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ABSTRACT

Primary resistance to androgen receptor (AR)-directed therapies in metastatic
castration-resistant prostate cancer (mCRPC) is poorly understood. We randomized

202 patients with treatment-naive mCRPC to abiraterone or enzalutamide and performed whole-exome
and deep targeted 72-gene sequencing of plasma cell-free DNA prior to therapy. For these agents,
which have never been directly compared, time to progression was similar. Defects in BRCAZ and ATM
were strongly associated with poor clinical outcomes independently of clinical prognostic factors and
circulating tumor DNA abundance. Somatic alterations in TP53, previously linked to reduced tumor
dependency on AR signaling, were also independently associated with rapid resistance. Although
detection of AR amplifications did not outperform standard prognostic biomarkers, AR gene structural
rearrangements truncating the ligand binding domain were identified in several patients with primary
resistance. These findings establish genomic drivers of resistance to first-line AR-directed therapy in
mCRPC and identify potential minimally invasive biomarkers.

SIGNIFICANCE: Leveraging plasma specimens collected in a large randomized phase Il trial, we report
the relative impact of common circulating tumor DNA alterations on patient response to the most
widely used therapies for advanced prostate cancer. Our findings suggest that liquid biopsy analysis
can guide the use of AR-targeted therapy in general practice. Cancer Discov; 8(4); 444-57. ©2018 AACR.

See related commentary by Jayaram et al., p. 392.

INTRODUCTION

Recent years have seen a dramatic shift in the treatment of
metastatic castration-resistant prostate cancer (nCRPC) with
the potent androgen receptor (AR)-directed agents abirater-
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one acetate and enzalutamide currently indicated as first-line
therapy (1, 2). Enzalutamide is a direct AR antagonist, whereas
abiraterone depletes endogenous AR ligands through inhibi-
tion of CYP17-mediated steroidogenesis. These agents have
not been directly compared in a clinical trial, and predictive
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biomarkers for the 20% of first-line patients who exhibit pri-
mary or rapidly acquired resistance are lacking.

The abundance of plasma circulating tumor DNA
(ctDNA) in patients with mCRPC has invigorated biomarker
development previously hampered by the impracticality of
routinely sampling osseous metastatic tissue. Using so-called
liquid biopsies, primary and acquired resistance to AR-tar-
geted therapy has been linked to amplification or mutation
of the AR gene (3-7) and also to the expression (in circulat-
ing tumor cells) of truncated AR splice variants that display
ligand-independent activity (8, 9). The impact of these bio-
markers in patients with first-line mCRPC has not been ade-
quately studied, and it is unclear whether the detection of AR
alterations in patient ctDNA can outperform standard clini-
cal prognostic factors. The relative impact of other genomic
alterations on resistance and patient outcomes also remains
to be elucidated in standardized clinical cohorts.

Here, we applied a combination of whole-exome and/or
deep targeted sequencing to perform an opportunistic explora-
tory analysis of plasma-derived cell-free DNA (cfDNA) sam-
ples from 202 patients with first-line mCRPC enrolled in a
randomized phase II trial of abiraterone versus enzalutamide
(NCT02125357). We propose new genomic drivers of resist-
ance to AR-directed therapy and show that cfDNA sequenc-
ing provides a practical means for assaying these potential
treatment-guiding biomarkers.

< —R American Association for Cancer Research

RESULTS

Enzalutamide Elicits Superior PSA Responses
but No Difference in Progression-Free Survival

Two hundred two patients with treatment-naive mCRPC
were randomized to abiraterone plus prednisone (n = 101) or
enzalutamide (» = 101) between November 2014 and October
2016 (Fig. 1A; Supplementary Table S1). Median follow-up
at time of analysis was 12.9 months (range, 0-32.1 months).
Baseline characteristics were similar between arms, except
for age (Table 1). Time to progression [TTP; first of con-
firmed prostate-specific antigen (PSA) progression, clinical
or radiologic progression, or death from disease] did not dif-
fer between arms (median 7.5 vs. 7.5 months, HR = 0.82 for
enzalutamide; 95% CI, 0.58-1.16, P = 0.27, univariate; Fig. 1B).
However, enzalutamide achieved greater PSA responses than
abiraterone, including a higher proportion of patients with
PSA decline > 50% from baseline within 12 weeks (75% vs. 54%,
P=0.004, Fisher exact test), and a lower proportion of patients
with rising PSA as best response within the first 12 weeks of
therapy (9% vs. 20%, P = 0.046, Fisher exact test; Fig. 1C).

ctDNA Fraction Is Associated with Tumor
Burden and Clinical Outcomes

The majority of patients with mCRPC studied to date
have plasma ctDNA fractions (ctDNA%, the proportion of
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Figure 1. Time to progression on enzalutamide or abiraterone therapy and relationship with baseline ctDNA fraction. A, Study design and clinical endpoints.
Number of patients and their status at three time points is shown for each arm. B, Kaplan-Meier estimate of progression-free survival in the abiraterone and
enzalutamide arms. Univariate Cox proportional hazard regression is shown in the top right corner. C, Best PSA decline during first 12 weeks of therapy. Com-
plete lack of PSA response was more common in the abiraterone arm. D, Estimated ctDNA% (gray bars) in the 115 cfDNA samples with detectable ctDNA based
on somatic mutations (dots). E, Allele fractions of somatic mutations (black dots) detected in the 65 cfDNA samples subjected to whole-exome sequencing.
Kernel density estimates of the allele fractions are shown in gray. Patients are sorted by ctDNA% (estimated from the 72-gene panel). Red lines indicate
expected allele fractions of somatic mutations with and without somatic LOH. F, Fractions of patients with ctDNA > 30% and ctDNA between 2% and 30%, in
various clinical subgroups. Note that the “lymph node only” subgroup of metastatic pattern excludes patients with metastases to any “other” site (e.g., bladder
base, skin). G, Kaplan-Meier survival curves for patients stratified into three groups based on ctDNA%. Result of multivariate Cox proportional hazards regression
is shown in the top right corner. ABI, abiraterone; ALP, alkaline phosphatase; ECOG, Eastern Cooperative Oncology Group; ENZ, enzalutamide; HR, hazard ratio;
LDH, lactate dehydrogenase; LN, lymph node; LOH, loss of heterozygosity; MAF, mutant allele fraction; PCWG3, Prostate Cancer Clinical Trials Working Group 3;
ULN, upper limit of normal; WBC, white blood cell; WXS, whole-exome sequencing.
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Table 1. Patient characteristics at baseline

