 11 (7.4 to 16.1)
A + V, ETS negative: 11 (6.4 to 13.8)
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A, ETS negative: 10.3 (8.2 to 13.7)
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Fig A1. Progression-free survival (PFS) in patientswithmetastatic castration-resistant prostate cancer treated with abiraterone (A) or abiraterone plus veliparib (A + V) and
stratified by ETS gene fusion status. (A) PFS curves are shown for all 148 response-evaluable patients treated with abiraterone/prednisone alone (n = 72) or in combination
with veliparib (n = 76). (B) PFS curves are shown for each treatment arm stratified by ETS gene fusion status (determined by immunohistochemistry or in situ hybridization).
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Fig A2. Depth of prostate-specific antigen (PSA) decline by DNA-damage repair
defect (DRD) status. WT, wild type.
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Table A1. Demographic and Clinical Characteristics of Patients by Tumor
Sequencing Status

Characteristic

No. (%)

P
Sequenced
(n = 80)

Not Sequenced
(n = 68)

Age, years .44
Median 68 68
Range 50-85 55-90

Race .67
White 69 (86.3) 62 (91.2)
Black 7 (8.8) 4 (5.9)
Other 4 (5.0) 2 (2.9)

Performance status .88
0 50 (62.5) 43 (63.2)
1 29 (36.3) 25 (36.8)
2 1 (1.3) 0

PSA, ng/mL .59
Median 36.8 31.0
Range 0.04-1,557.6 0.5-940.7

Cancer pain present 28 (35.0) 18 (26.5) .26
Sites of disease
Bone 66 (82.5) 62 (91.2) .12
Lymph node 62 (77.5) 33 (48.5) , .001
Visceral 20 (25.0) 14 (20.6) .52
Other 15 (18.8) 13 (19.1) .95

Previous treatment
Chemotherapy 25 (31.3) 13 (19.1) .09
Docetaxel/cabazitaxel 17 (21.3) 10 (14.7)
Other 8 (10.0) 3 (4.4)
Enzalutamide 2 (2.5) 2 (2.9) .99
Sipuleucel-T 19 (23.8) 15 (22.1) .85
Experimental agent 18 (22.5) 16 (23.5) .88

Strata: ETS fusion and
ketoconazole use

, .001

ETS fusion positive* 39 (48.8) 13 (19.1)
ETS fusion negative 41 (51.3) 55 (80.9)
Previous ketoconazole 10 (12.5) 6 (8.8) .60

Treatment arm .05
Abiraterone 33 (41.3) 39 (57.4)
Abiraterone + veliparib 47 (58.8) 29 (42.7)

No. of treatment cycles .79
Median 9 9
Range 2-50 1-46

PSA response rate, % 65.0 72.1 .36
Measurable disease 60 (75.0) 26 (38.2) , .001
Objective response, % 51.7 42.3 .43
PFS, months .47
Median 10.3 10.8
95% CI 8.0 to 13.8 8.2 to 13.7

OS, months .90
Median 32.3 30.6
95% CI 24.1 to NR 28.1 to NR

Abbreviations: NR, not reached; OS, overall survival; PFS, progression-free
survival; PSA, prostate-specific antigen.
*ETS fusion determined by immunohistochemistry/in situ hybridization.
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Table A2. Baseline Covariates Among Patients With Tumor Sequencing

Characteristic

No. (%)

P
Abiraterone
(n = 33)

Abiraterone +
Veliparib
(n = 47)

Age, years .22
Median 70 68
Range 50-80 52-86

Race .61
White 27 (81.8) 42 (89.4)
Black 4 (12.1) 3 (6.4)
Other 2 (6.1) 2 (4.3)

Performance status .50
0 19 (57.6) 31 (66.0)
1 14 (42.4) 15 (31.9)
2 0 1 (2.1)

