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Abstract

Purpose: Although novel agents targeting the androgen–
androgen receptor (AR) axis have altered the treatment paradigm
ofmetastatic castration-resistant prostate cancer (mCRPC), devel-
opment of therapeutic resistance is inevitable. In this study, we
examined whether AR gene aberrations detectable in circulating
cell-free DNA (cfDNA) are associated with resistance to abirater-
one acetate and enzalutamide in mCRPC patients.

Experimental Design: Plasma was collected from 62 mCRPC
patients ceasing abiraterone acetate (n ¼ 29), enzalutamide
(n ¼ 19), or other agents (n ¼ 14) due to disease progression.
DNA was extracted and subjected to array comparative genomic
hybridization (aCGH) for chromosome copy number analysis,
and Roche 454 targeted next-generation sequencing of exon 8
in the AR.

Results: On aCGH, AR amplification was significantly more
common in patients progressing on enzalutamide than on abir-

aterone or other agents (53% vs. 17% vs. 21%, P ¼ 0.02, c2).
Missense AR exon 8 mutations were detected in 11 of 62 patients
(18%), including the first reported case of an F876L mutation in
an enzalutamide-resistant patient and H874Y and T877A muta-
tions in 7 abiraterone-resistant patients. In patients switched onto
enzalutamide after cfDNA collection (n ¼ 39), an AR gene
aberration (copy number increase and/or an exon 8 mutation)
in pretreatment cfDNA was associated with adverse outcomes,
including lower rates of PSA decline � 30% (P ¼ 0.013, c2) and
shorter time to radiographic/clinical progression (P¼ 0.010, Cox
proportional hazards regression).

Conclusions:ARgene aberrations in cfDNAare associatedwith
resistance to enzalutamide and abiraterone in mCRPC. Our data
illustrate that genomic analysis of cfDNA is a minimally invasive
method for interrogatingmechanisms of therapeutic resistance in
mCRPC. Clin Cancer Res; 21(10); 2315–24. �2015 AACR.

Introduction
Persistent activation of the androgen–androgen receptor (AR)

axis underlies resistance to androgen deprivation therapy and
progression to metastatic castration-resistant prostate cancer
(mCRPC; ref. 1). This knowledge has underpinned the develop-
ment of novel agents targeting the androgen–AR axis, including
abiraterone acetate and enzalutamide. Both agents have proven
clinical efficacy inmCRPC (2–5); however, disease progression on
treatment is inevitable and poses a major clinical challenge.
Although incompletely understood, resistance to abiraterone and
enzalutamide has been attributed to a variety of mechanisms,
including reactivation of the androgen–AR axis via AR gene
aberrations such as AR amplification and AR exon 8 mutations
(6–10). A key barrier to better understanding mechanisms of
treatment resistance in mCRPC is the difficulty of obtaining
biopsies from bone and deep intra-abdominal lymph nodes, the
commonest sites of metastatic disease. Therefore, developing less
invasive means of sampling tumor material is essential for inves-
tigating therapeutic resistance in mCRPC.

In recent years, circulating cell-free DNA (cfDNA) has emerged
as a promising andminimally invasive biomarker for profiling the
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tumor genome (11). An estimated 3% of tumor DNA is released
into the blood daily, most likely originating from apoptosis and
necrosis of cancer cells (12). Elevated levels of cfDNA have been
described in patients with malignancies, including prostate can-
cer, being four to six times that of healthy controls (12). Impor-
tantly, studies using targeted and whole-genome approaches in
metastatic prostate cancer patients have identified somatic geno-
mic alterations in cfDNA, including amplification (13) andmuta-
tions (7, 8). However, the utility of cfDNA for interrogating
resistance mechanisms in mCRPC remains uncertain.

We hypothesized that AR gene aberrations, including amplifi-
cation and mutations in the ligand-binding domain (LBD), are
detectable in cfDNA and would be associated with resistance to
novel therapies targeting the androgen–AR axis. Using plasma
samples collected from mCRPC patients progressing on systemic
therapy, including abiraterone and enzalutamide, the aim of this
study was to elucidate possible mechanisms of treatment resis-
tance through chromosome copy number analysis and AR exon 8
sequencing of cfDNA.

Materials and Methods
Patient cohort

Sixty-two patients with mCRPC were recruited at the British
ColumbiaCancer Agency (BCCA) - Vancouver Centre, Vancouver,
Canada between August 2013 andMarch 2014. End-of-treatment
samples were collected from patients with evidence of biochem-
ical or radiologic progression (as defined by Prostate Cancer
Working Group 2 criteria; ref. 14) or clinical progression [defined
as worsening disease-related symptoms necessitating a change in
anticancer therapy and/or deterioration in Eastern Cooperative
Group Performance Status (ECOG PS) � 2 levels; ref. 15] on
systemic therapy for mCRPC. Thirty-nine of 62 (63%) patients
were switched onto enzalutamide after collection of cfDNA.
Clinicopathological characteristics, including prior and subse-
quent therapies, were recorded for each patient. The University
of British Columbia (Vancouver, British Columbia, Canada)
Research Ethics Board approved this study and all patients pro-
vided informed written consent.

