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Abstract

Purpose: Beyond enumeration, circulating tumor cells (CTCs)

can provide genetic information from metastatic cancer that may

facilitate a greater understanding of tumor biology and enable a

precision medicine approach.

Experimental Design: CTCs and paired leukocytes from men

with metastatic castration-resistant prostate cancer (mCRPC)

were isolated from blood through red cell lysis, CD45 depletion,

and flow sorting based on EpCAM/CD45 expression. We next

performed whole genomic copy number analysis of CTCs and

matched patient leukocytes (germline) using array-based com-

parative genomic hybridization (aCGH) from 16 men with

mCRPC, including longitudinal and sequential aCGH analyses

of CTCs in the context of enzalutamide therapy.

Results: All patients had mCRPC and primary or acquired

resistance to abiraterone acetate or enzalutamide. We compiled

copy gains and losses, with a particular focus on those genes

highly implicated in mCRPC progression and previously validat-

ed as being aberrant in metastatic tissue samples and genomic

studies of reference mCRPC datasets. Genomic gains in >25% of

CTCs were observed in AR, FOXA1, ABL1, MET, ERG, CDK12,

BRD4, and ZFHX3, while common genomic losses involved

PTEN, ZFHX3, PDE4DIP, RAF1, and GATA2. Analysis of aCGH

in a sample with sequential enzalutamide-resistant visceral pro-

gression showed acquired loss of AR amplification concurrent

with gain of MYCN, consistent with evolution toward a neuro-

endocrine-like, AR-independent clone.

Conclusions: Genomic analysis of pooled CTCs in men

with mCRPC suggests a reproducible, but highly complex

molecular profile that includes common aberrations in AR,

ERG, c-MET, and PI3K signaling during mCRPC progression,

which may be useful for predictive biomarker development.

Clin Cancer Res; 23(5); 1346–57. �2016 AACR.

Introduction

Our understanding of the genomic complexities of metastatic

prostate cancer has been greatly accelerated with the advent of

next-generation tissue-based sequencing approaches (1–4). These

sequencing efforts have revealed significant heterogeneity in

genomic lesions across patients with metastatic castration-resis-

tant prostate cancer (mCRPC). Despite this interpatient hetero-

geneity, a number of key oncogenic pathways are commonly

altered, including the androgen receptor (AR), genes in the PI3K

pathway, epigenetic pathways,WNT signaling pathway, andDNA

repair pathways (1, 2). Interestingly, many of these pathway

alterations are potentially actionable and suggest a path forward

for developing specific, personalized therapies.

While analysis of metastatic biopsy sites can provide clinically

useful information, genomic profiling of a single metastatic site is

challenging for several reasons. First, genomic and clonal hetero-

geneity between metastatic sites within individual patients is

known to be prevalent in men with mCRPC (5, 6). Second,

metastatic biopsies are invasive, particularly in patients for whom

metastases involve boneor visceral siteswhere sequential biopsies

are often not feasible. Third, the yield of evaluable tumor tissue

from metastatic sites can often be quite low, particularly from

bonemetastases (7). Fourth, during therapy-induced clonal selec-

tion, dynamic changes over time in tumorbiologymaynot bewell

represented by a singlemetastatic biopsy (5, 6). It is in this context

that the assessment of genomic alterations in circulating tumor

cells (CTCs) may provide distinct advantages due to the nonin-

vasive method of collection and the ability to perform longitu-

dinal CTC sample collection. Recent data suggest that genomic

biomarkers within CTCs, such as AR splice variants (AR-V7), are

highly associated with resistance to the commonly-used hormon-

al therapies enzalutamide or abiraterone acetate (8). Thus, CTCs

can provide a potentially clinically useful noninvasive biomarker

and source of tumor tissue for tumor biology assessment over

time to help facilitate therapy decisions.

To date, CTCs have been largely utilized for enumeration from

peripheral blood of patients with mCRPC and used simply for
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prognostication for overall survival, before or during systemic

therapy (9). However, the clinical utility of CTCs likely rests in

their ability to disclose meaningful predictive biologic informa-

tion about a cancer that may help select for specific therapies to

improve upon outcomes for patients (10).

Only a few pilot studies have assessed whole genomic infor-

mation from CTCs in men with metastatic prostate cancer. One

pilot study assessed CTCs of nine patients with mCRPC using

array-based comparative genomic hybridization (aCGH) and

identified commonly-gained or lost genomic regions such as AR

gain or 8q loss (11). In a comprehensive study of two men with

mCRPC, whole exome sequencing of individual CTCs revealed a

complex clonally-divergent evolutionary picture in which the

majority of truncal mutations from the primary tumor tissue

were present in CTCs (12). Finally, a recent RNA sequencing

study of 13 patients with mCRPC identified clonal heterogeneity

of CTCs within patients and perturbation of several key pathways

implicated inCRPCprogression, includingWNTandAR signaling

(13). Thus, there remains a need for additional clinically-anno-

tated whole genomic DNA analysis of CTCs, particularly in the

context of contemporary treatment and the development of

resistance to enzalutamide or abiraterone acetate. Given that

recent data suggest that gains in AR are strongly associated with

abiraterone resistance in cell-free tumor DNA (14), evaluating

copy number changes involving both AR and non-AR genomic

regionsmay help identify suitable targets for therapy in the future.