All (n=202) ABlarm (n=101) ENZ arm (n=101) Pvalue
Age 75.3(49.3-94.1) 72.9(51.3-93.3) 77.6(49.3-94.1) 0.025
PSA (ng/mL) 36.1(1.7-2817) 35.0(2.2-2817) 37.0(1.7-1060) 0.286
ALP (ULN) 0.81(0.29-47.8) 0.82(0.29-12.5) 0.75(0.30-47.8) 0.771
LDH (ULN) 0.79(0.31-12.9) 0.79(0.37-4.0) 0.80(0.31-12.9) 0332
Hemoglobin (g/L) 130 (89-165) 130 (89-155) 130 (89-165) 0.988
ECOG PS 0-1 168 (83.2%) 89(88.1%) 79(78.2%) 0.090
Bone metastases 169 (83.7%) 86 (85.1%) 83(82.2%) 0.704
Lung metastases 15(7.4%) 7(6.9%) 8(7.9%) 1.000
Liver metastases 12(5.9%) 5(5.0%) 7(6.9%) 0.767
cfDNA (ng/mL plasma) 13.0(1.5-3871) 12.4(1.5-258) 13.3(1.5-3871) 0.424
CtDNA >2% 115 (56.9%) 56 (55.4%) 59 (58.4%) 0.839

NOTE: Alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) levels are reported relative to upper limit of normal (ULN).
Abbreviations: ABI, abiraterone; ECOG PS, Eastern Cooperative Oncology Group performance status; ENZ, enzalutamide; PSA, prostate-specific

antigen.

tumor-derived cfDNA) above 2% (3, 5, 6, 10, 11). cfDNA
sequencing involves a tradeoff between cost, genome cov-
erage, and sensitivity to low ctDNA%. We used a targeted
sequencing strategy capturing all exons of 72 mCRPC driver
genes (Supplementary Table S2). We have previously dem-
onstrated that this approach identifies over 90% of somatic
mutations present in matched metastatic tissue in patients
with ¢tDNA > 2% (11). Consistent with this result, tumor
DNA spike-in experiments suggested greater than 90% sen-
sitivity for somatic variants with an allele fraction above
3.5% (Supplementary Fig. S1). Copy-number changes were
detected at ctDNA fractions above ~30%, although exact sen-
sitivity varied depending on the nature of the alteration (e.g.,
monoallelic versus biallelic deletion; Supplementary Fig. S2).

Baseline cfDNA samples from 201 patients (one sam-
ple failed cfDNA extraction) were sequenced to a median
depth of 688x (Supplementary Figs. S3-S4). ctDNA fraction
was quantifiable in 115 of 201 (57%) cfDNA samples based
on the presence of detectable somatic mutations (Fig. 1D;
Supplementary Table S3). Two additional patients had AR
amplifications but no somatic mutations above our detection
threshold (Supplementary Fig. SS). Estimated ctDNA% in
the 115 patients ranged between 2% and 89% (median 17%).
The highest ctDNA% (89%) was observed in patient 030, sup-
ported by two somatic mutations with loss of heterozygosity
(LOH; Supplementary Table S3). The sample yielded 175 ng
cfDNA/mL plasma, 13-fold more than the cohort median.

To confirm estimated ctDNA fractions, 65 baseline cfDNA
and germline pairs were subjected to whole-exome sequenc-
ing at a median depth of 163X (Supplementary Fig. S6 and
Supplementary Table S1). All somatic mutations detected
with the 72-gene panel were confirmed by exome sequencing,
and allele fractions were highly concordant (R? = 0.90; Sup-
plementary Fig. S7). Allele fractions of somatic mutations
outside the 72-gene panel were also consistent with estimated
ctDNA% (Fig. 1E).

Leveraging the approximate ctDNA fraction where single
copy-number changes in individual genes are detected, we sub-
divided patients into three classes: high ctDNA (30%-100%),
low ctDNA (2%-30%), and undetectable ctDNA (<2%). High
ctDNA fraction was associated with clinical markers of tcumor
burden, including higher plasma concentrations of cfDNA,
PSA, lactate dehydrogenase (LDH), and alkaline phosphatase
(ALP; Fig. 1F; Supplementary Fig. S8). Importantly, ccDNA%
> 30% was strongly related to poor therapy response even
after adjustment for clinical prognostic factors, suggesting
that ctDNA% reflects aspects of tumor biology or disease
volume that are not captured by typical clinical parameters
(Fig. 1G; Table 2).