Collection and processing of peripheral blood samples
Four EDTA tubes (6mLeach)ofwhole bloodwere collected per

patient. Within 1 to 2 hours of collection, 150 mL of 10% buffered
formalin was added to each tube. Plasma was removed after
centrifugation at 1,600 rpm at 4�C (2 � 10 minutes) and stored
in 1-mL aliquots at �80�C.

DNA extraction and quantification
cfDNA extraction, amplification, sequencing, and analyses

were performed at the Vancouver Prostate Centre by investigators
who did not have access to clinical data and were blinded to
patient outcome on therapy. DNAwas isolated from plasma with
the Qiagen Circulating Nucleic Acids Kit (Cat No 55114), using 6
mL of plasma per patient as permanufacturer's instructions. DNA
quantification was performed on a Qubit 2.0 Fluorometer (Life
Technologies) using Qubit dsDNA HS Assay Kit according to the
manufacturer's instructions.

Array comparative genomic hybridization of cfDNA
Plasma DNA was amplified with the Sigma WGA2 kit (Cat No

WGA2-10rxn orWGA2-50rxn) as permanufacturer's instructions.
Up to 50 ng of sample DNA was amplified with an equal amount
of normal reference DNA amplified concurrently. Following
quantification by the NanoDrop Spectrophotometer, 2.5 mg of
WGA DNAwas used as input for labeling for CGH (to control for
WGA2-related artifacts). Samples and reference were labeled
using the NimbleGen method, which uses Cyanine dye labeled
random nonamers (Cy5 for samples and Cy3 for reference) and
Klenow 30-50exo-to enzymatically label and amplify the DNA.
Labeled samples were purified by isopropanol precipitation, and
quantified by the NanoDrop spectrophotometer. Equal amounts
(5 mg) of Cy5-sample and Cy3-reference were applied to Agilent
CGHmicroarrays (Agilent SurePrintG3HumanCatalogCGH8�
60 K, Design ID 021924), hybridized overnight at 65�C, washed,
scannedwith theAgilentDNAMicroarray Scanner, andquantified
with Agilent Feature Extraction software. Comparative genomic
hybridization (CGH) data were visualized and analyzed using
Biodiscovery Nexus 7 software, which includes the GISTIC algo-
rithm. To account for dilution of tumor DNA with "normal"
circulating DNA, we relaxed the default thresholds for copy
number calls to 0.1 and �0.1 log2 (signal intensity of tumor vs.
reference) for gain and loss, respectively. A log2 ratio of >1.2 was
termed high-level gain (i.e., amplification). Raw array compara-
tive genomic hybridization (aCGH) data are available at Gene
Expression Omnibus accession number GSE61134 (16).

Androgen receptor exon 8 sequencing
PCR was used to amplify a fragment of the AR (encompassing

exon 8) using Q5 Hot Start High-Fidelity DNA Polymerase (NEB
M0493L) and the following primers, which contain the relevant
MID and fusion sequences necessary for the Roche 454 GS FLXþ
system, software version 2.9: Forward (50 to 30) CCA TCT CAT
CCC TGC GTG TCT CCG ACT CAG CGT GTC TCT ATC AAC CCT
GTT TTT CTC CCT CTT ATT; Reverse (50 to 30) CCT ATC CCC TGT
GTGCCT TGGCAG TCG AAA TAGGGT TTC CAA TGC TTC ACT.
The resulting 279 base-pair amplicons were run on an agarose gel
(1.5%) and imaged. Normalization and pooling of each ampli-
conwere accomplishedbyquantifying thefluorescence intensities
of each amplicon (from the gel) and adding the relative amount
(in mL) needed to reach highest intensity. The separate pools were