We conducted a prospective study of whole genomic copy

number alterations in CTCs from men with mCRPC undergoing

therapy with either abiraterone acetate or enzalutamide to better

understand the genomic complexities within CTCs that may be

feasibly and reliably assessedover time and thatmaybe associated

with resistance to systemic therapy.

Materials and Methods

Cell lines, patients, and clinical specimens

Men with progressive, mCRPC were enrolled prior to initiating

a new systemic therapy. Eligibility criteria included histologically

confirmed adenocarcinoma of the prostate, clinical/radiographic

evidence ofmetastatic disease, castrate levels of testosterone (�50

ng/dL), and evidence of disease progression on recent CT or bone

scan imaging or by consecutive prostate-specific antigen (PSA)

rises. We used PCWG2 criteria for PSA rise to determine eligibility

for this study (15). Radiographic or symptomatic progressionwas

also permitted as amethod todetermine eligibility of progression.

Allmenhad castrate levels of testosterone. All themCRPCpatients

provided informed consent under a protocol approved by the

Duke University Institutional Review Board (IRB). Exclusion

criteria were limited to the recent receipt of an anthracycline or

mitoxantrone within one week of CTC collection given the

interfering properties of these agents with CTC autofluorescence

and CellSearch-based CTC enumeration. Enzalutamide or abir-

aterone were used at standard FDA approved doses per standard

of care practice. LNCaP and T47D cells were obtained from the

Duke University Cell Culture Facility Shared Resource, which

authenticates cell lines by short tandem repeat profiling prior to

freezing. Subsequent to reanimation, cells were cultured at 37�C

and 5% CO2 in RPMI supplemented with 10% FBS and 1%

penicillin and streptomycin for fewer than five passages prior to

the extraction of genomic DNA.

CTC enumeration and whole genome amplification

CTCs were enumerated using the standard CellSearch method

(9) with samples processed within 48 hours of collection. Blood

was also collected in a separate 10-mL ethylenediaminetetraacetic

acid (EDTA) tube for CTC genomic analysis. After ammonium

chloride (Gibco, A10492) red cell lysis (1:10 dilution over 10

minutes at room temperature), cells were resuspended in 2mL of

buffer (PBS/-Ca, -Mg, 0.1%BSA, 2mmol/L EDTA) anddepletedof

CD45 using anti-CD45–labeled magnetic Dynabeads (Invitro-

gen, 11153D). After magnetic separation, centrifugation, and

blocking for 60 minutes in the dark on ice (10% goat serum in

PBS), cells were stained with an anti-EpCAM antibody (AbD

Serotek, CMA1870g) labeled with Alexa Mouse IgG1-647 (Invi-

trogen, Z25008) and anti-Hu CD45-488 (Leinco, C1620), then

washed with PBS, and adjusted to a final volume of 500 mL. The

nonmagnetized supernatant was resuspended for further CTC

isolation using FACS (BD-FACSDiva sorter). CTCs were isolated

in a FACS cell sorter using Alexa Fluor–labeled anti-EpCAM and

CD45 antibody selection.

Leukocytes (CD45þ cells) were collected as germline control

during blood collection and analysis, and CTCs (defined as

EpCAMþ, CD45� cells) were collected for somatic genomic

analysis at the same time point at disease progression. Gating

thresholds for EpCAM and CD45 were selected on the basis of

healthy volunteer bloodand spikedEpCAM-positive control cells.

EpCAM-positive, CD45-negative cells from patient samples or

spiked control samples were sorted in 100-mL water to retain the

maximum amount of CTCs from the sort. In parallel, buffy coats

were isolated from 4mL of whole blood collected in EDTA tubes,

diluted 1:1 with PBS (-Ca, -Mg), and carefully layered on 4 mL of

Ficoll-Plaque (GEHealthcare, 17-1440). Cells were centrifuged at

400� g for 10minutes at 18�C. Buffy coatswerewashedwith PBS,

and centrifuged at 400 � g for 10 minutes at 18�C. Pellets were

resuspended in 100 mL of nuclease-free H2O. The Qiagen Repli-

Gene Single Cell kit and WGA4 kit (Sigma-Aldrich GenomePlex

Single Cell Whole Genome Amplification Kit) were used to

amplify the DNA from CTCs and buffy coats following the

manufacturer's protocols. Amplified gDNA was purified using

Translational Relevance

We evaluated a method to isolate and genomically charac-

terize circulating tumor cells from men with abiraterone- or

enzalutamide-resistant metastatic castration-resistant prostate

cancer. In this study, we identified common and reproducible

regions of amplification of expected genes such as AR and

FOXA1 and losses of PTEN, and provide a broad clinically

annotated analysis of whole genomic copy gains and losses in

this treatment resistance setting. Surprisingly, we found com-

mon amplifications of potentially actionable genomic loci

containing ERG and BRD4, as well as acquired gains in SPOP

and MYCN, suggesting additional AR-independent pathways

of resistance in this setting. CTC genomic characterization has

the potential to provide a minimally invasive predictive bio-

marker assessment for predicting therapeutic efficacy and

broad genomic monitoring for emergent treatment resistance.