ctDNA Recapitulates the Somatic
Landscape of mCRPC

A total of 457 somatic mutations (54% protein altering)
were detected in the 115 samples with ctDNA above our
detection threshold (Fig. 2; Supplementary Table S4). The
most commonly mutated genes were TP53 (56% of patients),
AR (11%), FOXAI (10%), APC (10%), PTEN (10%), and SPOP
(10%), in accordance with tissue-based CRPC studies (Sup-
plementary Fig. S9; ref. 12). Although copy-number calling
is challenging in patients with low ctDNA% (3, 10), the copy-
number landscape in patients with ccDNA% > 30% was charac-
teristic of mCRPC (13), including recurrent loss of the tumor
suppressors TPS53, RBI, and PTEN and amplification of the
oncogenes MYC and AR (Fig. S2). Copy-number calls in
mCRPC driver genes were concordant between the 72-gene
panel and exome sequencing (Supplementary Fig. S7). Several
genomic rearrangements affecting TP53, PTEN, FOXA1, APC,
as well as ETS family genes were identified (Fig. 2; Supple-
mentary Table S5), despite our exon-limited approach. Two
patients exhibited an exceptionally high mutational burden
in targeted sequencing (Fig. 2). Patient 098 (37.9 mutations/
Mb) harbored biallelic somatic loss of mismatch repair genes
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Table 2. Clinical and laboratory attributes and their association with time to progression and overall survival
Time to progression Overall survival
Clinical No. Median Median
marker Subgroup patients  (months) HR(95% Cl) Pvalue (months) HR(95% Cl) Pvalue
ctDNA% 30-100 42 29 3.56(2.28-5.57) <0.001 101 12.92(5.68-29.42) <0.001
2-30 73 7.5 1.54(1.02-2.33) 0.040 20.1 4.38(1.86-10.32) <0.001
2-100 115 54 2.05(1.42-2.96) <0.001 16.8 7.51 (3.41-16.57) <0.001
Unquantifiable 86 12.0 Ref Ref NR Ref Ref
PSA >40 93 6.4 1.50(1.06-2.13) 0.022 16.7 3.87(2.18-6.87) <0.001
<40 109 9.3 Ref Ref NR Ref Ref
Hemoglobin <130 96 6.3 1.52(1.08-2.16) 0.017 20.2 1.66(0.99-2.78) 0.053
>130 106 9.3 Ref Ref NR Ref Ref
LDH >1 xULN 40 2.8 2.83(1.90-4.20) <0.001 111 4.86(2.87-8.22) <0.001
<1xULN 156 9.3 Ref Ref 25.0 Ref Ref
ALP >1 x ULN 69 4.7 1.95(1.36-2.79) <0.001 15.8 4.31(2.53-7.35) <0.001
<1 xULN 132 94 Ref Ref NR Ref Ref
Mets Liver or lung 22 27 2.62(1.58-4.36) <0.001 9.5 5.28(2.84-9.83) <0.001
Liver 12 2.1 381(2.02-7.20)  <0.001 95 7.05(3.30-15.07)  <0.001
Lung 15 2.8 2.40(1.31-4.39) 0.004 9.3 4.90(2.35-10.18) <0.001
No visceral 175 83 Ref Ref 25.0 Ref Ref
ECOGPS 2 34 5.7 1.44(0.92-2.25) 0.106 12.2 3.22(1.85-5.60) <0.001
0-1 168 8.0 Ref Ref 25.0 Ref Ref
Age >75 years 102 8.3 0.76(0.54-1.08) 0.121 20.6 1.14(0.68-1.90) 0.618
<75 years 100 6.5 Ref Ref NR Ref Ref

NOTE: Hazard ratios and P values were calculated using univariate Cox proportional hazards models, comparing each subgroup to its corresponding

reference subgroup (labeled as “Ref").

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; NR, not reached.

MSH?2 and MSH6, plus a frameshift in MLHI. Whole-exome
sequencing confirmed the high somatic mutation rate, and
both panels showed a mutation signature consistent with
mismatch repair deficiency (Supplementary Fig. S10). Patient
163 (16.8 mutations/Mb) carried a somatic MSH2 frameshift,
but low ctDNA% precluded LOH assessment. Both patients
carried an AR H875Y mutation and no AR amplification
(Fig. 2). Monoallelic deletion of mismatch repair genes was
not associated with elevated mutation rates (Supplementary
Fig. S10).

Specific Classes of Genomic Alteration
Are Independently Associated with Poor
Clinical Outcomes

To explore the interaction between common genomic
alterations and clinical outcomes, we first catalogued del-
eterious alterations in major prostate cancer driver genes
and pathways covered by our panel (Fig. 3A; Supplemen-
tary Table S6). The majority (67%) of patients with ctDNA
above 2% had defects in two or more of these pathways
(Supplementary Fig. S11). We observed established pat-
terns of mutual exclusivity between molecular subtypes
(e.g., TP53 defects vs. SPOP missense mutations; P = 0.008,
Fisher exact test). In univariate analysis of each alteration
class, hazard ratios for TTP ranged between 1.00 and 6.14

(Table 3). We did not observe evidence for differential
efficacy between abiraterone and enzalutamide within any
genomic or clinical subgroup (Supplementary Fig. S12).
Therefore, we merged the trial arms and performed a
multivariate analysis for each individual gene or pathway,
incorporating both clinical prognostic factors and pres-
ence of ctDNA as covariates. In this multivariate model,
only deleterious alterations in homologous recombination
repair genes (BRCA2 or ATM) and TPS3 remained sig-
nificantly associated with shorter TTP (Table 3; Fig. 3A-D;
Supplementary Table S6).

The strongest prognostic association was observed for
the 14 patients with truncating germline or somatic muta-
tions in homologous recombination repair genes BRCA2
or ATM (no truncating changes were detected in BRCAI,
PALB2, or FANCA in the germline or somatic genomes).
A remarkable 9 of 14 progressed before 12 weeks, sug-
gesting a link with primary resistance (Fig. 3B; Supple-
mentary Table S7). Four patients with germline mutations
did not have ctDNA above our detection thresholds, but
8 of the remaining 10 patients with either germline or
somatic BRCA2/ATM mutations had detectable LOH in
ctDNA (Supplementary Fig. S13). The exceptions were
two patients where LOH assessment was precluded due to
low ctDNA fraction or somatic mutation subclonality

448 | CANCER DISCOVERY APRIL 2018

www.aacrjournals.org

220z 1snbny 2z uo 1senb Aq ypd viy/€L9Zv62/vyIv/8/pd-aiome/Aienoosipieoues/Bio-sieuinolioee)/:dny woly pepeojumoq



ctDNA and Resistance to AR-Targeted Therapy

RESEARCH ARTICLE

100+
80
60
40+
20

ctDNA%

S OGO e 0 O I T~ TINES IO PN IO I PINOIOIO00 T~ IO B OO — (OO EO S OB ONUDDBOT O ST
BB B TR N BRI NS BB OO S BB PO BB~ SOV RSBSOS HRCNBEBRSIONONTD