Translational Relevance

Analysis of circulating cell-freeDNA (cfDNA) is a promising
andminimally invasive approach for characterizing the tumor
genome in metastatic castration-resistant prostate cancer
(mCRPC). We performed chromosome copy number analysis
and androgen receptor (AR) exon 8 sequencing on cfDNA
extracted from plasma of 62 mCRPC patients progressing on
systemic therapy, including abiraterone acetate and enzaluta-
mide. Aberrations in the AR (copy number increase and/or
mutations) were observed in over half of our cohort, with AR
amplification being linked to enzalutamide resistance. In
patients who commenced enzalutamide following cfDNA
collection, detection of an AR gene aberration in pretreatment
cfDNA was significantly associated with lower PSA response
rates and shorter time to progression. Our data collectively
identify AR aberrations in cfDNA as biomarkers linked to
treatment resistance and illustrate the potential for cfDNA to
serve as a liquid biopsy in mCRPC patients.
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then subjected toAMPure (Agencourt A63881) clean-up to ensure
no primers or nucleotides were carried into downstream work-
flows. Each pool was processed through the Lib-L Roche 454
emulsion PCR protocol and subsequently sequenced using the
XLR70 sequencing kit as outlined by the manufacturer. For data
analysis, raw reads were mapped to the human genome (hg19)
using BWA and visualized using the Integrative Genomics Viewer
(IGV). Mutation frequency was quantified with SAMTOOLS. For
positive controls, we used three prostate cancer cell lines [LNCaP
(harbors T877A), 22rv1 (harbors H874Y), and LAPC4 (wild-type
AR)]). DNA was extracted directly from these cell lines and
processed through the same pipeline as patient samples (ampli-
fication, sequencing, mapping, and mutation calling). Matched
white blood cell (WBC)DNA served as negative controls.On three
random spots on the plate, we used blanks (water) to control for
contamination. Roche 454 technology is susceptible to specific
artifacts (typically adjacent to homopolymer runs) that tend to be
present in all sequence libraries. To filter these artifacts, we
excluded variant calls that were detected in more than 75% of
sequenced samples (this arbitrary filter could be varied signifi-
cantlywith the same end result), since no true somaticmutation is
likely to exist at such high recurrence. For mutation calling, we set
a threshold of 12 nonreference reads, which was three times the
maximum nonreference frequency (i.e., noise) observed in WBC
DNA samples. For samples with multiple mutations, we per-
formed an estimation of haplotype frequency through careful
manual curation of aligned reads in IGV. Reads that had >7
mismatches with reference sequence were considered uninforma-
tive andwere excluded. The remaining high confidence readswere
counted and used for frequency estimation. To validate the 454
results, we resequenced AR exon 8 amplicons on the Illumina
MiSeq platform. An additional PCRwas carried out to adapt these
amplicons to the Illumina MiSeq platform using the following
primers: Forward (50-30) TCG TCG GCA GCG TCA GAT GTG TAT
AAG AGA CAG CCA TCT CAT CCC TGC GTG TCT CCG AC and
Reverse (50-30) GTC TCG TGGGCTCGGAGA TGTGTA TAAGAG
ACA GCC TAT CCC CTG TGT GCC TTG GCA GTC (the overlap
with the 454 primers is shown in bold). After adding index
sequences to allow multiplexing of libraries and sequencing, the
resulting amplicons were purified by AMPure (twice) and quan-
tified via KAPA Library Quantification Kit (cat# KK4835). The
libraries were then normalized to 2 nmol/L. Sequencing, using a
500 cycle, 1M read kit (cat# MS-103-1003) was carried out as per
manufacturer's instructions.

Circulating tumor cell enumeration
Circulating tumor cell (CTC) enumeration was performed as

previously described (17). Seven and one-half milliliters of whole
bloodwas collected in evacuated blood tubes (CellSave; Janssen),
stored at room temperature for no more than 96 hours, and then
processed as per manufacturer's instructions on the CellSearch
System (Janssen). CTCs were defined as nucleated cells expressing
cytokeratin but not CD45.

Array comparative genomic hybridization of tumor biopsies
Approximately 50 cells were obtained fromeach biopsy sample

through laser microdissection. Five microliters of cell extraction
buffer was pipetted onto the tissue to dislodge cells and then
transferred to a PCR tube. The cells were amplified using the
Picoplex WGA kit (New England Biosciences) and the amplified

product was purified using the QIAquick PCR purification kit
(Qiagen). The DNA concentration was quantified using Nano-
drop and the quality of DNA was verified by gel electrophoresis.
Of note, 500 ng of amplified tumor sample was run on SurePrint
G3 human CGH 8 � 60 K arrays (Agilent Technologies) along
with commercially available reference DNA (Promega) according
tomanufacturer's protocol. Feature Extraction and Cytogenomics
software (Agilent Technologies) was used to analyze and detect
copy number aberrations. To compare the copy number profiles
of tumor biopsies and cfDNA, we calculated correlation coeffi-
cients for every possible pair. Because normality could not be
assumed, we then applied aWilcoxon rank-sum test to determine
whether matched pairs differed from nonmatched.

FISH of tumor biopsies
FISH was performed with AR (Xq12) and X chromosome

centromere probes. Fifty interphase cells were scored. Cutoff for
amplification: �2.0.

Human cancer cell lines
The LNCaP cell line was kindly provided by Dr. Leland W.K.

