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ABSTRACT
◥

Men with circulating tumor cell (CTC) AR-V7–positive meta-
static castration-resistant prostate cancer (mCRPC) have worse
outcomes when treated with enzalutamide/abiraterone. However,
most men lack CTC AR-V7 detection, and additional predictive
biomarkers are needed. We conducted a retrospective secondary
analysis of the prospective PROPHECY trial (NCT02269982)
of men with mCRPC undergoing treatment with enzalutamide/
abiraterone, analyzing pooled CTC and germline DNA for whole-
genome copy-number alterations (CNA) in 73 samples from 48
men over time along with pooled CTC and germline whole-exome
sequencing on 22 paired samples before and following progression
on androgen receptor (AR) inhibitor therapy to identify somatic
genomic alterations associated with acquired resistance. We
observed broad interpatient and longitudinal CTC genomic het-
erogeneity from AR-V7–negative men with mCRPC, including
common gains of KDM6A, MYCN, and AR, and loss of ZFHX3,

BRCA1, and PTEN. Men who had progression-free survival of
≤3 months despite enzalutamide/abiraterone treatment were more
likely to have baseline CTC genomic loss ofCHD1, PTEN, PHLPP1,
and ZFHX3 and gains of BRCA2, KDM5D, MYCN, and SPARC.
After progression on abiraterone/enzalutamide, we observed clonal
evolution of CTCs harboring TP53 mutations and gain of ATM,
KDM6A, and MYC, and loss of NCOR1, PTEN, RB1, and RUNX2.
CTC genomic findings were independently confirmed in a separate
cohort ofmCRPCmenwho progressed despite prior treatment with
abiraterone/enzalutamide (NCT02204943).

Implications: We identified common and reproducible genomic
alterations in CTCs from AR-V7–negative mCRPCmen associated
with poor outcomes during enzalutamide/abiraterone treatment,
including CNAs in genes linked to lineage plasticity and epigenetic
signaling, DNA repair, AR, TP53/RB1, PTEN, andWNT pathways.

Introduction
Men with metastatic castration-resistant prostate cancer (mCRPC)

face a range of life-prolonging treatment options, including novel
androgen receptor (AR) inhibitors, sipuleucel-T, taxane chemother-
apy, the radiopharmaceutical radium-223, and PARP inhibitors (1–5).
However, despite the improved survival with AR inhibitors such as
enzalutamide or abiraterone, most men with mCRPC will ultimately
progress after 1 to 2 years of therapy, and around 20% of men do not
respond to these treatments. Primary resistance to AR inhibitors has
been linked to the detection of the AR splice variant AR-V7 in
circulating tumor cells (CTC) in about 10% to 20% of patients, and

we have recently validated two measures of CTC AR-V7 in a pro-
spective multicenter trial called PROPHECY (3, 6, 7). However, many
menwithmCRPC lackCTCAR-V7detection and alternativemechan-
isms of resistance, such as lineage plasticity and the neuroendocrine
phenotype, TP53 or RB1 alterations, and alterations in AR itself may
confer AR therapy resistance.

Comprehensive genomic studies of tumor biopsies in prostate
cancer have revealed a complex mutational landscape with enormous
interpatient and within-patient tumor heterogeneity (8, 9). This
heterogeneity leads to a wide range of clinical outcomes and prognosis
as the molecular genotype frequently is associated with clinical phe-
notypic events related to the timing of disease progression, metastasis,
drug resistance, and tumor relapse. Amajor goal of precision oncology
and clinical cancer research is to enable treatment selection through
the identification of genomic alterations that match a patient with a
therapy most likely to be beneficial. Given the challenges in metastatic
biopsies in men with mCRPC, noninvasive methods may be preferred,
and recent studies of CTCs and circulating tumor DNA (ctDNA)
molecular alterations have demonstrated prognostic significance for a
range ofmolecular alterations (8, 10–12).We have recently shown that
CTCs can provide a unique source of biological material derived from
cancer thatmay bemissed in cell-free plasmaDNAsequencing and can
represent a patient-friendly, noninvasive, cost-effective real-time liq-
uid biopsy marker for longitudinal monitoring, excluding background
noise from healthy or normal cells, and can provide clinical utility as a
biomarker of treatment response and outcomes (3, 12–16).

We recently demonstrated in the multicenter prospective PROPH-
ECY clinical trial that men who have CTCs that express a ligand-
binding domain truncated version of the AR, called AR-V7 variant,
have a very poor response and a short time to progression or death
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when treated with the potent AR inhibitors. Here, we determined
whether pre- or posttreatment genomic DNA alterations in CTCs
from AR-V7-ve men with mCRPC could provide clinical utility in
predicting clinical outcomes with these hormonal therapies.