These findings have clear implications for informative bio-

marker assessments of AR-directed therapy and taxane resis-

tance but also for novel target discovery and therapeutic

development.

Genomic Study of CTCs in mCRPC
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the GenElute Gel Extraction Kit (NA1111 SIGMA) and MinElute

PCR Purification Kit (Qiagen). The quality and concentration of

each amplified gDNA sample was measured in a NanoDrop

spectrophotometer. Prior to aCGH analysis, DNA quality and

integrity were evaluated by 260/280 ratio and agarose gel elec-

trophoresis, respectively, and stored at �20�C.

aCGH

Before hybridizing the samples on the microarray, the Geno-

mePlex Single Cell Whole Genome Amplification Kit (WGA4)

was used to amplify the sample DNA to the yield required for

microarray labeling (0.5 mg). Whole genomic amplification and

aCGHwas performed using Agilent Oligonucleotide Array-Based

CGH for Genomic DNA Analysis (G4449A, SurePrint G3Human

CGH array 4�180K) following the manufacturer's protocols. The

SurePrint G3CGHarray contains approximately 170,334Distinct

Biological Features, with an approximately 13 Kb overall median

CGHprobe spacing and approximately 5-10Mb copy-neutral loss

of heterozygosity (LOH) resolution. After washing with buffer 1

and 2, slideswere placed in anozone barrier and scanned using an

Agilent Microarray Scanner Type C, which measures fluorescence

from two dyes simultaneously (Agilent G2565CA, Duke Univer-

sity Genomics Core Facility). Subsequent to scanning, aCGH .tiff

images were uploaded to Agilent CytoGenomics Software for the

detection of loss/gain copy-number changes. To limit false posi-

tives, stringent filters were applied using a minimum aberration

filter as follows: � 3 probes to call an amplification event and an

average absolute log ratio for amplification� 0.25 and for loss�

�0.25. Furthermore, all genes were also evaluated manually

based on probe distribution in a given region within chromo-

somal aberrations obtained from the CytoGenomics software.

FISH

To assess AR and ERG amplification status in CTCs, CTCs were

fixed within the CellSearch cartridge, and a locus-specific probe

alongwith a reference probewere used in FISH assays as described

previously (16). This permits visualization of CKþ, CD45�DAPIþ

CTCs for concurrent FISH analysis. For AR, we used 340 kb probes

against exon 1. For the TMPRSS2-ERG break apart fusion FISH

validation, three probes from repeat chromosome 22 interstitial

site BAC clones (RP11-479J1, RP11-383C12, RP11-963N10)

were used (17).

Results

Optimization of aCGH

To evaluate the ability of our aCGH method to detect copy

number variations (CNVs) in rare cells, we took several

approaches. First, we spiked control cancer cell lines with known

copy number profiles (T47D cells) into healthy volunteer whole

blood and analyzed these cells by aCGH. Pooled EpCAMþ and

CD45� CTCs were isolated for genomic analysis from blood in

EDTA tubes through ammonium chloride red blood cell lysis,

CD45þ magnetic bead depletion, and flow cytometry sorting as

described in the Materials and Methods section (Fig. 1A). In

parallel,weamplifiedgenomic (g)DNAfromtheoriginalunspiked

cells and leukocytes. The aCGHworkflow (Fig. 1B) was optimized

on human female and prostate cancer cell line (LNCaP) gDNA

where humanmale gDNAwas used as a reference. In addition, we

also performed aCGH from 5 to 200 breast cancer T47D cells

spiked into healthy blood and isolated them by immunostaining

using EpCAM and CD45 antibodies by FACS. The genomic views

of the chromosomal aberrations from human female, spiked

LNCaPs, and spiked T47Ds are shown in Supplementary Fig.

S1A–S1C, respectively. Importantly, Y-chromosome loss was

observed in the female gDNA (Supplementary Fig. S1A). In addi-

tion, in concordance with other studies, we identified two com-

monly-amplified genes in T47D cells, ERBB2 and SIX1 in our

analysis (Supplementary Fig. S1D; refs. 18, 19). Similarly, we

confirmed PTEN loss by aCGH in the LNCaP gDNA (Supplemen-

tary Fig. S1E). These analyses suggest that our workflow can detect

copy number alterations within spiked cells and cell lines from a

small number of cells (�5–10 cells). Indeed, we have also been

able to observe both small and large copy alterations in as few as

seven cells (patient P37.3, Supplementary Table S1). These anal-

yses provide methodologic validation using control samples and

establish the groundwork for patient-based CTC genomic analysis.