Chung (1992, MDACC, Houston TX) and tested and authenti-
cated by whole-genome and whole-transcriptome sequencing in
July 2009. 22Rv1 cells were originally obtained fromATCC (2008
and 1989, ATCC authentication by isoenzymes analysis). During
the course of our study, each cell line was also authenticated using
aCGH.

Statistical analysis
Frequency of copy number changes andARexon8mutations in

end-of-treatment samples were compared between patients pro-
gressing on abiraterone, enzalutamide, or other agents using c2

test. In patients switched onto enzalutamide after cfDNA collec-
tion, univariate analysis was performed to identify variables
associated with PSA response (c2 for categorical variables or
logistic regression for continuous variables) and clinical and/or
radiographic progression-free survival (PFS; Cox proportional-
hazards modeling). Multivariate analysis of PFS was performed
using factors that were significant (P < 0.05) on univariate
analysis.

Results
Patient cohort

Plasmawas collected from62mCRPCpatientswith evidence of
disease progression on abiraterone (n ¼ 29), enzalutamide (n ¼
19), or other systemic agents (n ¼ 14). A summary of patient
characteristics at collection of cfDNA is presented in Table 1.
Median time from diagnosis of CRPC to cfDNA collection was
28.3 months [interquartile range (IQR) range: 16.3–40.9].
Patients had been treated with amedian of three lines of systemic
therapy (range: 1–8) beyond LHRH antagonists/agonists. Mean
and median DNA concentration was 6.38 ng/mL and 1.47 ng/mL,
respectively (IQR range: 0.9–4.0).

AR gene amplification in cfDNA associated with treatment
resistance

We used aCGH to profile the genome copy number of all 62
cfDNA samples (Supplementary Table S1). Profiles were striking-
ly concordant with published prostate cancer datasets (Fig. 1A),
strongly implying sampling of tumor DNA (18). Over half of the
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cohort (34/62) exhibited at least one prostate cancer-associated
copy number variation including 8p loss (19/62, 31%), 8q gain
(27/62, 44%), AR gain/amplification (28/62, 45%; Fig. 1B), and
RB1 loss (18/62, 29%), all of which occurred at a frequency
expected in a CRPC cohort (18–20). Other copy number varia-
tions included copy number increase of CCND1, CCNE1, MYC,
and MET (Fig. 1C), which were present in 16% (10/62), 10%
(6/62), 39% (24/62), and 16% (10/62) of patients, respectively.

Although AR copy number gain is rarely present in hormone-
na€�ve primary disease, elevated AR gene copy levels in CRPC are a
common aberration linked to disease progression (21). Reassur-
ingly therefore, focal AR copy number increase in cfDNA was
highly significant byGISTIC analysis across the patient cohort (Q-
bound significance ¼ 3.36E-6; G-score ¼ 11.941). However, the
frequency of AR amplification was significantly higher in patients
progressing on enzalutamide than patients progressing on abir-
aterone or other agents (53% vs. 17% vs. 21%, P ¼ 0.02; c2;

Supplementary Table S2). This was in contrast with the frequency
of other prostate cancer-associated copy number changes (e.g., 8q
gain), which showed no significant difference between treatment
groups. Furthermore, median cfDNA concentration exhibited
only minimal variation between patients progressing on abirater-
one (1.64ng/mL; IQR1–3.46) and enzalutamide (1.77ng/mL; IQR
0.98–4.85). Although 16 of 19 patients progressing on enzalu-
tamide had previously received abiraterone, these data point to
AR amplification as a key mechanism of resistance to
enzalutamide.

To determine whether cfDNA data (generated inherently from
"dead" cells) are representative of actual metastases, we analyzed
matched metastatic tumor biopsies collected from 7 patients
enrolled on the SU2C/PCF/AACR West Coast Prostate Cancer
Dream Team study (WCDT). All 5 patients with AR amplification
in cfDNA had AR amplification detected by FISH on tumor tissue.
The remaining 2 patients had single copy gain of AR in cfDNA and
as expected, neither had AR amplification present on FISH. For 5
of these 7 patients, we performed additional copy number pro-
filing of tumor biopsies using aCGH. Notably, matched pairs
(cfDNA and biopsy from the same patient) were significantly
more correlated than nonmatched pairs (P ¼ 3.764e-05; Wil-
coxon rank-sum test) and AR status was completely concordant
across all 5 samples (Supplementary Fig. S1). Two patients, VC-
008 and VC-013, had CCND1 and MYC amplification, respec-
tively, in their cfDNA and both amplifications were detectable in
their matched tumor biopsy (Supplementary Fig. S1). A third
patient (VC-051) had CCNE1 amplification in cfDNA that was
not detectable in his biopsy (despite similar copy number profiles
overall), possibly reflecting tumor heterogeneity and highlighting
recognized sampling limitation of biopsies.