20+ ~ ST

i
Hypermutator
15+

10

51 % of Patients
0 with alteration

QL I OO DO - EO0I— (IO — IO < TP COILIOAD I~ PN < OO I I~ DO < DI OIS < NI — OO DI~ 0T — DNIDDOY O+ NN
BN R S S D N B o B N SO T BN B 0 GO D SN BBNGNBABN SO OB Y~ CRUBOBSN S bpom IS S swosasnecanssssNnronse () 10 20 30 40 50

w7 4CN EI°H EENCCEET NENEEEE B N B0 NONNENCHN "NNNNNNNNEES E SN N PEREE N 1
[ [ [] 1
< H875Y T " " L1 ] []
Other LBD ] ] ]
S e - e UG O DD I oI O I SOOI O OOy F NG OO OO0 OO O N
B B R BT N B o B B Y B B B DT D BN BB SO BB O R A B oS PR SN BBRRIRN ST
B R A e A e e S e S AR ML e SR SR S S O SEERL
TP53 % &k lllll il LU0 CRIL L] m || [ ] [ ] LI L B lll LI LT [N [1] [ ] 1
RB1
MDM2 [}
CDKN2A | |
|

COKN1B I ) | ' -

mMYCEENER BE BN
CCND1

¥
Hypermutator

Silent
Protein altering

Somatic mutations

Cell cycle

BRCA2 [ [] 1 ] []

o
3
z
=
-
I —
|

id
m|
S
>
-
-
-
-
-
-
-
-
-
-
-
-
-
u

«~ KMT2C ] '
\o&@e KMT2D i X
SRS CHD1 | || ]
< kowmeall B L] N
5 SPOP ]
[ ivcal B | B |
o ZFHX3 | & [ ' ] 1
o o (000 DI (D < T~ LI eI DB I OO0 DN DA< S OO I~ (O — IDONOT O T NNOT

POVODIONOD e
B B BN N B NS N S PNF BAIN G 5 BB SN OIS BBNNEACN SO OB Y GO BN B OGO FON OGS FHBOUBBBGSNON ONTO
OSSP EST oo SS33— SO OO OO OO O SO OO OO0 O P SOOT e O OO0 O OO~ BOOB:

Gain [l Gain (log ratio > 0.6) M Deletion (log ratio <-1.0)
Truncating ® Rearrangement ® Germline truncating

Deletion
= Missense or in-frame indel

Figure 2. Genomic landscape of treatment-naive mCRPC from targeted plasma cfDNA sequencing. Matrix of genomic alterations identified from
cfDNA sequencing in the 115 patients with ctDNA above 2%. Patients are sorted by ctDNA% (top). Genes are grouped by pathway (34 genes shown). The
number of detected somatic mutations is shown for each sample. Frequency of mutations and rearrangements in each gene is provided on the right. Two
patients labeled as “hypermutator” exhibited evidence of mismatch-repair deficiency (see Supplementary Fig. S10).

(Supplementary Fig. S13). Importantly, we did not observe
a significant association between detection of monoallelic
BRCA2/ATM deletions (in the absence of truncating muta-
tions) and shorter TTP in multivariate analysis (Table 3;
Supplementary Table S6; Supplementary Fig. S13). This
suggests that the independent prognostic association was
confined to detection of a truncating mutation (note that
we did not observe any biallelic BRCA2/ATM deletions in
our cohort). There were only two patients with mismatch-
repair gene mutations; however, we note that they also
responded poorly to AR-targeted therapy: Patient 098 had
no PSA response to abiraterone and patient 163 progressed
on enzalutamide after 5.6 months.

Deleterious mutations, rearrangements, and deletions
in TPS3 were identified in 65 of 115 (57%) patients with
ctDNA above our detection threshold. Interestingly, 19
of 65 patients harbored two or more detectable defects
in TP53 and these patients exhibited even shorter TTP
than patients with a single detectable defect (median 2.7
vs. 3.7 months, HR = 2.19; 95% CI, 1.18-4.08, P = 0.013,

univariate; Fig. 3C; Table 3; Supplementary Table S6). Simi-
lar to BRCA2/ATM truncating mutations, somatic TPS53
defects were common in patients exhibiting primary resist-
ance (Table 3; Supplementary Table S7). Indeed, among
patients with ctDNA above our detection threshold who
progressed prior to 12 weeks, 29 (81%) carried a somatic
TP53 mutation or deletion, and all but one of the remain-
ing 7 patients had ctDNA% < 30% such that the presence
of TPS3 deletions could not be ruled out. The detection of
TPS53 alterations also demonstrated a strong association
with poor overall survival, independent of clinical prognostic
factors (Fig. 3D; Supplementary Table S8).

Importantly, although there was overlap between the sub-
sets of patients harboring BRCA2/ATM truncating mutations
and TP53 defects, when all genomic and clinical variables
were analyzed together in a single multivariate model, both
BRCA2/ATM and TPS3 defects remained strongly and inde-
pendently associated with patient outcomes (Supplemen-
tary Table S6). Similarly, the relationships between BRCA2/
ATM or TP53 defects and TTP were maintained even when
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Figure 3. Genomic alterations in ctDNA and response to AR-targeted therapy. A, Swimmers plot of TTP on abiraterone (red) or enzalutamide (blue)
showing matched PSA responses as well as major clinical and genomic factors for each patient. Arrowheads indicate right-censored TTP. Patients 120
and 199 were lost to follow-up immediately after study entry and are not shown. ctDNA% (estimated based on somatic mutations) is shown at bottom.
Asterisks on the right side of genomic factors indicate statistical significance in multivariate (black) and univariate (gray) Cox proportional hazards
regression (see Table 3). B, Kaplan-Meier plot of TTP in patients with and without homologous recombination repair (HRR) defects (defined here as trun-
cating mutations in BRCA2 or ATM), and patients without ctDNA above detection thresholds. Inset table shows multivariate analysis adjusting for clinical
prognostic factors and ctDNA detection (see also Supplementary Table S6). C, Kaplan-Meier plot of TTP in patients with and without TP53 defects, and
patients without ctDNA above detection thresholds. D, Kaplan-Meier plot of overall survival in patients with and without TP53 defects, and patients
without ctDNA above detection thresholds.
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Table 3. Individual genomic alterations and their association with TTP