Validating aCGH on mCRPC CTCs

Our second approach to validate the aCGH methodology for

analysis of CTCs used an assessment of the reproducibility of

duplicate pooled CTC samples from patients with mCRPC. We

elected to pool CTCs from single blood samples to identify the

dominant genomic copy changes in the circulation, recognizing

that rare or heterogeneous clones that differ within the CTC

population may be missed. In this analysis, we enrolled men

with progressive, mCRPC who were starting a new systemic

therapy at the Duke Cancer Institute. In this prospective cohort,

a total of 29menwithmCRPC contributed blood samples for this

study. Seven of 29 (24%) were excluded from the analysis due to

undetectable CTCs in the blood. Six additional samples did not

pass the quality control screening of genomic DNA. We have

previously published on the predictors of CTC detection in the

blood of men with mCRPC, finding that men with mCRPC who

have one or more poor prognostic factors (liver metastases, pain,

high PSA, high alkaline phosphatase, or LDH) are more likely to

have detectable CTCs by the CellSearch method. Men with favor-

able prognosis CRPC are more likely to have undetectable CTCs

(20). Thus, based on quantity and quality a total of 16 samples

from a total of 12 unique subjects (�72% of the total number of

samples with CTCs) where two men had two samples drawn and

onemanhad three samples blooddrawnwith sevenormoreCTCs

were selected for aCGH analysis (Fig. 1C).

To assess the reproducibility of the whole genomic data from

CTCs, we performed duplicate aCGH on samples 36.1 and 37.3

along with matched leukocyte controls from the same patient. As

demonstrated in Supplementary Fig. S2Aa, the majority (66%) of

genomic aberrations were replicated in the 36.1 duplicate samples

using strict genome-level gain/loss calling criteria. We also

observed a significant number of genes within chromosomal

aberrations (Supplementary Fig. S2Ab), and specifically confirmed

AR (Xq12) amplification in both replicates (Supplementary Fig.

S2Ac). For patient sample 37.3, a dye swapping experiment was

performed inwhich the initial labeling of the CTCs and leukocytes

was reversed and analyzed. We found 70% of the genomic aberra-

tions were replicated in sample 37.3 using dye swapping, suggest-

ing that the majority of genomic gains/losses are reproducibly

identified with this method (Supplementary Fig. S2Ba and S2Bb).

On the basis of these results, using technical replicates, dye swap

replicates, and an alternative method to identify AR gain, our data

suggest that our methods can reliably detect common CNVs in

CTCs from men with mCRPC using aCGH.

Gupta et al.
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Genomic profiling of CTCs

After establishing the reliability of our method, we next

performed aCGH on gDNA isolated from 12 evaluable men

with mCRPC who provided 16 evaluable samples including

CTCs and matched reference leukocytes to identify and describe

somatically-acquired CNVs in CTCs over time. Patient blood

samples were collected before and after progression on enza-

lutamide or abiraterone acetate therapy and used for CTC

isolation and enumeration. Details of these and additional

cases are included in Supplementary Table S1 and additional

detailed clinical vignettes are provided for six selected men with

mCRPC (Fig. 2). All men had mCRPC and progressed on

abiraterone acetate, with CTCs drawn for aCGH at progression

[blood draw point indicated as an asterisk (�) in Fig. 2]. Three of

these men were also enzalutamide resistant (P13, P18, and

P40), while two men had a short-term response to enzaluta-

mide after abiraterone (P27, P32), and one had a response to

docetaxel chemotherapy followed by progression (P36). Over-

all, we successfully performed aCGH from CTCs and leukocytes

from 16 samples from men with CRPC, including several

replicates and one patient (P27) with sequential, longitudinal

CTC aCGH. Fig. 5 summarizes the aCGH findings from these

men, grouped according to the most common genomic regions

altered and by pathway, and compared against reference

mCRPC datasets (1, 21).

Our overall findings suggest diverse between-patient hetero-

geneity in the clonal genomic landscape of CTCs from men

with mCRPC (Fig. 5), as well as clonal divergent evolution of

CTCs during treatment with abiraterone or enzalutamide. The

following three examples illustrate this heterogeneity on a case

by case basis. Patient P18 was a man with bone-predominant

mCRPC who progressed on abiraterone, and did not respond to

enzalutamide. The man developed rapid bone marrow failure

and symptomatic progression. His CTCs were characterized by

gain of CYP11A1, ERG, and BRD4 and loss of CDK12 and c-

MET. Patient P13 was a man with bone-only mCRPC who did

not respond to enzalutamide after abiraterone and docetaxel

chemotherapy. His CTCs were characterized by gain in MLL2/3,

FGFR2, and ERG and loss of MYC, RAF1, and AURK-A. Patient

P32 progressed on enzalutamide quickly after initial brief

response and was then treated with combined enzalutamide

and a PI3 kinase inhibitor. He had disease stabilization on this

combination but then progressed within five months of therapy

initiation. His CTCs were characterized initially by gain of

Figure 1.