Deep sequencing reveals AR mutations in cfDNA
Mutations of the LBD of the AR can modulate ligand and

cofactor affinity, and result in gain-of-function through increased
sensitivity to other steroid ligands (e.g., progesterone, adrenal
androgens) or the conversion of direct inhibitors (e.g., bicalu-
tamide) into agonists (22). Although primary prostate tumors
seldom demonstrate AR mutations (7), they are found in 10% to
20% of patients with late-stage CRPC (19, 20), most commonly
in the LBD (22). Several of these mutations are localized to exon
8 in the AR, including H874Y, T877A, and F876L, which have
been linked to enzalutamide resistance in vitro and was detected
in cfDNA from 3 of 27 prostate cancer patients progressing on
the novel AR antagonist ARN-509 using PCR-based BEAMing
technology (8, 9). We hypothesized that mutations in exon 8 of
the AR may contribute to resistance in a subset of our patients
progressing on enzalutamide or abiraterone and would be
detectable in their cfDNA at progression. Given the low quantity
of cfDNA and the high "dilution" with normal circulating DNA,
we adopted a targeted approach using Roche 454 technology to
provide deep sequencing coverage (>10,000X) across the coding
region of AR exon 8 (52 codons). Unlike aCGH, DNA was not
amplified for the purposes of sequencing. Samples from 14 of 62
patients were not amenable to sequencing due to low DNA
quantity or concentration.

To ensure integrity of our sequencing data, several different
controls were used, including water blanks (which produced < 5
reads), seven matched WBC DNA samples (which had a maxi-
mum of four nonreference reads at any base), and three prostate

Table 1. Baseline characteristics at collection of cfDNA

Characteristic (n ¼ 62)

Age
Median (IQR) 72 (49–92)

Gleason score, n (%)
6–7 14 (23)
8–10 38 (61)
Unknown 10 (16)

Disease sites, n (%)
Bone 60 (97)
Lymph nodes 33 (53)
Visceral 8 (13)

ECOG, n (%)
0–1 41 (66)
�2 21 (34)

Laboratory
Hemoglobin (median, g/L; IQR) 122 (108–128)
�100, n (%) 12 (19)

LDH (median, U/L; IQR) 209 (174–316)
Elevated (>250), n (%) 26 (42)

ALP (median, U/L; IQR) 144 (93–320)
Elevated (>160), n (%) 30 (48)

Albumin (median, g/L; IQR) 39 (32–41)
Low (<35), n (%) 14 (23)
Normal, n (%) 33 (53)
Unknown, n (%) 15 (24)

Current treatment
Abiraterone acetate 29 (47)
Enzalutamide 19 (31)
Bicalutamide 6 (10)
Prednisone 3 (5)
Docetaxel 3 (5)
Other 2 (3)

Outcomes on current treatment
Best PSA response
PSA decline � 50% 26 (42)
PSA decline < 50% 20 (32)
No PSA decline 16 (26)

Median treatment duration (mo) 5.4
All treatments received
Abiraterone acetate 46 (74)
Enzalutamide 19 (31)
Docetaxel 33 (53)
Orteronel 4 (6)
Bicalutamide 58 (94)
Flutamide 10 (16)
Nilutamide 10 (16)
Other 27 (44)
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cancer cell lines: 22RV1, LNCaP, and LAPC4. Importantly,
expected mutations were detected at 100% frequency in 22RV1
(H874Y) and LNCaP (T877A) cells, whereas no mutations were
found in AR wild-type LAPC4 cells. A threshold of 12 nonrefer-
ence reads was set for callingmutations as this was three times the
maximum nonreference frequency (i.e., noise) observed in WBC
DNA samples.

In total, six different base changes in the coding regionof exon 8
were robustly detected in 11 of 62 (18%) patients (Table 2).
Further underlining the validity of results, all six changes result in
an amino acid substitution: H874Y (n ¼ 5), T877A (n ¼ 2),

D879E, L881I, E893K, and M895V (all n ¼ 1; Fig. 2A). Mutation
frequency in cfDNA ranged from 0.09% to 17.75%, likely reflect-
ing the significant dilution effect of nontumor DNA. Of note, AR
exon 8 mutations were mutually exclusive with AR copy number
increase in 8 of 11 (73%) patients, whereas three of themutations
detected (D879E, L881I and E893K) have not been previously
identified in patients with prostate cancer. In contrast with AR
copy number gain described above, the incidence of mutations
was not significantly different between patients progressing on
abiraterone (7/29), enzalutamide (3/19), or other agents (1/14;
P ¼ 0.38; c2). However, all 7 patients with H874Y or T877A

Figure 1.
Copy number analysis of cfDNA. A, a pile-up of the aCGH results from all patients showing gains (blue) and losses (red). Important genes are annotated togetherwith
their aberration frequency across the cohort. Note the broad similarity to the aggregate of a published dataset (18) of copy number calls from fresh-frozen
DNA of prostate tumors (below). B, aCGH results of a 20 Mbp region on Chromosome X showing focal gain/amplifications (blue bars) at the AR loci in almost
half the cohort. C, examples of focal amplifications of oncogenes robustly observed in two different patients.
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mutationswere progressing on abiraterone at cfDNA collection or
had been treated with prior abiraterone.