Univariate Cox model Multivariate Cox model

Patientsin Median TTP % Patients with
Subgroup subgroup (months)  TTP<12weeks  HR(95% Cl) Pvalue HR (95% Cl) Pvalue
BRCA2/ATM truncating 14 1.8 69.2% 6.14(3.35- <0.001 5.27(2.79-9.95) <0.001
mutation 11.26)
BRCA2/ATM monoal- 22 29 455% 258(1.58-421) <0.001  1.44(0.82-253) 0.205
lelic deletion only
TP53 defect 66 33 48.4% 2.70(1.86-3.91) <0.001 1.96(1.23-3.11)  0.005
TP53 defect (two or 19 2.7 62.5% 5.65(3.14- <0.001  3.40(1.70-6.80)  <0.001
more) 10.17)
RB1 defect 37 3.6 41.7% 2.03(1.36-3.04) <0.001 1.39(0.96-2.01) 0.081
AR gain 67 5.1 37.5% 205(1.43-293) <0.001 121(0.77-1.91) 0.401
AR gain (CN>8) 31 2.7 51.7% 2.65(1.68-4.19) <0.001 1.48(0.85-2.58) 0.164
AR gain (CN<8) 36 6.3 25.7% 1.67(1.07-2.62) 0.025 1.08(0.63-1.85) 0.772
AR LBD mutation 14 6.2 7.1% 1.02(0.53-1.95) 0.95 0.82(0.40-1.68)  0.581
PI3K pathway defect 59 37 43.6% 2.45(1.71-3.51) <0.001 1.46(0.94-2.27)  0.095
WNT pathway defect 16 4.8 33.3% 1.29(0.71-2.34) 0.398 0.67(0.35-1.28)  0.225
SPOP mutation 12 7.3 8.3% 1.00(0.51-1.97) 1.00 0.43(0.21-0.89)  0.022
ctDNA > 2% 115 5.4 31.8% = = = —
All patients 202 7.5 23.7% — — — —

NOTE: In each comparison, the analyses compare alteration-positive patients to those where no alteration in the gene/pathway was detected. Each
genomic alteration is assessed individually in a multivariate model adjusting for significant clinical prognostic factors and the detection of ctDNA >2%
(Supplementary Table S6). A patient was considered alteration-positive for copy-number changes (e.g., AR gain), somatic rearrangements, and germline
homologous recombination repair defects even if the patient had no detectable somatic mutations to quantify ctDNA fraction.

restricting analyses to high-risk patient subgroups based on
clinical prognostic factors (Supplementary Fig. S14).

AR Amplification and Mutation Do Not
Preclude Therapy Response

AR copy-number gain was identified in 65 of 115 (57%)
baseline samples with ctDNA above detection thresholds
(Fig. 4A). Although AR gain did not remain significantly asso-
ciated with shorter TTP after adjustment for ctDNA presence
and clinical prognostic factors, the hazard ratio in univariate
analysis was 2.05 (95% CI, 1.43-2.93), similar to prior stud-
ies assessing AR gain (in isolation) as a potential prognostic
biomarker (Fig. 4B; Table 3; ref. 4). To determine whether
there was a differential association with clinical outcomes
depending on the degree of AR amplification, we calculated
the average number of AR copies in the ctDNA component of
each sample by adjusting AR coverage log ratios by estimated
ctDNA%. With this approach, the median number of AR cop-
ies in samples exhibiting gain was 7.1 (highest 56). Patients
with high AR gain (8+ copies) showed a trend for shorter TTP
than patients with low AR gain (Fig. 4B), but significance was
again not reached in multivariate analysis (Table 3). Consist-
ent with these observations, although general AR gain was
not more common in patients with TTP < 12 weeks (69% vs.
51% of patients with ctDNA > 2%, P = 0.13), high AR gain was
detected in 43% of patients with ctDNA > 2% who exhibited

primary resistance compared with only 18% of those who
responded to therapy for more than 12 weeks (P=0.01, Fisher
exact test).

Missense mutations in the AR ligand-binding domain
(LBD) were identified in 14 of 115 (12%) samples with ctDNA
above detection thresholds and were found predominantly in
patients without high AR gain (<8 copies; P = 0.033, Fisher
exact test; Fig. 4A). The most common mutation was H875Y
(nine patients). AR W742* mutations were detected in three
patients, all of whom had received prior bicalutamide. No
T878A or L702H mutations were detected at baseline. The
absence of L702H is reflective of a cohort largely unexposed
to supraphysiologic levels of corticosteroids. Patients with AR
LBD mutations did not display shorter TTP even in univari-
ate analysis (Table 3).

AR Gene Truncations in ctDNA Are Associated
with Primary Resistance

Truncated AR variants with intact N-terminal domain
and DNA binding domain (exons 1-3) can display ligand-
independent activity (14). Although truncation of the LBD
can occur through alternative splicing of cryptic exons (15),
AR genomic structural rearrangements (AR-GSR) can also
give rise to ligand-independent variants (16, 17). To assess
the relevance of AR-GSRs for first-line abiraterone or enzalu-
tamide response, we applied a sequencing approach designed
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to capture AR introns in 50 patient samples with high
ctDNA (median 43%, range, 12%-89%; Supplementary Fig.
$15). Nineteen of 50 (38%) patient samples showed evidence
for somatic AR-GSRs (Supplementary Figs. S16-S17; Sup-
plementary Tables S8-S9). AR-GSRs were more common in
samples with AR gain (46% vs. 9%, P = 0.050, Fisher exact
test). Patients with truncating AR-GSRs downstream of exon
3 were more likely to have rising PSA as best response to
therapy than patients with only non-LBD-truncating AR-
GSRs (4/8 vs. 0/11; P = 0.036, Fisher exact test). Of the five
patients with poorest PSA response to abiraterone/enzaluta-
mide therapy, four carried truncating AR-GSRs downstream
of exon 3 (Supplementary Fig. S16). Two more patients (126
and 168) with such AR-GSRs had rapid clinical progression
(death within 3.2 and 4.7 months, respectively) despite an
initial PSA response.