Materials and Methods
Patients and eligibility

In this prospective translational study (PROPHECY,NCT02269982),
Institutional Review Board (IRB) approvals were obtained from
Duke University IRB or the Weill Cornell Medical College (New
York, NY) IRB (PROPHECY), along with written informed consent
in accordance with Declaration of Helsinki ethical guidelines
from all patients with mCRPC. All men had mCRPC with disease
progression and were starting treatment with either abiraterone
acetate with prednisone or enzalutamide. Eligibility and patient
characteristics have been published previously (3), and disease
progression at entry followed Prostate Cancer Clinical Trials Work-
ing Group (PCWG2) criteria (17). All patients had prostate ade-
nocarcinoma, castrate levels of testosterone less than <50 ng/dL,
and at least two poor risk factors for aggressive disease, including
high serum lactate dehydrogenase, high alkaline phosphatase,
radiographic progression, PSA doubling (<3 months), a high
number of CellSearch CTCs (>¼5 CTCs/7.5 mL whole blood), or
prior enzalutamide or abiraterone therapy (3). In this analysis, we
defined rapid progressors as a progression-free survival (PFS) of
≤3 months during treatment with abiraterone acetate (1000 mg
daily) with prednisone or enzalutamide (160 mg daily), and extreme
responders were defined as men who had PFS of >¼6 months. We
focused on those men with mCRPC who tested negative for the Epic
AR-V7 nuclear protein assay, as these patients have a highly variable
outcome, with some patients exhibiting long-term responses and
some patients having primary treatment resistance (3).

CTC enrichment
CTCs prior to treatment and again at disease progression on

abiraterone or enzalutamide were isolated using several methods in
this study in separate blood tubes from men with mCRPC. To
enumerate CTCs, we collected 7.5 mL whole blood in CellSave tubes,

and CTCs were counted using the FDA-approved CellSearch CTC
method based on EpCAM capture and characterization by lack of
CD45 expression and positive pan-cytokeratin expression in a Clinical
Laboratory Improvement Amendments (CLIA)-approved laboratory
at Memorial Sloan Kettering Cancer Center (New York, NY).

CTC genomic studies were performed on Duke and Cornell
patients with sufficient evaluable CTC DNA (Fig. 1 CONSORT
diagram). For CTC genome-wide copy-number analysis, EpCAM-
positive (EpCAMþ) and CD45� CTCs were isolated from 7.5 mL
mCRPC patient blood samples in independent tubes, as described in
our previous study (14). Unspiked and spiked control EpCAMþ

(T47D) cells into healthy volunteer blood were used for gating thresh-
olds during FACS analysis (14). Independently, peripheral blood
mononuclear cells (PBMC) were isolated from the same mCRPC
patient’s blood at the same timepoint to identify only somatic altera-
tions inCTCs (14). Before hybridizing the circulating tumor cellsDNA
(CTC DNA) samples onto the array comparative genomic hybridiza-
tion (aCGH) microarray chip (Agilent, 4� 180K), all CTC’s genomic
DNA was amplified by using GenomePlex Single Cell Whole Genome
Amplification Kits (Sigma, WGA4) to the yield required for cy3/cy5
labeling according to Agilent’ aCGH manual (14). Furthermore, AR-
V7 nuclear protein was detected in CTCs by using the Epic AR-V7
nuclear protein detection assays, as described previously (3).

CGH
For whole-genome copy-number alterations (CNA) analysis, two-

color probe-based aCGH was performed using Agilent Oligonucleo-
tide Array-based CGH for Genomic DNA Analysis (Sure Print G3
Human CGH array, 4 � 180K; ref. 14). The aCGH raw data were
analyzed by using Agilent Cytogenomics Software default settings (≥3
probes, log2 ratio for gain ≥ 0.25 and loss < �0.25), and all the CNAs
weremanually validated by two independent investigators (14, 18) and
later, cross-referenced with publicly available prostate cancer datasets
in cBioPortal (19).

DNA library preparation, HiSeq sequencing, and whole-exome
sequencing analysis

For whole-exome sequencing (WES), initial CTC and white
blood cell (WBC) DNA samples quality assessment, DNA library

Figure 1.

Summary of clinical specimens for genome-wide CNAs andmutations study. Overview of the PROPHECYmCRPC patient cohorts utilized for the biomarker analyses.
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preparation, sequencing, and bioinformatics analysis were con-
ducted at GENEWIZ, Inc. Details of the DNA Library Preparation,
Quality Control, and HiSeq Sequencing are summarized in the
Supplementary Materials and Methods, separately. We selected 11
men with mCRPC from our high-throughput genomic cohort of
Duke and Cornell patients who had sufficient CTC and matched
germline DNA at baseline and progression on abiraterone or
enzalutamide for longitudinal WES and copy-number analysis for
this analysis.

For WES analysis, Agilent software SureCall (v. 3.0.1.4) was used
to analyze 150 bp paired-end FASTQ files from all the CTCs and
WBC DNA samples as a paired analysis (tumor vs. matched WBC)
under default parameters. Sequence reads were aligned to the
reference genome (GRCh37/hg19) using the SureCall BWA-mem
alignment tool following postalignment processing, included 100 bp
region padding, removal of duplicates, and singletons (reads with-
out a mate), followed by a normalization step, including GC and
mappability corrections. Somatic variants were called using the
SureCall SNPPET algorithm annotated with ClinSNP, ClinVar,
Cosmic, gwasV1_ucsc, and NCBI. Only COSMIC validated variants
were selected, and unknown variants were filtered out during WES
analysis.

Statistical analysis
This analysis is considered an exploratory subset analysis of the

overall PROPHECY trial, which had as its primary objective to
determine the prognostic and predictive association of CTC AR-V7
detection by two methods (JHU mRNA and Epic Sciences nuclear
protein) with PFS during treatment with abiraterone or enzaluta-
mide (3). CTC genomic alterations were associated with outcomes
using this case–control approach of sensitive versus resistant
to determine the relevance of specific genomic alterations with
primary resistance to these hormonal therapies. Secondarily, we
examined longitudinal CTC samples for changes in genomic altera-
tions over time to identify potential alterations associated with
clonal selection and acquired resistance to abiraterone or enzalu-
tamide. Because of the exploratory nature of the analysis, no P
values are presented, and results are considered hypothesis
generating.