To validate our data, samples with sufficient remaining DNA
were subjected to AR exon 8 resequencing using the Illumina
MiSeq platform. All tested mutations were redetected, with the
exception of two that had very low frequency in the discovery
run (Table 2). To further validate mutation findings, we
obtained a second cfDNA sample from 2 patients (VC-012
and VC-041), this time at progression on enzalutamide (the
first cfDNA sample was collected at progression on abiraterone
before commencing enzalutamide). Reassuringly, the initial
mutations were redetected for both patients using Roche 454
sequencing (Table 2). For VC-012, four additional mutations
arose in the second sample, including F876L (the first instance
of this mutation being detected in an enzalutamide-resistant

patient) and S888G (not previously reported in patients with
prostate cancer). Interestingly, although five total mutations
were found in the second sample from VC-012, no sequencing
read contained more than two mutations simultaneously (Fig.
2B). Manual curation of high quality reads suggested that there
were six different AR gene variants, likely reflecting diverse
intra-patient AR heterogeneity. Of note, VC-012 experienced
rapid disease progression (2.3 months) on enzalutamide.

Integrated copy number and AR mutation profile of cfDNA
A summary of copy number changes and AR exon 8 muta-

tions detectable in cfDNA for each patient is presented in Fig. 3.
Overall, 40 of 62 (65%) patients had a prostate cancer-asso-
ciated copy number change and/or an AR exon 8 mutation
present in cfDNA, strongly implying the presence of tumor-

Table 2. Summary of mutations detected in AR exon 8 in cfDNA

Sample
Base
change

Amino acid
change

Mutant read
count

Wild-type
read count

Total read
count

Percent
mutant ARDB

Validated
(MiSeq)

VC-005 ChrX:66943600 G>A E893K 170 11,969 12,148 1.40 — Yes
VC-012 ChrX:66943606 A>G M895V 1271 6,167 7,447 17.07 PCa Yes
VC-015 ChrX:66943552 A>G T877A 231 9,720 9,955 2.32 AIS/PCa n/a
VC-017 ChrX:66943552 A>G T877A 101 12,854 12,960 0.78 AIS/PCa No
VC-022 ChrX66943560 C>A D879E 12 11,165 11,180 0.11 — No
VC-023 ChrX:66943543 C>T H874Y 12 12,917 12,929 0.09 PCa n/a
VC-040 ChrX:66943543 C>T H874Y 488 7,570 8,058 6.06 PCa n/a
VC-041 ChrX:66943543 C>T H874Y 1,570 7,277 8,847 17.75 PCa n/a
VC-053 ChrX:66943543 C>T H874Y 140 9,105 9,245 1.51 PCa n/a
VC-063 ChrX:66943543 C>T H874Y 279 14,879 15,158 1.84 PCa Yes
VC-064 ChrX:66943564 C>A L881I 17 15,699 15,716 0.11 PAIS n/a

VC-012 [2nd sample] ChrX:66943543 C>T H874Y 49 10,364 10,413 0.47 PCa Yes
VC-012 [2nd sample] ChrX:66943549 T>C F876L 146 10,242 10,388 1.41 PCa1 Yes
VC-012 [2nd sample] ChrX:66943552 A>G T877A 511 9,762 10,280 4.97 AIS/PCa Yes
VC-012 [2nd sample] ChrX:66943585 A>G S888G 158 9,143 9,313 1.70 — Yes
VC-012 [2nd sample] ChrX:66943606 A>G M895V 38 9,206 9,254 0.41 PCa Yes
VC-041 [2nd sample] ChrX:66943543 C>T H874Y 4743 15,683 20,426 23.22 PCa n/a

NOTE: ARDB column: The AR mutation database was downloaded from http://androgendb.mcgill.ca/ARDB.xls.
Abbreviations: PCa, amutationwas reported tobe present in prostate cancer; AIS, amutationwas reported to be present inAndrogen Insensitivity Syndrome; PAIS, a
mutation was reported to be present in Partial Androgen Insensitivity Syndrome; AIS/Pca, a mutation was reported to be present both in PCa and in AIS.
Validated (MiSeq) Column: Yes, mutation validated; No, mutation not validated; n/a, validation not performed.