Methods for the isolation and

amplification of genomic (g)DNA from

CTCs. A, CTCs were isolated from EDTA

whole blood after ammonium chloride

red blood cell (RBC) lysis, anti-CD45

Dynabead leukocyte depletion, and flow

sorting using both EpCAM and CD45

antibodies. EpCAMþ and CD45– CTCs

were collected in nuclease-free water

for genomic DNA (gDNA) amplification,

and leukocytes were collected as a

germline reference from the same

patient. B, Workflow of gDNA

preparation, purification, hybridization,

and aCGH. CTC aCGH results were

compared with germline leukocyte

control and previously published

metastatic prostate cancer data. C,

CONSORT diagram of CRPC patient

samples analyzed in this study. There

were two samples where blood was

collected at two different time points,

and one patient in which blood was

collected three times. Sixteen samples

had sufficient CTCs (>5) for aCGH

analysis.

Genomic Study of CTCs in mCRPC
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SPOP, AURKA, ERG, and NCOA2 and loss of CHD1. The aCGH

results based on these clinical contexts are summarized in

Fig. 5.

Overall, we observed AR amplification in 50% of CTCs, and

loss of the AR genomic locus was not observed. We did, however,

observe loss of AR gain over time. For example, multiple genomic

alterationswere seen in aCGHanalysis of patient P27's CTCs prior

to treatment with enzalutamide (Fig. 3A, a), where AR gain was

observed (Fig. 3A, b), and we confirmed AR amplification in this

patient using FISH on the same CTCs using an AR-FISH probe, in

which four copies of AR were found (Fig. 3A, c). However, at the

time of visceral progression and enzalutamide resistance, the

patient's CTCs lacked this AR gain, suggesting clonal selection.

In addition, we observed evidence of clonal evolution in this

patient. P27 was a man with mCRPC who responded to enzalu-

tamide initially (P27.1), but quickly developed resistance to

enzalutamide in about five months (P27.3) accompanied by

visceral metastatic progression (adrenal and CNS progression,

suggestive of a neuroendocrine-like transformation). Compara-

tive aCGH data from samples P27.1 and P27.3 revealed several

new chromosomal aberrations that were only seen in post-enza-

lutamide–treated samples (P27.3) in comparison with pre-enza-

lutamide treatment (Fig. 3B), including loss of AR amplification.

For example, MYCN copy number neutrality or modest loss was

demonstrated in CTCs collected prior to starting enzalutamide

(P27.1), but amplification of the MYCN gene locus in CTCs was

observed after the patient developed enzalutamide resistance

(P27.3; Fig. 3C). PTEN gain was also observed in patient 27

pre-enzalutamide (P27.1), with loss after enzalutamide treatment

(P27.3; Fig. 3D).

Figure 2.

Case summaries. Clinical course of six selected mCRPC patients (P13, 18, 27, 32, 36, and 40) showing treatments and changes in PSA over time and types of

progression. � , time point when CTCs aCGH was analyzed.

Gupta et al.

Clin Cancer Res; 23(5) March 1, 2017 Clinical Cancer Research1350
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Figure 3.

CTC clonal evolution during enzalutamide therapy. A, a, genome view of sample P27.1 (pre-enzalutamide); b, aCGH showing AR amplification; c, validated by FISH

using a specific AR FISH probe. Four copies of androgen receptor (AR) are observed. B, CTC aCGH prior to enzalutamide (P27.1) and upon progression on

enzalutamide (P27.3). Genes with chromosomal aberrations obtained by aCGH from 27.1 and 27.3 were compared using Venny2 software for overlap. C,

aCGHdata depictsMYCN loss (chromosome 2) in sample P27.1 and amplification in sample P27.3.D, aCGH data showing PTEN gain in sample P27.1 and loss in sample

P27.3. E, MYCN amplification is also identified in patient P40.2.

Genomic Study of CTCs in mCRPC

www.aacrjournals.org Clin Cancer Res; 23(5) March 1, 2017 1351
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Figure 4.

ERG gain in CTCs frommenwithmCRPC. aCGH gene view images showing ERG gain in;A, P35.1, P32.1, P32.2, and P13.3.B andC, ERG gainwas observed in both P18.2

and P37.3 and their replicate experiments. For sample P37.3, the replicate sample underwent a dye swap experiment. D, Longitudinal sample P27 where ERG

loss was seen in pre-enzalutamide (P27.1) and gain in post-enzalutamide treatment (P27.3). E, Multiple copies of ERG are seen in samples P18.2 and 13.3 by the

TMPRSS2-ERG break apart fusion FISH probe. (Continued on the following page.)
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MYCN amplification is found in 40% of neuroendocrine

prostate cancer (NEPC) cases as compared with just 5% of

prostate adenocarcinomas. MYCN induces a neuroendocrine

phenotype in prostate cells (22), and has been previously shown

to contribute to treatment-induced NEPC after hormonal therapy

and resistance to androgen deprivation therapy (ADT). MYCN

amplification in CTCs was observed in two cases (12.5%).MYCN

gain was also observed in patient P40.2 (Fig. 3E) as he developed

liver metastases following abiraterone, enzalutamide, docetaxel,

and radium-223. These data suggest that ourCTCaCGHapproach

can detect the emergence of drug-resistant tumor clones, such as

those with gain of the proliferative gene MYCN, which corre-

sponded to clinical progression on enzalutamide and visceral

spread of their disease.