Only patient 058 carried an AR rearrangement in the
absence of AR amplification: an 11.4-kb intragenic deletion
from 23 bp downstream of exon 4 to within exon 7 (Fig. 4C).
The deletion was detected by both the 72-gene sequencing
panel and the AR panel. Using a PCR and Sanger sequencing
approach applied to cDNA from patient 058’s matched whole-
blood RNA sample, we identified a unique AR transcript
composed of exons 1 to 4, followed by 23 bp from the begin-
ning of intron 4, followed by the last 70 bp of exon 7 and full
exon 8 (Fig. 4C; Supplementary Fig. S16). The noncanonical
junction between exons 4 and 7 resulted in a frameshift and
premature stop codon 41 aa after the junction, truncating the
AR protein before the LBD. In accordance with the absence of
intact AR in his tumor cells, patient 058 displayed no response
to abiraterone (83% PSA increase during first month; Fig. 4C).

DISCUSSION

Enzalutamide and abiraterone were developed to over-
come reactivated AR signaling after clinical progression on
standard hormonal therapies (18-20). Consistent with their
strong activity in preclinical models of CRPC, we report that
in patients unexposed to prior therapy for their mCRPC,
enzalutamide and abiraterone elicit clinical responses in the
context of AR amplifications and LBD mutations (specifically
W742C and H875Y). Nevertheless, AR amplifications were
associated with shorter TTP in univariate analyses, with a haz-
ard ratio similar to thatidentified in a recent study leveraging
droplet digital PCR to examine plasma cfDNA AR amplifica-
tion status in first-line mCRPC (4). In our study, detection of
AR amplification lost its prognostic effect after adjustment
for routine prognostic clinical markers and ctDNA presence,
diminishing its potential as an independent biomarker in
first-line mCRPC. Pertinently, most of the poorest responders
with AR gains were patients with high AR copy number (>8).
This implies a dose effect for overcoming potent inhibition. A
recent patient-derived tumor xenograft study demonstrated
sequential ERK signaling inhibitor monotherapy selects for
a progressively higher BRAF copy number that enables resist-
ance (21). It is plausible that continuing evolution of AR copy
number in mCRPC during first-line therapy contributes to
cross-resistance between AR-targeted agents.

We detected diverse AR-GSRs, enriched in patients
with additional AR copies. Specific AR-GSRs resulting in

“hard-wired” ligand independence have been observed in
model systems, but only recently in patients (17,22). Although
a prior study of 30 patients with heavily pretreated mCRPC
suggested an association between detection of any AR-GSR
and poor clinical response to AR-targeted therapy (22), the
relevance for patients with treatment-naive mCRPC remained
unclear. In our study, only a subset of AR-GSRs appeared to
have the potential to truncate the LBD without compromis-
ing the DNA binding and transactivation domains critical
to AR protein function. Our data suggest that this AR-GSR
subset contributes to primary resistance to first-line AR-
targeted therapy in mCRPC. Previous studies have reported
associations between truncated AR splice variants, particu-
larly ARV7, and poor response to AR-targeted therapy (8, 9).
However, most ARV7-positive patients also express high levels
of full-length AR, and expression of ARV7 in first-line mCRPC
is rare and does not preclude response to AR-targeted therapy
(9, 23). Given the diversity of AR-GSRs, and the potential
impact of mRNA surveillance on their translation, it will be
important to accurately identify the subset of AR-GSRs that
genuinely lead to truncated AR proteins. We demonstrate
that a novel AR transcript was robustly detected in matched
whole blood from a patient with an LBD truncating AR-GSR.
This suggests that whole blood or circulating tumor cell AR
transcript profiling can help augment cfDNA screening for
identification of clinically relevant AR-GSRs. Future studies
are needed to assess the relative impact of ARV7 and AR-GSRs
on therapy response.

The association between homologous recombination repair
(HRR) defects and primary resistance to AR-targeted therapy is
consistent with reports of poor prognosis in this patient popu-
lation (24). In a previous retrospective study we demonstrated
a link between germline HRR defects and poor response to
AR-targeted therapies (10). The current study represents a pro-
spective validation and suggests that the association extends
to somatic mutations in BRCA2 and ATM. It is plausible that
the increased tumor heterogeneity and adaptability enabled by
a truncal DNA repair defect fosters the generation of clones
with de novo resistance. Patients with mCRPC with HRR defects
appear to benefit from treatment with PARP inhibitors or
platinum-based chemotherapy (25, 26). Importantly, truncat-
ing mutations in BRCA2/ATM exhibited somatic LOH in all
assessable cases, suggesting that accurate copy-number calling
(often impossible at low ctDNA%) may not be an absolute
requirement in guiding the use of these therapies. It should be
noted however that there is a potential bias from examining
only patients with a high tumor burden (i.e., those with high
ctDNA fraction). Nevertheless, as liquid biopsies are also show-
ing great promise in monitoring patients for reversion muta-
tions linked to PARP inhibitor resistance (27, 28), they are likely
to have broad clinical utility in patients with HRR-defective
tumors. Future studies must assess the degree to which defects
in other HRR genes (e.g., CDK12) are linked to poor outcomes
with AR-directed therapies, but will require larger cohorts.