Figure 2.
A,mutations in the LBDof theARgene
detected in cfDNA. Representation of
the AR domain structure, indicating
the amino acid sequence that was
sequenced for this analysis (NTD, N-
terminal domain; DBD, DNA-binding
domain). The mutations identified in
this study are annotated on the amino
acid sequence. B, the different AR LBD
haplotypes predicted in VC-012 from
examining individual sequence reads
from his second cfDNA sample. The
relative frequency of each haplotype
is indicated.
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derived cfDNA. AR gene aberrations (copy number increase
and/or mutation) were observed in 36 of 62 (58%) patients.
Clinicopathological factors significantly associated with the
presence of tumor-derived cfDNA included treatment with any
of docetaxel, abiraterone, or enzalutamide, serum ALP > 160
IU/L and CTC count � 5 cells/7.5 mL blood (Supplementary
Table S3). In patients without detectable ctDNA, the median
CTC count was 1 (IQR 0–3).

AR aberrations as predictive biomarkers in pretreatment cfDNA
Of the 62 patients on study, 39 were switched from abiraterone

or other systemic therapy onto enzalutamide after cfDNA collec-
tion. Of these patients, 19 of 39 (49%) possessed an AR gene
aberration in cfDNA, including 14with copynumber increase and
5 with the following mutations: H874Y (n ¼ 2), E893K, M895V,
and T877A (all n ¼ 1). To identify predictive biomarkers in this
cohort, genomic changes of the AR in pretreatment cfDNA and
other baseline clinicopathological variables were correlated with
outcomeson enzalutamide. As shown inSupplementaryTable S4,
an AR gene aberration in pretreatment cfDNA was significantly
associated with lower rates of PSA decline � 30% (21% vs. 60%;
P ¼ 0.013) on enzalutamide with a strong trend toward signif-
icance for PSA decline �50% (21% vs. 50%; P ¼ 0.06). No other
variables were significantly associated with PSA decline� 30% or
�50%. The PSAwaterfall plot stratified byAR gene status is shown
in Fig. 4A.

In patients with and without an AR gene aberration, median
clinical/radiographic PFS was 2.3 months (95% confidence inter-

vals; CI, 1.6–3.1) versus 7.0 months (95% CI, 2.7–11.3), respec-
tively (P < 0.001, log-rank) on Kaplan–Meier analysis (Fig. 4B).
Significantly, although H874Y-mutated prostate cancer cells are
sensitive to enzalutamide in vitro (8), bothpatientswith anH874Y
mutation in pretreatment cfDNA progressed rapidly on enzalu-
tamide (2.4 and 2.9 months, respectively). On univariate Cox
proportional hazards regression analysis (Supplementary Table
S5), the following factors were significantly associated with PFS
on enzalutamide: presence of an AR gene aberration, AR copy
number increase, prior docetaxel, visceral metastases, ECOG PS,
serum ALP, and CTC count. Incorporating these variables into a
multivariate model (with the exception of AR copy number
increase), only an AR gene aberration in cfDNA remained a
significant predictor of PFS (Supplementary Table S5).

Discussion
In this study, we identified widespread genomic aberrations in

cfDNA from a large cohort of mCRPC patients progressing on
systemic therapy. Over half of our cohort had an AR gene aber-
ration, with enzalutamide resistance linked to AR amplification.
Likewise, in a cohort of patients switched onto enzalutamide after
cfDNA collection, the presence of pretreatment AR gene aberra-
tions was predictive for adverse clinical outcomes.

The interrogation of cfDNA shows great promise for advancing
precision oncology, particularly in prostate cancer where tissue
biopsies are logistically challenging. However, the low overall
yield and variable dilution of tumor DNA with "normal" DNA

Figure 3.
Integrated copy number and AR exon
8 mutation data in cfDNA for 62
patients on study. Left column, prior
treatments denoted by black squares,
treatment at time of cfDNA collection
denoted by "P". Middle column, aCGH
findings. Copy number loss and
increase denoted by red and blue
squares respectively. Up-pointing
arrow denotes amplification. Right
column, 454 sequencing data. Green
squares denote mutations detected.
Shaded grey rows denote patients
with insufficient cfDNA for analysis.
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poses a significant challenge for clinical integration. In our study,
robust detection of copy number changes was only possible in
patients where tumorDNAwas not heavily diluted. Although this
represented themajority of our patients, in those samples with no
apparent copy number changes, it is not possible to distinguish
between the absence of copy number changes in apatient's tumor,
or insufficient tumor DNA yield (although the burden of copy
number changes in typical CRPC suggests the latter explanation
more likely). As demonstrated recently (7), this problem may be
overcome in patients by obtaining several temporal samples
(maximizing the chance that at least one will contain tumor
DNA), although this is not always feasible in late-stage disease.
Nevertheless, even in the solitary samples obtained here, we
observed remarkable concordance to matched tissue biopsies
where available, suggesting that cfDNA copy number analysis
will accurately informon in situdisease inmost patients.Mutation
profiling provides a different challenge, since deep sequencing can
overcome dilution effects, but can be compromised by low-level
platform-specific noise. Use of two sequencing platforms with
different types of artifacts, as used in this study, can mitigate this
concern, and provide a level of validation. We drew additional
comfort from temporal sampling in two patients confirming
mutation presence, and the complete lack of synonymous muta-
tions across the cohort, implying selection.