Patient P13 is a man with de novo enzalutamide- and abirater-

one-resistant mCRPC whose AR was not amplified in his CTCs.

This patient was found to have gain of FGFR2, MLL2 and MLL3,

PXN, and CYP11A, suggesting additional biologically-relevant

pathways in cell signaling, DNA repair, epigenetic control, cell

structure, and hormone signaling. Overall, common gains were

noted in AR signaling pathways in all 16 males, led by AR (50%),

FOXA1 (31.25%), CYP11B1 (31.25%), and UGT2B17 (31.25%).

Interestingly, the locus encoding the AR coactivator BRD4 was

amplified in 43.75% of CTCs, as was another AR coactivator

NCOA2 (ref. 23; Fig. 5). Other known cancer-promoting targets

in prostate cancer that were amplified in CTCs from mCRPC

patients were Paxillin (PXN; 25% gain) and ABL Proto-Oncogene

1 (ABL1; 37.5% gain) suggest key roles for these pathways in

mediating CRPCprogression anddrug resistance (Supplementary

Fig. S3A–S3G; refs. 24, 25). Patient P32 further illustrates the

ability of our CTC aCGH approach to detect genomic evolution

over time. P32 is a man with mCRPC, who progressed on

enzalutamide and was subsequently treated with the combina-

tion of enzalutamide and a PI3K inhibitor, with disease stabili-

zation for five months. His CTCs at progression on the PI3K

inhibitor demonstrated AR gain and multiple gains of genomic

loci containing PI3K-based signaling nodes, while his CTCs at

baseline did not have AR gain. We analyzed all the AKT and PI3K

family members and their regulators listed as part of the Qiagen

PI3K-AKT quantitative PCR arrays in SAbiosciences from patient

P32.1 and P32.2CTC aCGH.We found thatAKT2, GRB2, PIK3R2,

and PAK1 were gained in both patient P32.1 and P32.2 (Supple-

mentary Fig. S4A). Interestingly, the bruton agammaglobulin-

emia tyrosine kinase (BTK) gene, used as a biomarker and ther-

apeutic target in prostate cancer (26) was gained in patient P32.1

and lost in P32.2 (Supplementary Fig. S4B). The complex pattern

of genomic gains and losses observed in this patient's CTCs

suggests clonal selection of CTCs with AR gain during combined

enzalutamide/PI3K inhibition, concurrent with a PSA rise to over

5,000 ng/dL. His CTCs collected prior to starting the study drug

(P32.1) revealed BRD4, ERG, and NCOA2 gain, no AR copy

variation, and MYCN loss. These results indicate that clonal

selection anddynamic clonal evolution of CTCsmayoccur during

systemic therapy for men with mCRPC, and that reassessment of

CTC genomics over time may be informative.

Identification of CTCs harboring ERG genomic alterations in

mCRPC

TheTMPRSS2-ERG fusion is one of themost common recurrent

genomic events in more than 50% of men with primary prostate

cancer (27). In vitro, in vivo, and in silico studies of ERGhave shown

its oncogenic activity and association with several oncogenic

cancer-promoting pathways in prostate cancer, such as PI3K,Wnt,

AR signaling, and glucocorticoid receptor (1, 28). Interestingly,

ERG duplication/gain has been associated with poor clinical

outcome and aggressive disease as compared with patients with

a single copy of ERG (17). We identified ERG gain in 43.75% (7/

16) of cases, 6.25% with ERG loss (1/16), and 50% (8/16) with

wild-type/copy neutral ERG (Fig. 4A–D). ERG gain was also

verified in replicate samples from two independent patients

P18.2 and P37.3 (Fig. 4B and C). Interestingly, ERG loss was

found in sample P27 before enzalutamide treatment (P27.1) and

was amplified post-enzalutamide treatment (P27.3;Fig. 4D). We

also validated ERG amplification inCTCs frompatients P18.2 and

P13.3 by using the TMPRSS2-ERG FISH probe (Fig. 4E). Next, to

compare our findings of ERG alteration with public datasets of

CRPC samples, we analyzed four different prostate cancer data

sets using cBioPortal and found that ERG was gained in both

CRPC (15.7%) and NEPC (20.5%) clinical samples (Fig. 4F, a;

ref. 29). ERG copy number alterations from our mCRPC CTCs

Figure 4.

(Continued. ) F, a, visualization of the prevalence of

ERG gain across multiple prostate cancer datasets

using cBioPortal for Cancer Genomics web-based

analysis tool, including our CTC dataset (b; pie

chart).