PSA, ng/mL .87
Median 35.2 39.2
Range 2-1,557.6 0.04-785.8

Cancer pain present 14 (42.4) 14 (29.8) .24
Sites of disease
Bone 15 (45.5) 27 (57.5) .29
Lymph node 24 (72.7) 38 (80.9) .39
Visceral 6 (18.2) 14 (29.8) .18
Other 6 (18.2) 9 (19.2) .91

Previous treatments
Chemotherapy 9 (27.3) 16 (34.0) .52
Docetaxel/cabazitaxel 5 (15.2) 12 (25.5)
Other 4 (12.1) 4 (8.5)
Enzalutamide 1 (3.0) 1 (2.1) .99
Sipuleucel-T 12 (36.4) 7 (14.9) .03
Experimental agent 8 (24.2) 10 (21.3) .75

Strata: ETS fusion and ketoconazole
use

.68

ETS fusion positive 17 (51.5) 22 (46.8)
ETS fusion negative 16 (48.5) 25 (53.2)
Previous ketoconazole 5 (15.2) 5 (10.6) .73

No. of treatment cycles .58
Median 9 9
Range 2-39 2-50

Confirmed PSA response 18 (54.6) 34 (72.3) .10
Measurable disease response 11 (45.8) 20 (55.6) .46
PFS, months .89
Median 8.8 11.0
95% CI 6.7 to 13.8 7.4 to 13.8

OS, months —

Median 29.4 32.3
95% CI 17.4 to NR 24.1 to NR

Abbreviations: NR, not reached; OS, overall survival; PFS, progression-free
survival; PSA, prostate-specific antigen.
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Table A3. AEs by Treatment Arm

AE

No. (%)

Arm A: Abiraterone (n 5 74) Arm B: Abiraterone 1 Veliparib (n 5 79)