Results
Patient characteristics

A total of 120 men with progressive mCRPC starting treatment
with abiraterone acetate or enzalutamide were enrolled in the
PROPHECY study, and baseline characteristics of this cohort
have been published previously (3). Of these 120 men, two did
not start treatment, and five men who failed CTC extraction or CTC
DNA quality testing were excluded from the downstream genomic
analyses, leaving 113 evaluable men with mCRPC. Of these 113,
52 men consented to additional tubes of blood collection for
our high-throughput sequencing cohort, where we enriched CTCs
and paired PBMCs from 88 blood samples, including 52 baseline
and 36 at disease progression, and performed whole-genome
amplification (WGA4, Sigma). Of these 88 samples, 73 samples
(45 baseline and 28 progression) had a sufficient amount of
amplified genomic DNA for aCGH and WES analysis (Fig. 1
CONSORT diagram).

Overall, 48% (54/113) of mCRPC men at baseline had an unfavor-
able ≥ 5 CellSearch CTCs per 7.5 mL blood (range, 0–12,972 CTCs,
median 4), and 27% (29/113) of mCRPC men had zero CTCs. Note

that the 88 patientCTC sampleswere analyzed collectively for genomic
analyses from individual men and timepoints and not single-cell
sequenced, and each CTC sample represents a range of CTC numbers
from <5 CTCs per blood sample to over 1,000 CTCs per sample, and a
total of 5,198 CTCs were analyzed according to CellSearch CTCs
criteria.

After whole-genome amplification of CTCs and paired PBMC
germline DNA of these 52 men, 45 had sufficient pooled CTC DNA
from single blood samples for a paired longitudinal analysis for
CNAs at baseline (N ¼ 25) and progression (N ¼ 25). In addition,
we classified patients into two groups defined by their outcomes to
hormonal treatment, focusing on 37 men (23 sensitive and 14
resistant) who tested negative for the Epic Sciences CTC nuclear
AR-V7 protein (3). Given our interest in exploring mechanisms of
resistance to AR-targeted therapies in AR-V7–negative men with
mCRPC, we further classified patients as sensitive or resistant to
abiraterone or enzalutamide based on a PFS of >¼ 6 (n¼ 23) versus
≤3 months (n ¼ 14), respectively. In this high-throughput cohort,
25 men had paired longitudinal CTC and PBMC collections for
CNAs, and 11 men had paired CTCs, and PBMCs were analyzed for
WES.

Genome-wide chromosomal CNAs in CTC DNA
To associate genome-wide baseline and progression CTC CNAs

with clinical outcomes during enzalutamide or abiraterone treatment,
we first analyzed whole-genome CNAs using aCGH on 73 patients
with pooled CTCs from the blood of 48 high-risk mCRPCmen treated
with enzalutamide or abiraterone acetate, including 45 baseline and 28
progression samples with matched germline reference genomic DNA
(Fig. 1). Furthermore, we analyzed whole-genome CNAs data from
CTCs DNA samples at baseline and progression and compared
(baseline vs. progression CNAs). The top genes harboring genomic
alterations in over 30% of baseline samples (N ¼ 45) included the top
gain in AR, IL3RA, KDM6A, MIR3690, or AKAP17A, and loss in
ZFHX3, FGFR2, or BRCA1. At progression (N ¼ 28), CTC DNA
analysis demonstrated gains in AKAP17A, CD99, MXRA5, GYG2, or
ARSF, and loss inNCOR1, ZFHX3, or RUNX2, are summarized in File
S1. We next performed ingenuity pathway analysis among the above
genomic altered genes at baseline and progression and found many
common and distinct pathways associated with drug resistance and
metastasis in mCRPC, respectively, which are summarized in
Supplementary Table S1A and S1B. Similarly, we also compared
the genomic alteration in sensitive (N ¼ 23) and resistant baseline
CTCs DNA at the genome level, and observed the copy gain in
IL3RA, MUM1, AKAP17A, ZBED1, or CSF2RA, and copy loss in
ZFHX3, BRCA1, or GRHL2, whereas, at resistant, demonstrated
gain in JAK3, CSF2RA, CRLF2, EPOR, and PIK3R2, and loss in
ZFHX3, PHLPP1, or BRCA1, all the genes are listed in Supplemen-
tary File S2. These data support the concept that CTC genomic
alterations recapitulate the heterogeneity of common genomic
alterations present in metastatic biopsies from men with mCRPC
and suggest that CTC molecular profiling in such patients is feasible
and could provide useful biologic information (14, 18).