Genomic Study of CTCs in mCRPC
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analysis are shown as a pie chart in Fig. 4F, b. These data suggest a

potential enrichment for ERG amplification in CTCs from men

with mCRPC as compared with localized disease and even met-

astatic tissue.

Ingenuity pathway analysis

To examine common pathways predicted to be dysregulated

in the CTCs of our patients with mCRPC, we performed

network and pathway analysis of nonredundant copy num-

ber-altered genes from � 50% (more than 4 of 7) of cases from

either the AR-gain or AR copy number neutral (wild-type)

samples (Fig. 5) using Ingenuity Pathway Analysis (IPA). The

copy number-altered genes used for IPA are listed in Supple-

mentary File S1 and S2. IPA results indicated that broad

signaling pathways categorized as glucocorticoid biosynthesis,

PDGF signaling, pancreatic adenocarcinoma signaling, leuko-

cyte extravasation signaling, ErbB2–ErbB3 signaling, PI3K/AKT

signaling, androgen signaling, and prostate cancer signaling

were among uniquely-enriched pathways in these mCRPC

CTCs with concurrent AR gain (Supplementary Table S2), but

not in AR-copy neutral samples (Supplementary Table S3).

Several key genes enriched in the CTCs with AR gain have been

previously associated with prostate cancer progression, such as

MAO (monoamine oxidase)-A (30), CYP11B1, and EBP, which

participate in glucocorticoid biosynthesis (31), and the proto-

oncogene ABL1 (24). These data suggest that AR-amplified

tumors may share several addition co-amplified gene sets that

contribute to treatment resistance and progression. In the AR

copy neutral group of CTCs, however, we found no common

unifying pathways by IPA using genomic loci of co-amplified or

-deleted genomic loci (Supplementary Table S3), suggesting

diverse clonality and genomic heterogeneity between patients.

Discussion

Our current genomic studyofCTCs frommenwithmCRPCand

abiraterone/enzalutamide resistance demonstrates the feasibility

and reliability of aCGH analysis from pooled CTCs in detecting

common alterations known to be biologically important in

mCRPC. We also demonstrate that this analysis is feasible with

lownumbers of CTCs down to 7CTCs/7.5mLwhole blood. From

this analysis, we observed common gains in AR and ERG and

losses of PTEN as expected. In addition, we identified genomic

alterations in chromatin reading (BRD4) and proliferative (MYC,

Figure 5.

Summary of copy number alterations observed in CTCs in our study. Subjects are grouped according to theirAR gain/loss status (top row) and subject IDs (columns).

Copy gains (red) and losses (blue), or copy neutral (white) regions in commonly altered genomic regions previously reported in tissue-based metastatic

biopsy studies from men with mCRPC are described according to functional categories (rows). Reference data from metastatic biopsies in previous studies are

shown on the left side of the table [Column 1- Taylor BS (ref. 1) and column 2- Beltran H (ref. 21)] to provide comparison with these tissue-based datasets.

The proportion of patients with CTC gain/loss in a given region is reported on the right.
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NMYC) signaling pathways. We also identified significant geno-

mic heterogeneity of CTCs between patients, consistent with prior

work from mCRPC tissue samples (32). Importantly, many of

these genomic alterations correspond to potentially actionable

genomic lesions related to enzalutamide or abiraterone resistance

(e.g., ABL amplification, MYC and BRD4 amplification, PI3K

pathway alterations). Finally, a novel finding of our study was

the identification of ERG amplification in CTCs from 40% of our

patients. Given recent findings linking ERG expression to taxane

resistance, this finding has potential clinical implications for

treatment (33). Broadly, our data suggest diverse CTC genomic

heterogeneity between patients with mCRPC. This heterogeneity

could potentially be missed through single-site metastatic biop-

sies, and could beobtained through anoninvasive blood test, thus

permitting longitudinal analysis.

AR amplification has been reported in a majority of mCRPC

samples (1, 2) and has been associated with abiraterone and

enzalutamide resistance when detected in cell-free tumor DNA

(14, 34). In concordance with this, we also observed AR gain in

50% of mCRPC CTC samples. Similarly, NCOA2, an AR coacti-

vator that enhances AR transcriptional activity and signaling

resulting in increased prostate cancer progression in early- or

late-stage disease, was gained in 20% of primary and 63% of

metastatic prostate tumors (1, 35). We detected NCOA2 ampli-

fication in 43.75% of mCRPC CTCs samples. Interestingly, we

also observed that 62.5% of AR-positive cases harbor NCOA2

amplification along with enrichment of androgen and prostate

cancer molecular pathways in mCRPC CTCs. These data suggest

the common gain of AR-intersecting pathways in CTCs in addi-

tion to complex gains and losses in non-AR–based pathways. A

novel observation in our CTCswas the relatively common finding

of SPOP gain in three cases of men with mCRPC and enzaluta-

mide/abiraterone resistance. Recent data suggest that SPOP reg-

ulates AR degradation, and this finding suggests a loss of AR

pathway dependence in these patients that requires validation in

larger studies (36).