Grade Grade

1 2 3 4 5 Total 1 2 3 4 5 Total

ALT increased 8 (11) 1 (1) 3 (4) 0 (0) 0 (0) 12 (16) 4 (5) 0 (0) 2 (3) 0 (0) 0 (0) 6 (8)
Alkaline phosphatase increased 3 (4) 2 (3) 0 (0) 0 (0) 0 (0) 5 (7) 2 (3) 4 (5) 2 (3) 0 (0) 0 (0) 8 (10)
Anemia 9 (12) 1 (1) 1 (1) 0 (0) 0 (0) 11 (15) 10 (13) 4 (5) 2 (3) 0 (0) 0 (0) 16 (20)
Anorexia 3 (4) 0 (0) 0 (0) 0 (0) 0 (0) 3 (4) 5 (6) 5 (6) 0 (0) 0 (0) 0 (0) 10 (13)
Arthralgia 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 1 (1) 0 (0) 1 (1) 0 (0) 0 (0) 2 (3)
AST increased 14 (19) 2 (3) 0 (0) 0 (0) 0 (0) 16 (22) 6 (8) 2 (3) 0 (0) 0 (0) 0 (0) 8 (10)
Atrial fibrillation 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1)
Cardiac arrest 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 1 (1)
Confusion 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1)
Dehydration 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (3) 1 (1) 0 (0) 0 (0) 3 (4)
Diarrhea 4 (5) 1 (1) 0 (0) 0 (0) 0 (0) 5 (7) 10 (13) 2 (3) 0 (0) 0 (0) 0 (0) 12 (15)
Dizziness 2 (3) 0 (0) 0 (0) 0 (0) 0 (0) 2 (3) 7 (9) 1 (1) 0 (0) 0 (0) 0 (0) 8 (10)
Edema limbs 13 (18) 2 (3) 0 (0) 0 (0) 0 (0) 15 (20) 5 (6) 0 (0) 0 (0) 0 (0) 0 (0) 5 (6)
Ejection fraction decreased 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1)
Fatigue 18 (24) 2 (3) 0 (0) 0 (0) 0 (0) 20 (27) 31 (39) 8 (10) 0 (0) 0 (0) 0 (0) 39 (49)
Glucose intolerance 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Headache 6 (8) 0 (0) 0 (0) 0 (0) 0 (0) 6 (8) 5 (6) 1 (1) 1 (1) 0 (0) 0 (0) 7 (9)
Heart failure 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Hot flashes 8 (11) 1 (1) 0 (0) 0 (0) 0 (0) 9 (12) 16 (20) 0 (0) 0 (0) 0 (0) 0 (0) 16 (20)
Hyperglycemia 3 (4) 1 (1) 6 (8) 1 (1) 0 (0) 11 (15) 6 (8) 2 (3) 4 (5) 0 (0) 0 (0) 12 (15)
Hypertension 2 (3) 6 (8) 3 (4) 0 (0) 0 (0) 11 (15) 3 (4) 2 (3) 3 (4) 0 (0) 0 (0) 8 (10)
Hypokalemia 6 (8) 0 (0) 0 (0) 0 (0) 0 (0) 6 (8) 7 (9) 1 (1) 1 (1) 0 (0) 0 (0) 9 (11)
Hypophosphatemia 3 (4) 4 (5) 1 (1) 0 (0) 0 (0) 8 (11) 2 (3) 4 (5) 1 (1) 0 (0) 0 (0) 7 (9)
Hypotension 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1)
Insomnia 4 (5) 0 (0) 0 (0) 0 (0) 0 (0) 4 (5) 8 (10) 2 (3) 1 (1) 0 (0) 0 (0) 11 (14)
Lymphocyte count decreased 3 (4) 1 (1) 1 (1) 0 (0) 0 (0) 5 (7) 6 (8) 8 (10) 1 (1) 0 (0) 0 (0) 15 (19)
Nausea 5 (7) 0 (0) 0 (0) 0 (0) 0 (0) 5 (7) 29 (37) 12 (15) 1 (1) 0 (0) 0 (0) 42 (53)
Pain 0 (0) 1 (1) 0 (0) 0 (0) 0 (0) 1 (1) 2 (3) 1 (1) 1 (1) 0 (0) 0 (0) 4 (5)
Platelet count decreased 2 (3) 1 (1) 0 (0) 0 (0) 0 (0) 3 (4) 5 (6) 1 (1) 1 (1) 1 (1) 0 (0) 8 (10)
Respiratory, thoracic, and mediastinal disorders–other 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1)
Sinus tachycardia 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1)
Syncope 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 1 (1)
Thromboembolic event 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (3) 0 (0) 0 (0) 2 (3)
Vomiting 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 12 (15) 5 (6) 0 (0) 0 (0) 0 (0) 17 (22)
Maximum grade for patient 27 (36) 15 (20) 15 (20) 1 (1) 0 (0) 58 (78) 24 (30) 28 (35) 19 (24) 1 (1) 1 (1) 73 (92)

Abbreviation: AE, adverse event.

Table A4. ETS Gene Fusion Agreement Between Trial Methods and
Sequencing

ETS Status by Trial Methods*

ETS Status by Sequencing
No. (%)

Negative Positive

Negative 36 (45.0) 5 (6.25)
Positive 3 (3.75) 36 (45.0)
Agreement 72 (90) of 80

*Trial methods: immunohistochemistry and in situ hybridization/fluorescence in
situ hybridization.
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Table A5. Biomarker Prognostic Analysis: Overall PSA Response, Measurable Disease Response, and PFS by Biomarker Status