A key finding of our study is that AR amplifications appeared to
be associated with resistance to enzalutamide. Although enzalu-
tamide progressing patients were more heavily treated than abir-
aterone patients, we observed no significant difference in the
detection rates of other copy number changes, suggesting that
the enrichment of AR amplifications in enzalutamide-resistant
patients was not drivenmerely by tumorDNA yield. Similarly, the
WCDT study reported that 4 of 6 (67%) enzalutamide-resistant
but only 1 of 11 (9%) abiraterone-resistant patients had AR
amplification on FISH of metastatic tumor biopsies (6). Anec-
dotal evidence also linked AR exon 8 mutations in cfDNA with
enzalutamide resistance, as evidenced by the emergence of four
new mutations (including F876L) in a posttreatment sample

collected from a patient with rapid disease progression on enza-
lutamide. This finding may reflect the presence of a mutation in
mismatch repair genes such as MSH2 and MSH6, which were
recently linked to a hypermutated phenotype in CRPC patients
(23).

Although AR amplification did not appear to correlate with
resistance to abiraterone, it is notable that all patients with an
H874Y or T877A ARmutation were progressing on abiraterone or
had previously received abiraterone. In tumor biopsies from
mCRPC patients, the emergence of progresterone-responsive
T877A mutations was recently reported to be associated with
abiraterone resistance (10). Together with our data, this impli-
cates T877A mutations as a possible factor in the development of
resistance to abiraterone. To the best of our knowledge there are
currently no data linking H874Y mutations with abiraterone
resistance; however, it is well recognized that this mutation
promotes AR promiscuity and activation by antiandrogens, adre-
nal androgens, and nonandrogenic steroids (24–26). In keeping
with this, two abiraterone-resistant patients with H874Y muta-
tions subsequently had rapid disease progression on enzaluta-
mide. This finding contradicts previous in vitro data suggesting
that enzalutamidemaintains antitumor activity inH874Y-mutant
prostate cancer cells (8).

The identification of predictive biomarkers inmCRPC is critical
to improving the clinical utility of currently available systemic
agents. Importantly, our data indicate that AR gene aberrations
(amplification and/or exon 8 mutation) may be a predictive
biomarker for adverse outcomes in patients commencing enza-
lutamide. We found that an AR gene aberration in pretreatment
cfDNA was the only independent predictor of PFS and the only
factor associated with PSA decline �30% on enzalutamide. Sim-
ilarly, AR amplification in cfDNA has been associated with lower
response rates to abiraterone (7). Expression of AR splice variants
in CTCs was also recently associated with primary resistance to
abiraterone or enzalutamide (27) although AR amplification was
not evaluated in this study, which may be significant since full-
length AR is typically coexpressed with AR-V7 (28) and may be
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Azad et al.

Clin Cancer Res; 21(10) May 15, 2015 Clinical Cancer Research2322

on September 9, 2019. © 2015 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst February 23, 2015; DOI: 10.1158/1078-0432.CCR-14-2666 

http://clincancerres.aacrjournals.org/


required for tumor growth mediated by AR splice variants (29).
Nevertheless, it is likely that divergent aberrations of the AR
underpin cross-resistance betweendifferent novel agents targeting
the androgen–AR axis (30–37), as exemplified by our observation
that AR exon 8 mutations were mutually exclusive with AR copy
number gain in 73% of cases. With this in mind, real-time serial
analysis of circulating biomarkers, including cfDNA, could aid
optimal therapy sequencing for individual patients.

A priority for future cfDNA studies will be to confirm the
relevance of AR aberrations using pre- and posttreatment samples
obtained from a homogenous group of patients. This would
overcome key limitations of our study, which included collection
of cfDNA at a single timepoint and recruitment of a heteroge-
neous cohort with differing baseline characteristics and variable
clinical follow-up. Furthermore, although AR exon 8 sequencing
proved very informative here, it will be important to sequence the
entire AR, especially in light of recent data suggesting that a L702H
mutation can convert glucocorticoids to AR agonists (7). The
spectrum of AR mutations, including the four novel mutations
reported here, will need to be accurately functionalized to deter-
mine their precise relevance to therapeutic resistance and disease
progression. Finally, other genomic aberrations identified in our
study, such as CCND1 amplification (potentially sensitizing to
CDK4/6 blockade; ref. 38),may serve as predictive factors guiding
treatment selection and warrant further exploration.
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