Targeted gene-level assessment of known pathogenic CNAs in
CTC DNA: baseline

Given the broad whole-genomic findings and heterogeneity
between patients and over time, in this analysis, we focused on a
panel of 60 recurrently altered and validated genes that have been
previously associated with mCRPC pathogenesis, including those
linked to androgen signaling, epigenetics, DNA damage and repair,
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osteomimicry, cell differentiation, metastasis, and drug resistance in
mCRPC (8, 14, 20). We identified heterogeneity of somatic CNAs
between men with mCRPC in this PROPHECY cohort. We analyzed
blood samples from the 45 men for pooled CTCs DNA aCGH
and identified typical genomic gain detected in AR (44%), KDM6A
(40%), FOXA1 (36%),UGT2B17 (33%), andMYCN (31%), and loss in
ZFHX3 (53%), FGFR2 (38%), BRCA1 (33%), ERG (31%), and PTEN
(20%; Fig. 2A). Likewise, these commonly altered genes detected in
baseline CTC DNA were also detected in 28 progression CTC DNA
samples (Fig. 2B). Comprehensively, the 60-gene CNA status in CTC
DNA at the baseline and progression are summarized in Supplemen-
tary Fig. S1A and S1B, respectively.

To validate these gains or losses identified in pooled CTC DNA,
we analyzed publically available genomic data from 1,154 mCRPC
tissue samples from 1,115 patients in the cBioPortal database (19).
We validated many of these findings of recurrent losses or gains in
mCRPC and the broad genomic heterogeneity in human metastatic
tissue samples, providing some degree of cross-validation of our
CTC genomic findings (Supplementary Fig. S2A and S2B).

Targeted gene-level assessment of known pathogenic CNAs in
CTC DNA: longitudinal analysis

To first study the clonal evolution and selection of genomic altera-
tions associated with acquired treatment resistance to abiraterone or
enzalutamide in men with mCRPC, we compared longitudinal CTC
CNAs in 25 paired baseline and progression samples. We found a
higher number of copy-number variants (CNV) in the progression
samples compared with baseline (Fig. 3A), despite only a slightly
higher number of CellSearchCTCs at progression as comparedwith 18
paired baseline (median 14 vs. median 9.5 CTCs per 7.5 mL whole
blood; Fig. 3B). We also found that 56% (10/18) of patients had more
CTCs at progression than their paired baseline cases (Fig. 3C).

Next, we compared 25 baseline and paired progression CTC CNA
data to define novel CNAs associated with acquired or de novo
resistance to abiraterone or enzalutamide. After progression, we
detected a greater prevalence of CTCs harboring copy gain of ATM
(44% at progression vs. 12% at baseline), FOXA1 (56% vs. 28%),
UGT2B17 (52% vs. 28%), KDM6A (48% vs. 24%), CYP11B1 (44% vs.
20%), andMYC (24%vs. 4%;Fig. 3D).We also detected an enrichment

Figure 2.

Overall genomic-wide CNA analysis in CTCs DNA and independent clinical validations. In this prospective study, we analyzed a panel of 60 genes identified earlier in
prostate cancer progression anddrug resistance across the spectrumof all baseline andprogressiongroups.A, Theoverall prevalenceof genomic somatic alterations
detected in CTCs DNA; copy gain and loss in 45 baseline CTCsDNA frommCRPCmen, and ranked by their prevalence, asmanifested in the bar charts.B, Showing the
overall prevalence of somatic alterations in 28 CTCsDNA from28mCRPCmen.Wedetectedwidespread tumor heterogeneity between patients, and commonCNAs,
such as copy gain in KDM6A, FOXA1, MYCN, and AR, and loss in BRCA1, PTEN, and ERG.
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for CTC copy loss of NCOR1 (64% vs. 20%), ZFHX3 (60% vs. 44%),
RUNX2 (44% vs. 32%), PXN (36% vs. 20%) and ERG (36% vs. 20%),
PTEN (32% vs. 24%), and RB1 (16% vs. 8%; Fig. 3E). In addition, the
differential change (%) in the prevalence of copy gain or loss between
progression and baseline CTCs DNA are shown (bottom; Fig. 3D and
E). The CNAs of 60 genes in all 25 baseline and paired progression
CTCs DNA samples together are summarized in Supplementary
Fig. S3 as a heatmap.

We independently validated highly prevalent copy gain/loss genes
that were identified at progression on abi/enza in the PROPHECY
study cohort in a separate cohort ofmenwithmCRPC starting radium-
223 where all patients with mCRPC had progressed on prior therapy
with enzalutamide or abiraterone (N¼ 14 cases; ref. 4). For example, in
the radium-223 trial, we found gain in CYP11B1 (71%), AR (64%),
FOXA1 (64%), and KDM6A (57%), and loss in ZFHX3 (86%), CHD1

(29%), and PHLPP1 (29%), which were in accordance with our
PROPHECY longitudinal findings (Supplementary Fig. S4). Our data
suggest that specific genomic alterations in CTCs are associated with
clonal evolution or selection of cells contributing to hormonal therapy
resistance in mCRPC men over time.

CTC DNA genomic alterations predict primary resistance in
mCRPC

Given that many men with CTC AR-V7–negative mCRPC still
have inadequate responses and rapid resistance to abiraterone or
enzalutamide therapy, we next examined baseline CTC genomic
alterations and associated these with clinical outcomes in Epic AR-
V7–negative men (3). To understand the primary resistance mechan-
isms in CTCs, genomic alterations in 40 baseline AR-V7–negative
(Epic AR-V7 nuclear protein assay) men’s CTCs DNA were analyzed

Figure 3.