Response/PFS

Biomarker Status

PNot Normal Normal

Confirmed PSA response No. (%)
ETS (positive [n = 41] v negative [n = 39]) 25 (61.0) 27 (69.2) .44
DNA repair (defect [n = 20] v WT/monoallelic [n = 60]) 18 (90.0) 34 (56.7) .007
AR (amplified/mutated [n = 41] v normal [n =39]) 25 (61.0) 27 (69.2) .44
TP53 (mutated [n = 33] v normal [n = 47]) 20 (60.6) 32 (68.1) .49
PTEN (mutated [n = 34] v normal [n = 46]) 17 (50.0) 35 (76.1) .016
PIK3CA pathway (activated [n = 39] v normal [n = 41]) 22 (56.4) 30 (73.2) .12
WNT pathway (activated [n = 12] v normal [n = 68]) 8 (66.7) 44 (64.7) .99
RB1 (mutated [n = 9] v normal [n = 71]) 6 (66.7) 46 (64.8) .99
CHD1 (mutated [n = 4] v normal [n = 76]) 3 (75.0) 49 (64.5) .99
SPOP (mutated [n = 5] v normal [n = 75]) 4 (80.0) 48 (64.0) .65
ZFHX3 (mutated [n = 6] v normal [n = 74]) 3 (50.0) 49 (66.2) .42

Measurable disease response
ETS (positive [n = 31] v negative [n = 29]) 15 (48.4) 16 (55.2) .60
DNA repair (defect [n = 16] v WT/monoallelic [n = 44]) 14 (87.5) 17 (38.6) .001
AR (amplified/mutated [n = 29] vnormal [n = 31]) 13 (44.8) 18 (58.1) .31
TP53 (mutated [n = 24] v normal [n = 36]) 10 (41.7) 21 (58.3) .21
PTEN (mutated [n = 28] v normal [n = 32]) 12 (42.9) 19 (59.4) .20
PIK3CA pathway (activated [n = 29] v normal [n = 31]) 13 (44.8) 18 (58.1) .31
WNT pathway (activated [n = 8] v normal [n = 52]) 3 (37.5) 28 (53.9) .47
RB1 (mutated [n = 4] v normal [n = 56]) 2 (50.0) 29 (51.8) .99
CHD1 (mutated [n = 3] v normal [n = 57]) 2 (66.7) 29 (50.9) .99
SPOP (mutated [n = 4] v normal [n = 56]) 3 (75.0) 28 (50.0) .61
ZFHX3 (mutated [n = 5] v normal [n = 55]) 3 (60.0) 28 (50.9) .99

PFS, months Median (95% CI)
ETS (positive [n = 41] v negative [n = 39]) 8.2 (5.4 to 14.5) 13.3 (8.2 to 13.8) .48
DNA repair (defect [n = 20] v WT/monoallelic [n = 60]) 14.5 (11.0 to 19.5) 8.1 (5.5 to 11.0) .025
AR (amplified/mutated [n = 41] v normal [n = 39]) 8.8 (5.4 to 13.5) 11.0 (8.0 to 16.6) .17
TP53 (mutated [n = 33] v normal [n = 47]) 7.7 (5.3 to 8.8) 13.5 (8.2 to 16.6) .01
PTEN (mutated [n = 34] v normal [n = 46]) 6.7 (4.1 to 11.3) 13.5 (8.2 to 16.6) .02
PIK3CA pathway (activated [n = 39] v normal [n = 41]) 8.3 (5.4 to 13.3) 13.8 (8.2 to 16.6) .03
WNT pathway (activated [n = 12] v normal [n = 68]) 12.4 (2.7 to 23.7) 10.3 (8.0 to 13.6) .91
RB1 (mutated [n = 9] v normal [n = 71]) 8.8 (1.9 to 23.7) 10.3 (8.0 to 13.8) .46
CHD1 (mutated [n = 4] v normal [n = 76]) NR (2.6 to NR) 8.8 (7.8 to 13.6) .09
SPOP (mutated [n = 5] v normal [n = 75]) NR (2.8 to NR) 8.8 (7.8 to 13.6) .06
ZFHX3 (mutated [n = 6] v normal [n = 74]) 10.0 (2.1 to 13.8) 10.3 (8.0 to 13.8) .20

Abbreviations: NR, not reached; PFS, progression-free survival; PSA, prostate-specific antigen.
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Table A6. Biomarker Predictive Analysis: Overall PSA Response, Measurable Disease Response, and PFS by Biomarker Status and Treatment Arm