p53 and PI3K pathway defects were associated with poor
response to AR-targeted therapy, with TPS53 defects retaining
significance in multivariate models. This is consistent with
data from experimental systems and human tissue studies
suggesting that defects in TP53 or PI3K reduce prostate can-
cer dependency on AR signaling (29-32). Complete TP53 loss,
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Figure 4. Effect of AR alterations on abiraterone/enzalutamide response. A, Bar plot showing estimated AR copy number (CN) in cancer cells
(left y-axis). Patients were divided into three groups: high AR gain (more than 8 copies), low AR gain (detectable gain but less than 8 copies), and
copy-neutral AR. AR mutations and their allele fractions are shown with green bars (right y-axis). TTP is shown at the top. Arrowheads indicate
right-censored TTP. ctDNA% is shown at the bottom. B, Kaplan-Meier curves showing progression-free survival of patients with strong AR gain,
weak AR gain, copy-neutral AR (but quantifiable ctDNA), and no quantifiable ctDNA. C, Example of somatic AR-GSR identified in patient 058. An
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and died soon after.
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in conjunction with RBI loss, contributes to lineage plasticity
and evolution toward an AR-negative state (31, 32). AR activ-
ity is reduced upon PTEN loss, and PI3K pathway activation
can compensate for AR inhibition (29). The detection of PI3K
defects in liquid biopsies offers opportunities for combin-
ing AR-targeted therapy with AKT/PI3K/mTOR inhibitors,
because recent phase II data suggest patients with PTEN loss
respond better to abiraterone plus AKT inhibition than abi-
raterone alone (33). Although our data do not propose that
patients harboring TPS53 defects should entirely avoid AR-
targeted therapy, we posit that the detection of a TP53 defect
has clinical utility: precipitating closer disease monitoring,
preparing the patient for rapid progression, and encouraging
the physician to ready future lines of therapy.

Our study reveals the relative impact of common genomic
alterations on patient response to the most widely used thera-
pies for advanced prostate cancer. Importantly, this work
was performed within the framework of a large randomized
phase II trial, leveraging minimally invasive liquid biopsies in
a patient population representative of clinical practice. Key
limitations include the exploratory nature of our analyses
(in the absence of a prospective analysis plan) and the fact
that we cannot put results in context of other prognostic
biomarkers such as ARV expression and CTC enumeration
(9, 34). Furthermore, only 115 patients had sufficient ctDNA
for genomic evaluation, which prevented us from assessing
the clinical relevance of differing combinations of genomic
alterations, and whether any specific combinations may be
associated with complete lack of benefit from abiraterone or
enzalutamide. Use of unique molecular identifiers and higher
sequencing depths in the future will increase the proportion
of patients with detectable ctDNA, but it is important to note
that low ctDNA fraction was associated with good prognosis.
Larger prospective randomized studies enrolling thousands
of patients are required to address these questions and to vali-
date potential predictive ctDNA biomarkers, but the results
described here provide a crucial foundation for their design.
Future studies must assess how these potential biomarkers
generalize to castration-sensitive disease.

METHODS
Study Design and Patients

Two hundred two patients with treatment-naive mCRPC who
were eligible for treatment with abiraterone and enzalutamide were
randomized 1:1 to a multicenter, phase II study of abiraterone and
prednisone versus enzalutamide, with crossover at PSA progression.
Approval for this study was granted by the University of British
Columbia Research Ethics Board (Number H14-00738). The study
was conducted in accordance with the Declaration of Helsinki, and
written informed consent was obtained from all participants prior
to enrollment. Patients received either abiraterone (1000 mg daily) +
prednisone (5 mg twice daily) or enzalutamide (160 mg daily). Treat-
ment continued until disease progression, death, or unacceptable
toxicity. For the present analysis, we evaluated the following clinical
endpoints with first-line therapy: PSA decline 2 50% (PSAS0) from
baseline, time to PSA progression with first-line therapy, and TTP
[defined as first of confirmed PSA progression (Prostate Cancer
Clinical Trials Working Group 3), clinical or radiologic progression,
or death from disease]. A prespecified secondary objective of this trial
was the identification of potential plasma-based biomarkers that are

associated with treatment efficacy and/or resistance among patients
with mCRPC receiving abiraterone acetate and enzalutamide.

Target Capture and Sequencing

A custom NimbleGen SeqCap EZ Choice target capture panel
was used to capture the coding regions of 72 genes (Supplementary
Table S2). For each sample, 10 to 100 ng of DNA was used for library
preparation. All germline DNA samples were sheared into 180-bp
fragments with a Covaris focused ultrasonicator. A-tailing, end-repair,
Ilumina-compatible adapter ligation and PCR amplification (between
12 and 17 cycles) was performed. Library quantification was carried
out with the NanoDrop spectrophotometer, and each library was run
on an ethidium bromide gel to confirm success. Up to 25 purified
sample libraries at a time were multiplexed to obtain single pools
with a combined mass of 1 pg, allowing a minimum 40 ng input for
each sample library. These pools were hybridized to the capture panel
for a minimum of 16 hours at 47°C. The subsequent wash, recovery,
and amplification of the captured regions were performed according
to the NimbleGen SeqCap EZ system protocols. Final libraries were
purified with Agencourt AMPure beads and quantitated using either
the KAPA qPCR kit, or the Qubit 2.0 Fluorometer (Life Technologies)
and Qubit dsDNA HS Assay Kit. Pools were diluted to 20 pmol/L and
were sequenced on Illumina MiSeq (V3 600 cycle kit) or HiSeq 2500
(V4 250 cycle kit) machines. Exome capture and sequencing was per-
formed using libraries previously prepared for targeted sequencing,
and following the identical protocols described above, utilizing the
Roche Nimblegen SeqCap EZ MedExome kit. Sequencing data have
been deposited to the European Genome-phenome Archive (EGA)
under accession EGAS00001003113 (as patients PC-001 to PC-202).

Sequence Alignment and Quality Control

Paired-end reads were aligned against the hg38 reference genome
using Bowtie-2.3.0 (35). Optical and PCR duplicates were removed
using samblaster 0.1.24 (36). Adapters were trimmed in paired mode
using cutadapt 1.11 (37). Low-quality read tails (smoothed baseq <30)
were trimmed using an in-house algorithm. Per-base read coverages in
target regions were counted using bedtools 2.25.0 (38). cfDNA/white
blood cell (WBC) sample pairings were verified based on SNP genotypes.