Genomic-wide CNAs analysis in CTCs over time. A, Violin plots showing the number of CNV counts were called by Cytogenomics software and compared between
baseline and paired progression CTCsDNA samples (N¼ 25mCRPC cases).B,Violin plot displaying CellsSearch CTCs enrichment between baseline and progression
(N¼ 18 cases). C, CellSearch CTC number comparison case by case; baseline versus progression (N¼ 18 cases). D and E, Displaying genomic alterations over time;
25 paired baseline versus progression CTCs DNA.
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and compared. The patients with mCRPC benefiting from enza/abi
therapy with ≥ 6 months PFS were considered as sensitive (N ¼ 23),
whereas patients with PFS ≤3 months were considered as resistant
(N¼ 14). Patients with a PFS between 3 and 6 months were excluded
from the analysis (N ¼ 3) to enrich for outlier responses at either
extreme of clinical benefit. We found that sensitive patients’ PFS
was broadly distributed with a PFS ranging from 6 to 25 months,
whereas resistant patients’ PFS had a tighter distribution by def-
inition (Fig. 4A).

Next, we compared the number of CNVs calls at the genome level in
sensitive and resistant patients and found that the resistant group had a
trend of a higher number of CNVs calls than the sensitive group
(Fig. 4B). However, we did not observe any difference in CellSearch
CTCs counts between the sensitive and resistant groups, indicating
that CTC number, while prognostic and a validatedmeasure of disease
burden (15), may alone not be a predictivemarker of the benefits of AR
inhibitor therapy (Fig. 4C). Themedian and range of CellSearch CTCs
in resistant (N ¼ 22) and sensitive (N ¼ 14) groups were 5 (range, 0–
194) and 1 (range, 0–193), respectively.We also compared the genomic
copy gain and loss for 60 genes in the sensitive and resistant cases. We
found that the resistant group harbored a higher number of genomic

gains than the sensitive cases (median 20 vs. 14). However, we did not
see any differences in the prevalence of large numbers of genomic
losses between groups (Fig. 4D).

To examine specific CNAs associated with treatment response or
primary resistance, we compared genomic CNAs between 23 sensitive
and 14 resistant baseline CTCs DNA samples. We observed that men
who had a clinical benefit to enza/abi (median PFS, 10 months) were
more likely to have CTCs with genomic gains of ATM, NCOR2,
HSD17B4, or PTEN, or loss of BRAF, ABL1, MYC, or NKX3-1.
Conversely, men who did not respond to enza/abi treatment (median
PFS, 2.6 months) had CTCs enriched for copy gain of BRCA2, APC,
KDM5D, MYCN, CYP11B1, SPARC, and AR, and loss of CHD1,
PHLPP1, PTEN, ERG, ZFHX3, and NCOR2. The prevalence of geno-
mic copy gain/loss and the percent difference (delta) between resistant
and sensitive CTCs DNA is shown in Fig. 4E and F as a superimposed
bar chart and heatmap, respectively. Specifically, we found that the
DNA damage repair genes ATM and BRCA2 were surprisingly dif-
ferentially gained in resistant versus sensitive CTCsDNA,withBRCA2
gain enriched in resistant patients and ATM gain enriched in sensitive
patients. We further validated the genomic gains of these genes in
multiple independent metastatic prostate cancer datasets (N ¼ 1,154

Figure 4.

CTCs clonal evolution in response to enzalutamide or abiraterone therapy. A, PFS; sensitive versus resistant (N¼ 23 vs. 14). Violin plot showing the number of CNVs
at genome level was called by Cytogenomics software and compared in between sensitive versus resistant CTCs DNA samples (N ¼ 23 vs. 14 cases; B),
and CellSearch CTCs enrichment between sensitive versus resistant (N¼ 22 vs. 14 cases; C).D,Genomic alterations for targeted 60 genes; sensitive versus resistant.
E and F, Displaying the topmost genomic gain and loss in sensitive versus resistant CTC-DNA, respectively, and illustrating the difference between sensitive and
resistant CTC-DNA CNAs prevalence. G, Overall heatmap of DNA damage and repair genes alteration associated with DNA damage repair pathways (ATM, BRCA2,
APC, PALB2, or BRCA1) were validated in metastatic prostate cancer datasets in cBioPortal.
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samples from 1,115 patients) in cBioPortal (Fig. 4G), suggesting that
alterations in BRCA2 and ATM-mediated signaling may be inversely
associated with outcomes during treatment with abiraterone or
enzalutamide.

WES of CTCs over time
The preceding work focused mostly on CNAs, given their critical

importance to mCRPC pathophysiology. However, mutations in
oncogenes and tumor suppressors are also relevant genomic altera-
tions associated with poor outcomes inmCRPC (8, 21, 22). To identify

unique somatic variants that develop or undergo clonal selection in
CTCs DNA overtime during abiraterone/enzalutamide treatment, we
evaluated CTC exome mutations longitudinally in a subset of patients
with paired samples. We performed WES in 11 Epic AR-V7–negative
men at baseline and progression on enzalutamide/abiraterone and
compared mutational calls against patient-matched germline DNA
from leukocytes as a reference control and to rule out clonal hema-
topoiesis contamination of samples. The average read depth in ana-
lyzable target regions was over 87�, and all calls were annotated and
functionally validated in COSMIC datasets. The raw data from the

Figure 5.