Response/PFS

Marker Not Normal Marker Normal

Interaction
PAbiraterone

Abiraterone +
Veliparib P Abiraterone

Abiraterone +
Veliparib P

Confirmed PSA response No. (%) No. (%)
ETS (positive [n = 41] v negative [n = 39]) 8 (44.4) 17 (73.9) .05 10 (66.7) 17 (70.8) .78 .27
DNA repair (defect [n = 20] vWT/monoallelic
[n = 60])

6 (85.7) 12 (92.3) 1.0 12 (46.2) 22 (64.7) .15 .97

AR (amplified/mutated [n = 41] v normal
[n = 39])

9 (47.4) 16 (72.7) .097 9 (64.3) 18 (72.0) .72 .45

PTEN (mutated [n = 34] v normal [n = 46]) 5 (35.7) 12 (60.0) .16 13 (68.4) 22 (81.5) .31 .78
TP53 (mutated [n = 33] v normal [n = 47]) 9 (60.0) 11 (61.1) .95 9 (50.0) 23 (79.3) .036 .18
PIK3CA pathway (activated [n = 39] v normal
[n = 41])

6 (40.0) 16 (66.7) .10 12 (66.7) 18 (78.3) .41 .60

WNT pathway (activated [n = 12] v normal
[n = 68])

3 (42.9) 5 (100.0) .08 15 (57.7) 29 (69.1) .34 .95

Measurable disease response No. (%) No. (%)
ETS (positive [n = 31] v negative [n = 29]) 6 (42.9) 9 (52.9) .58 5 (50.0) 11 (57.9) .68 .94
DNA repair (defect [n = 16] vWT/monoallelic
[n = 44])

4 (80.0) 10 (90.9) 1.00 7 (36.8) 10 (40.0) .83 .64

AR (amplified/mutated [n = 29] v normal
[n = 31])

4 (36.4) 9 (50.0) .70 7 (53.9) 11 (61.1) .69 .81

PTEN (mutated [n = 28] v normal [n = 32]) 5 (45.5) 7 (41.2) .82 6 (46.2) 13 (68.4) .21 .31
TP53 (mutated [n = 24] v normal [n = 36]) 5 (50.0) 5 (35.7) .68 6 (42.9) 15 (68.2) .18 .14
PIK3CA pathway (activated [n = 29] v normal
[n = 31])

5 (45.5) 8 (44.4) .96 6 (46.2) 12 (66.7) .25 .41

WNT pathway (activated [n = 8] v normal
[n = 52])

0 (0.0) 3 (75.0) .14 11 (55.0) 17 (53.1) .90 .97

PFS, months Median (95% CI) Median (95% CI)
ETS (positive [n = 41] v negative [n = 39]) 7.7 (2.7 to 19.5) 11.0 (7.4 to 17.9) .29 13.8 (8.2 to 16.6) 11.0 (5.5 to 13.8) .33 .20
DNA repair (defect [n = 20] vWT/monoallelic
[n = 60])

16.6 (13.5 to 19.5) 13.8 (8.2 to 32.9) .93 8.2 (3.9 to 10.3) 8.1 (5.3 to 13.6) .79 .89

AR (amplified/mutated [n = 41] v normal
[n = 39])

8.3 (2.8 to 16.6) 8.8 (5.4 to 13.8) .87 10.3 (6.7 to NR) 11.0 (6.4 to 17.9) .60 .52

PTEN (mutated [n = 34] v normal [n = 46]) 6.7 (2.6 to 19.5) 6.9 (2.8 to 13.6) .55 13.5 (7.8 to 16.6) 13.8 (8.1 to 19.2) .69 .40
TP53 (mutated [n = 33] v normal [n = 47]) 8.3 (3.9 to 13.8) 5.7 (2.8 to 8.8) .30 13.5 (2.7 to 16.6) 13.8 (8.2 to 17.9) .84 .31
PIK3CA pathway (activated [n = 39] v normal
[n = 41])