Analysis of Somatic Mutations

Somatic mutations were called in ¢fDNA samples by searching for
variants with an alternate allele fraction of at least 1% and at least
10 supporting reads. Additionally, the allele fraction was required to
be 25 times higher than the background error rate (i.e., the average
allele fraction across all WBC samples), and 3 times higher than the
allele fraction in the paired WBC sample. The paired WBC sample
was required to have at least 20 reads covering the site. Protein-level
consequences of variants were predicted using ANNOVAR (39).

Analysis of Germline Variants

Germline variants were called in WBC samples by searching for
variants with an alternate allele fraction of at least 15% and at least
S supporting reads. Germline variants with a population allele fre-
quency of 0.5% or higher in the KAVIAR or ExAC databases were
ignored. Protein-level consequences of variants were predicted using
ANNOVAR (39).

Estimation of ctDNA Fraction

ctDNA fractions (ctDNA%) were estimated based on the allele
fractions of autosomal somatic mutations. We first observed that
the mutant allele fraction (MAF) in diploid chromosomes is high-
est when the mutation is combined with LOH (somatic mutations
in genes with a detectable amplification were ignored in ctDNA%
estimation). In this situation, the MAF and ctDNA% are related as
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MAF = (ctDNA x 1)/[(1 — ctDNA) X 2 + ctDNA x 1], and so ctDNA =
2/(1/MAF + 1). Because deletions and LOH are not detectable from low
ctDNA fractions, we conservatively assumed that all mutations could
have associated LOH. To deal with stochastic variation in observed
mutant allele read counts, we modeled the mutant read count as arising
from a binomial distribution, and conservatively calculated what the true
MAF would be if the highest observed MAF was a 95% quantile outlier.

Copy-Number Calling

Reads were counted in all capture regions using bedtools 2.25.0
(38). Coverage log ratios were calculated against a median reference
derived from all WBC samples. Guanine-cytosine (GC) fraction was
calculated for all target regions, and Loess regression was applied to
bait log ratios to correct for GC content bias. After GC bias correc-
tion, read counts were corrected for residual differences in overall
coverage using median-of-ratios normalization.

Because hemizygous copy-number changes are associated with a
loss of one allele at heterozygous bases, we used WBC samples to find
all heterozygous germline SNPs in captured regions, and then calcu-
lated the allele fractions of those SNPs in the corresponding cfDNA
samples. We then calculated a median divergence from heterozygosity,
defined as median [abs(AF — 0.5)], for each gene and cfDNA sample.

A deletion was called for a gene when coverage log ratio <—0.1 and
MATF 2 0.6, or regardless of MAF if coverage log ratio < —0.3. A gain
was called for a gene when coverage log ratio > 0.1 and MAF > 0.6,
or regardless of MAF if log ratio > 0.3. These conservative thresholds
were determined empirically by studying a plot of coverage log ratios
and heterozygous SNP allele fractions in samples with and without
detectable ctDNA (Supplementary Fig. S14).

ctDNA fraction-corrected absolute AR copy numbers were esti-
mated using the formula C,,, = (2! — 1)/F + 1, where C,, is the abso-
lute copy number, L is the read coverage log ratio inside the gene, and
F is the ctDNA fraction. cfDNA samples showing evidence for AR
gain were dichotomized into low and high AR gain subgroups, using
eight absolute AR copies (the median) as the threshold.

Analysis of Somatic Genomic Rearrangements

Unaligned reads from each sample were split into two 30-bp anchors
(from the 5" and 3’ ends of the read) and aligned to the hg38 genome.
Discordant anchor pairs were grouped by position and breakpoint
signature. Duplicate reads arising from the same original cfDNA frag-
ment (or from PCR/optical duplicates of the same original cfDNA
fragment) were discarded based on read IDs and read start positions.
Rearrangement candidates supported by three or more unique cfDNA
fragments were manually curated using IGV and BLAT.

Identification of Truncated AR Transcripts
from Whole Blood

All patients were subjected to a peripheral blood (2.5 mL) collec-
tion in a PAXgene RNA tube, matched to the time of baseline plasma
cfDNA collection. This system has previously been used for the discov-
ery of whole-blood RNA gene expression profiles that correlate with
mCRPC prognoses, as well as for determining presence or absence
of the truncated AR splice variant ARV7 (40-42). Tubes were stored
at —80°C. We thawed blood overnight and extracted RNA using the
PAXgene blood RNA kit. Reverse transcription was performed with
the SuperScript I enzyme using 10 pL of total RNA. We used a stand-
ard PCR and Sanger sequencing approach with primers designed
flanking the rearrangement.

Statistical Framework for Survival Analysis

For each clinical and genomic variable, hazard ratios and P val-
ues were calculated using Cox proportional hazards models, as
implemented in the “survival” package (version 2.41.3) for the R

programming language (version 3.4.0). We assessed the independ-
ent biomarker potential of each genomic alteration by constructing
multivariate Cox proportional hazards models assessing each indi-
vidual alteration (positive vs. negative) together with baseline ctDNA%
(dichotomized at 2%), baseline LDH [dichotomized at upper limit
of normal (ULN)], baseline ALP (dichotomized at ULN), presence
of visceral metastases, baseline PSA (dichotomized at 40 ng/mL),
hemoglobin (dichotomized at 130 g/L), and high Eastern Cooperative
Oncology Group performance status (2 vs. 0-1) as binary covariates.
Patients’ age (dichotomized at 75 years) was excluded from multi-
variate models as it did not reach significance in univariate analysis
(Table 2). Additionally, to test whether the prognostic effect of a given
genomic alteration was independent of all other detected alterations,
we constructed a single multivariate Cox proportional hazards model
including all genomic variables together with the clinical prognostic
factors described above. The statistical framework is illustrated in
Supplementary Fig. S18.
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