Comprehensive CTCs DNA analysis approach identifiesmutations in sensitive and resistantmCRPC cases over time.A, The line graph illustrates top COSMIC somatic
mutations detected byWES analysis, compared between baseline and paired posttreatment CTC-DNA (N¼ 11) in a set of 60 genes. B, The mutation hotspot for the
TP53 gene is visualized in cBioPortal Mutation-Mapper, where read coverage is shown in the IGV browser, including matched WBC, baseline-CTC, and progression
CTC DNA from the same patients, for genes SPOP (D144G) and TP53 (T111K) in patients 809-5 and 809-7, respectively. C, Genes with copy gain, loss, and COSMIC
mutations detected in 11 common baselines and progression CTCs DNA were combined and compared with each other, are shown in stacked bars. D, The line graph
exemplifies the top somaticmutations validated in theCOSMICdatabasewere compared between baseline sensitive (N¼ 5) and resistant CTC-DNA (N¼ 5). One of 11
patientswhohadaPFS in between 3 and6monthswas excluded from the analysis to enrich for outlier responses at either extremeof clinical benefit as determined by
PFS times. E, Somaticmutation in the PTEN gene detected in baseline sensitive and resistant are presented in cBioPortal byMutation-Mapper software. For example,
PTEN (D178G) andCDK12 (E131K)mutations are visualized in the IGVbrowser. F,Geneswith copy gain, loss, and COSMICmutations identified in five sensitive and five
resistant baselines CTCs DNA were combined and compared, are shown as a bar graph.
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WES of CTCs and WBC DNA were analyzed as a paired analysis
(CTCs vs. leukocytes) using Agilent SureCall-NGS software.

Focusing initially on the same 60 prostate cancer–associated and
validated pathophysiologic genes from our CNA analysis, we detected
high COSMIC-validated nonsynonymous pathogenic mutation fre-
quencies in progressing patients’ CTC DNA. In particular, we iden-
tified the enrichment of several pathogenic exome mutations at
progression on abi/enza, including TP53, CDK12, KMT2D, BRAF,
BRD4, and SPOP (Fig. 5A). For example, 45% (5/11) of progression
cases harbored TP53 mutations, whereas TP53 mutations were
detected in only 27% (3/11) of cases at baseline, as shown in
Fig. 5B. Likewise, 36% (4/11) of progression samples had mutations
in the CDK12 gene compared with 18% (2/11) of cases at baseline.
Nonsynonymous pathogenic mutations in SPOP (patient’s ID# 809-
05, AA: D144G, AF: 0.573) andTP53 (patient’s ID# 809-7, AA: T111K,
AF: 0.994) were uniquely detected in progression CTCs DNA, but not
in paired baseline or germline DNA, shown as a snapshot image in
Integrative Genomics Viewer (IGV) browser (Fig. 5B). On the con-
trary, some of the genes had a high prevalence of pathogenicmutations
detected at baseline CTCs DNA than paired progression CTCs DNA
samples, includingRB1, BRCA2, andPTEN (Fig. 5A). For all the genes,
sequence read depth, position, genotype, COSMIC changes, genotype
quality, and amino acid changes, etc., are summarized in File S3. In
addition, to combine frequent CNAs andmutation in the same sample,
we analyzed copy number and mutation data together for all 11
baseline and paired progression CTCs DNA samples and observed
a higher somatic tumormutation burden in progressionCTCs samples
compared with the baseline (Fig. 5C; Supplementary File S4).

To identify the mutations associated with enza/abi resistance, we
comparedWES data from 5 baseline sensitive and 5 resistant patients’
CTCs DNA. Here, we found many genes with pathogenic mutations
enriched in resistant samples, such as PTEN, TP53, CDK12, NRAS, or
BRAF (Fig. 5D). For example, PTEN mutations detected in sensitive
(1/5) and resistant (2/5) patients are shown as a lollipop graph
generated in cBioPortal (Fig. 5E). For example, mutation detected un-
iquely in genes PTEN (patient’s # 809-16, AA: D178G, nonsynony-
mous, missense, AF: 0.290) and CDK12 (patient’s # 809–03, AA:
E131K, nonsynonymous, missense, AF: 0.993) were visualized with
sequenced read depth coverage by IGV genome browser, shown in
Fig. 5E. We observed a high tumor mutation burden in resistant
samples compared with sensitive cases (Fig. 5F, bottom, green color).
Moreover, a high prevalence of common mutation and copy-number
changewas seen in resistant cases comparedwith sensitive cases shown
in Fig. 5F. For all the sensitive and resistant samples, the read depth,
COSMIC annotation, position, genotype, genotype quality, or amino
acid changes are summarized in Supplementary File S5. Besides, all the
mutations uniquely detected at baseline versus progression and sen-
sitive versus resistant CTCs DNA (CTC vs. WBC) were visualized as a
snapshot image showing reference and alternative alleles in the IGV
browser are summarized in Supplementary Fig. S5 and S6, respectively.
Our somatic pathogenic exome mutation analysis indicated that CTC
DNA mutations were most likely associated with disease progression
and clinical outcomes in patients with mCRPC treated with enza/abi.

Discussion
In this prospective study, we analyzed whole-genomic CNAs and

whole-exomic somatic mutations in CTCs in the context of mCRPC
treatment resistance to identify potential predictive and resistance
biomarkers of treatment outcomes with the potent AR inhibitors
enzalutamide or abiraterone acetate. We found evidence for broad

genomic heterogeneity in copy gains and losses using a liquid biopsy
approach in AR-V7–negative men from the multicenter PROPHECY
study, and more importantly, that some of these genomic alterations
were associated with clinical outcomes with AR inhibitor therapy (3).
While our data confirm prior work suggesting poor outcomes in
the setting of PTEN loss, MYCN gain, AR gain, and TP53 mutations,
we have identified novel associations with AR inhibitor sensitivity,
including gains in ATM, NCOR2, and HSD17B4, and novel associa-
tions of primary resistance toAR inhibitionwith gains ofBRCA2, APC,
KDM5D, MYCN, CYP11B1, SPARC, and AR, and loss of CHD1,
PHLPP1, PTEN, ERG, ZFHX3, and NCOR2. These findings, coupled
with validation of this work in public datasets of mCRPC patient
tissue samples, warrant further prospective validation andmechanistic
studies.