8.3 (2.6 to 19.5) 11.0 (5.3 to 13.6) .62 13.8 (7.7 to 16.6) 13.8 (7.4 to 22.2) .77 .51

WNT pathway (activated [n = 12] v normal
[n = 68])

8.3 (1.9 to 23.7) 16.5 (5.4 to 32.9) .74 8.8 (5.4 to 13.8) 11.0 (7.4 to 13.8) .85 .80

NOTE. Markers included but too small of a mutation/aberrant representative sample size by treatment arm for analysis: RB1, CHD1, SPOP, and ZFHX3.
Abbreviations: NR, not reached; PFS, progression-free survival; PSA, prostate-specific antigen.
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Table A7. Multivariable Analysis of PFS

Covariate

Hazard Ratio (95% CI)

Unadjusted Univariable Analysis Multivariable Cox Model

All Patients Sequenced Patients Only Sequenced Patients Only

Clinical
Treatment arm
Abiraterone + veliparib v abiraterone 1.00 (0.70 to 1.44) 1.04 (0.62 to 1.72) 1.00 (0.58 to 1.72)

ETS fusion status
Positive v negative 1.06 (0.72 to 1.56) 1.19 (0.73 to 1.95) 1.05 (0.60 to 1.83)
Prior ketoconazole 1.96 (1.11 to 3.46) 1.62 (0.79 to 3.31) 1.57 (0.74 to 3.36)

Age 1.02 (1.00 to 1.05) 1.04 (1.002 to 1.07) 1.04 (1.00 to 1.08)
Race
Black v white 0.87 (0.44 to 1.73) 0.58 (0.23 to 1.44) 0.49 (0.18 to 1.34)
Other v white 0.65 (0.24 to 1.78) 0.35 (0.09 to 1.44) 0.29 (0.07 to 1.31)

Performance status
Symptomatic v normal 2.00 (1.37 to 2.92) 2.27 (1.35 to 3.80) 2.02 (1.16 to 3.53)

Baseline PSA (log transformed) 1.13 (1.00 to 1.27) 1.09 (0.92 to 1.29) 1.02 (0.88 to 1.19)
Previous chemotherapy 2.09 (1.39 to 3.13) 2.19 (1.31 to 3.66) 2.00 (1.12 to 3.54)
Previous enzalutamide 5.48 (1.98 to 15.2) Inf (2.0 to Inf) —

Biomarkers*
DNA repair (defect v WT/monoallelic) 0.52 (0.29 to 0.93) 0.51 (0.27 to 0.97)
AR (amplified/mutated v normal) 1.41 (0.86 to 2.31) 1.34 (0.80 to 2.23)
TP53 (mutated v normal) 1.88 (1.14 to 3.12) 2.52 (1.30 to 4.89)
PTEN (mutated v normal) 1.82 (1.11 to 3.01) 1.61 (0.92 to 2.82)
PIK3CA pathway (activated v normal) 1.74 (1.05 to 2.87) 1.45 (0.79 to 2.68)
WNT pathway (activated v normal) 0.96 (0.50 to 1.85) 0.88 (0.44 to 1.74)
RB1 (mutated v normal) 1.32 (0.62 to 2.78) 1.47 (0.66 to 3.28)
CHD1 (mutated v normal) 0.31 (0.07 to 1.29) 0.39 (0.09 to 1.71)
SPOP (mutated v normal) 0.28 (0.07 to 1.15) 0.54 (0.09 to 3.40)
ZFHX3 (mutated v normal) 1.74 (0.74 to 4.09) 1.44 (0.57 to 3.63)
ETS fusion by sequencing (positive v negative) 1.19 (0.73 to 1.95) 1.24 (0.45 to 3.38)

Abbreviations: PFS, progression-free survival; PSA, prostate-specific antigen.
*Biomarkers were added separately and individually to the multivariable model containing clinical covariates.
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