We recently demonstrated that men with mCRPC in the PROPH-
ECY trial who have CTCs that express AR-V7 and treated with
enzalutamide or abiraterone have poor outcomes, including a lack of
PSA or radiographic responses and short PFS or overall survival (3).
Nevertheless, most men in this setting lack AR-V7 and additional
genomic alterations are likely contributing to drug resistance (6). In
this study, we show that the men who had the clinical benefit (PFS ≥
6-months) to enzalutamide or abiraterone were more likely to have
CTCswith genomic alterations in pathways implicated inDNA repair,
steroid metabolism, PI3K, and WNT pathway signaling, chromatin
and epigenetic gains linked to loss of CHD1 (23) and gain of KDM5D,
and lineage plasticity genes including MYCN, FOXA1, and NKX3.1.
Moreover, after disease progression on AR inhibitor treatment, we
observed the clonal evolution of CTCs harboring genomic gain of
ATM, FOXA1, UGT2B17, KDM6A, CYP11B1, andMYC, and acquired
loss ofNCOR1, ZFHX3, and ERG. While we cannot establish causality
from this correlative work, collectively, these genomic alterations in
CTCs suggest critical mechanisms of primary or acquired resistance to
hormonal therapies in men with mCRPC. Furthermore, our somatic
exome mutation analysis of CTCs DNA detected various COSMIC-
validated nonsynonymous mutations in progressed or resistant AR-
V7–negative patients with enrichment of pathogenic mutations, such
as TP53, AKAP9, CDK12, KMT2D, BRD4, and SPOP. Thus, these
genomic alterations in androgen signaling, WNT, lineage plasticity,
epigenetic regulators, and DNA damage pathways support a variety of
pathways that were associated with poor clinical outcomes in AR-V7–
negative mCRPC men treated with enzalutamide or abiraterone.

In this study, we observed several genomic alterations that may be
associated with tumor progression, drug resistance, lineage plasticity,
and lethal disease tumor heterogeneity in mCRPC (24). AR over-
expression and genomic amplification are the most common occur-
rence in enza/abi-treated patients with mCRPC, associated with poor
clinical outcomes, where a large proportion of patients may develop
primary or secondary resistance to hormonal therapy (14, 25). In this
prospective study, we observed AR gain in 57% (8/14) of resistant and
39% (9/23) of sensitive baseline CTCs DNA samples, which might
suggest the role of increases AR amplification/gain in developing
primary resistant cancer. Remarkably, we did not observe any differ-
ences inAR gene alterations at the DNA level after disease progression
[at progression 8/25 (32%), vs. baseline 11/25 (44%)], which reflects
that therapy-resistant clones were present before hormonal therapy.
Thus, the genomic alterations of CTCs could be indicative of clonal
evolution to survive enza/abi treatment pressure, leading to the
selection of resistant subclones while eliminating other CTC clones.

In the AR transcription complex, FOXA1, one of the key members
for the AR transcriptional activity, is upregulated in advanced prostate
cancer, associated with poor prognosis and disease progression, and
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correlated with PSA level andGleason scores (26, 27). An in vitro study
showed that the silencing of FOXA1 in LNCaP cells reduced cell
proliferation and growth of prostate cancer (28). In accordance, we
also observed that FOXA1 was one of the top genes with a high
prevalence of copy gain detected in our CTCs DNA at baseline 7/25
(28%) and paired progression 14/25 (56%) in patients with mCRPC,
overtime. Therefore, the increased prevalence of FOXA1 gain in
mCRPC CTCs might be associated with acquired resistance, and AR
reprogramming (27) requires further independent confirmations.

In our previous CTCs versus cfDNA study (18), we established that
MYCN is uniquely copy gained in CTCs DNA, but not in paired
cfDNA in the same patient reflected different CTCs biologics, asso-
ciated with poor clinical outcomes, neuroendocrine-like prostate
cancer phenotype, and resistance to androgen deprivation therapy in
patient with mCRPC treated with enza/abi (18, 29, 30). We again
observed MYCN gain in 43% (6/14) of resistant versus 22% (5/23) of
sensitive baseline CTCs DNA. In contrast, we did not see any changes
in copy number between the 25 baseline and paired progression CTCs
DNA samples (28% vs. 28%). Here, ourMYCNCNAs findings suggest
thatMYCNmight be associated with the primary drug resistance and
could be used as a prognostic biomarker for neuroendocrine prostate
cancer (NEPC)-like CTCs during hormonal therapy, which requires
further clinical validations and functional study (31). In addition,
altered genes such as AURKA might also be associated with the
primary resistance in the patients with mCRPC treated with abi/enza.
However, on the other hand, AURKA gain may not be associated
commonly with acquired resistance given its lack of enrichment in
progression samples. Determination of AURKA’s role in AR therapy
resistance and neuroendocrine transformation will require further
mechanistic and targeted therapy studies in selected patients (32).

In addition to genomic copy gain, there weremany other genes with
high prevalence in genomic copy loss, such as ZFHX3, BRCA1, PTEN,
ERG, and FGFR2, which play an essential role in disease progression
and primary resistance in mCRPC (8, 14, 33). For example, we found
that ZFHX3, which acts as a tumor suppressor gene associated with
Erk1–2/AKT signaling, development of prostatic intraepithelial neo-
plasia, and cell proliferation in prostate cancer (34), had a high
prevalence of genomic loss in our 15 of 25 progressed (60%) CTCs
DNA in comparison with the paired baseline 11/25 (44%) CTCsDNA.
When we compared ZFHX3 loss between resistant and sensitive
baseline CTCs DNA, we found a high prevalence of ZFHX3 genomic

loss in resistant CTCs DNA (9/14, 64%), whereas 48% (11/23)
was detected in sensitive baseline cases. The genomic loss of ZFHX3
in CTCs DNA could be associated with both primary and acquired
resistance in patiengtswithmCRPC treatedwith enza/abi, whichneeds
further functional and clinical validations. Finally, these genomic
alterations findings support that CTCs DNA genomic alterations
may be the driving force inmCRPCprogression andhormonal therapy
failure.

In a prospective study, Zhang and colleagues showed that genomic
loss of the CHD1 gene in metastatic prostate cancer promotes resis-
tance to AR-targeted hormonal therapy through chromatin modifica-
tions, and associated with worst clinical outcomes in patients treated
with enzalutamide may lead to the emergence of antiandrogen drug
resistance inmCRPC (23). Here, we also observedCHD1 gene loss in 4
of 14 (29%) of the resistant versus 2 of 23 (9%) sensitive patients with
mCRPC treated with enza/abi, which might be associated with hor-
monal therapy failure, requires further study.

It has previously been shown that lethal clones with clonal hetero-
geneity were distinguished from the primary tumor to metastases
during disease progression in prostate cancer, longitudinally, where
they observed many genetic alterations including pathogenic muta-
tions in many vital genes such as APC, SPOP, PTEN, and TP53 in
metastatic tissues, but not in primary tissues, (35). Similarly, we also
observed a high prevalence in many genes, for example, SPOP, TP53,
and BRD4, where somatic exonic non-synonymous pathogenic COS-
MIC validated mutations were detected in progressed CTCs DNA, but
not in baseline CTCs DNA. For example, we observed a range of
genomic alterations at progression, including new TP53 mutations in
three cases, each of which had a PFS >6 months, indicating that this
new mutation may be acquired during resistance. We observed two
cases of persistent TP53 mutations at each timepoint, each of whom
had PFS times less than 3 months, indicating primary resistance. The
presence of these common genomic alterations and exomic mutations
may indicate common clones associated with drug resistance and
metastases in patients with mCRPC treated with enza/abi. Therefore,
our findings suggest the emergence of progressive subclone with
PTEN, TP53, SPOP, or BRD4 mutations within progression CTCs
requires further validations in larger cohorts of patients with
mCRPC (36).

The limitations of our current analysis first include the small size of
our cohort that underwent whole-genomic or WES within the overall

Figure 6.

Conceptual model of CTCs evolution in mCRPC: sensitive versus nonresponder patients with mCRPC.
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broader PROPHECY study, limiting our ability to perform statistical
testing between the individual alterations with clinical outcomes. The
ability to detect CTC genomic alterations is directly related to the
number of CTCs evaluable at that time, and thus, genomic findings
may be biased by disease burden and differences in sensitivity of
whole-genomic assays at different timepoints due to changes in CTC
numbers in response to therapy and at progression. Our work should
be considered hypothesis generating and exploratory, necessitating
prospective validation in larger cohorts. Second, it is possible that some
of the identified genomic alterationsmay represent low-level passenger
changes that, while common, may not be driving treatment outcomes.
We focused the present study on those genomic alterations previously
validated pathophysiologically and clinically in mCRPC or preclinical
models and those alterations that were more common across patient
samples, thus reducing the potential for bias related to misclassifica-
tion during genomic amplification of CTC DNA, sequencing, and
variant calling. We also excluded germline alterations using paired
PBMCs to avoid contamination with genomic alterations associated
with clonal hematopoiesis.

In conclusion, our prospective analysis showed the practical feasi-
bility of longitudinally profiling whole-genome CNAs and exome
mutation analysis of CTCs DNA. We identified an increased preva-
lence of common CNAs inclusive of genomic regions associated with
critical pathways related to disease progression and treatment resis-
tance in patients with mCRPC. These genomic alterations were
associated with androgen signaling, tumor suppressors, WNT, NEPC,
epigenetic regulators, andDNAdamage and repair relevant tomCRPC
biology (Fig. 6). The alterationswe identifiedmay provide insights into
metastatic biology and provide future clinical applications for bio-
marker discovery in men with mCRPC in context to enza/abi treat-
ment. The study of genomic alterations in CTCs provides putative
clinically actionable information and tracking clonal evolution
over time that could influence treatment options in mCRPC cases.
Moreover, if validated, our results may suggest that CTC DNA
biomarkers can identify and predict sensitivity and resistance to
enzalutamide or abiraterone acetate treatment in men with mCRPC
irrespective of AR-V7 status.
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