ERG rearrangements are a common initiating event in prostate

cancer progression, and gain of ERG has been previously linked to

aggressive variants of prostate cancer (17, 37). In addition, geno-

mic rearrangement of TMPRSS2 and ERG have been shown in

multiple studies in both tissues and CTCs, but ERG gain/loss has

not previously been described in mCRPC tissues or CTCs (27).

Our work identified ERG gain in 43.75% of CTCs frommen with

mCRPC, which suggests that this assay may have predictive value

for chemotherapy selection given recent links of ERG status with

docetaxel sensitivity in men with mCRPC (33).

Additional findings that are noteworthy include our identifi-

cation of common genomic alterations in epigenetic signaling,

DNA repair, and chromatin remodeling pathways, including

BRD4, a bromodomain enhancer region implicated in CRPC

progression (23). We also observed KDM6A gain in 50% and

loss in 6.25% cases of mCRPC CTC samples. KDM6A has been

shown to play a role in cancer progression in various cancer types,

including prostate, breast, pancreatic, head and neck, and esoph-

ageal squamous cell carcinoma (38–42). Similarly, Cyclin-

Dependent Kinase 12 (CDK12) was amplified in 43.75% and

lost in 12.50% of mCRPC cases. Mutations disturbing CDK12

function were identified by others in prostate tumors (43). These

data suggest potential biomarkers in individual patients with

mCRPC that may be helpful in identifying men who may respond

to BRD4, epigenetic, or DNA repair inhibitors, respectively. Finally,

FOXA1 (Forkhead-box A1), a transcription factor implicated in AR

activation and CRPC progression, was amplified in 31.25% of

mCRPC CTC cases without any loss. Increased FOXA1 expression

promotes a CRPC-like phenotype and prostate cancer tumor pro-

gression. FOXA1 induced tumor cell proliferation in endometrial

cancer through the Notch signaling pathway (44–46).

A key observation of our work is the clonal divergence of CTCs

during enzalutamide-resistant progression. We observed several

instances in which CTCs displayed changes in CNVs prior to

therapy and post-therapy, including loss of AR gain and gain of

MYCN during visceral metastatic progression on enzalutamide.

These data suggest a clonal selection/evolution during enzaluta-

mide-resistant progression. Tracking the evolution of CNVs in

response to therapy within pooled samples of CTCs could help to

identify genetic predictive biomarkers and novel treatment targets

in mCRPC. Recent work supports this clonal divergent evolution

of neuroendocrine-like, non-AR–dependent CRPC during hor-

monal therapy (21), and our data suggest that this evolution may

be noninvasively assessed through CTC analysis.

Limitations of our current work include the small sample size

and limited clinical outcomes. However, the present dataset was

designed to assess feasibility and generate initial analytic valida-

tion for future clinical validation studies, which are ongoing, and

is larger than previous studies and adds clinical annotation in the

setting of enzalutamide/abiraterone resistance. In addition, there

is presently an inability to perform CTC analysis in men without

sufficient CTCs, as only 55%of our enrolledmenwith progressive

mCRPC had sufficient CTCs to extract DNA for aCGH analysis.

Alternative approaches, such as cell-free DNA and RNA, would be

helpful in such cases (47). We report here only copy number

analyses, rather than exome or genomic sequencing results, and

single base pair mutations or insertions/deletions aremissedwith

this approach. In addition, CTCs may not reflect fully the biology

of the primary or metastatic tumors, just as the assessment of a

single biopsymay not reflect the heterogeneity of disease within a

patient (48). However, our data may be used in concert with

sequencing of key targets in CRPC to identify additional single

nucleotide variants that may contribute to CRPC progression,

such as AR or SPOP mutations (2). Finally, we only evaluated

DNA, and thus we did not measure RNA variants, such as AR-V7,

which is highly associatedwith predicted resistance toAR-directed

therapies such as enzalutamide or abiraterone (49). Analysis of

bothmutations and copy changesmay yield complementary data

of clinical importance, as would analysis of RNA variants such as

AR-V7. We are presently conducting a multicenter external and

biomarker discovery trial of this and other CTC-based AR-variant

assays as well as CTC copy number (particularly AR gain) vari-

ation and exome mutations in the context of abiraterone and

enzalutamide therapy in men with mCRPC (refs. 14, 50; PCF-

Movember Challenge trial, clinicaltrial.gov NCT02269982).

In conclusion, we have developed a method for the reliable

assessment of broad copy genomic number alterations in CTCs

from men with mCRPC that may serve as a noninvasive assess-

ment of clinical pathobiology and predictive medicine. Such an

assessmentmay overcome the need for invasive tumor biopsies in

the future to assess such genetic lesions, and provide information

that may be missed through single site metastatic or primary

tumor biopsies due to the known molecular heterogeneity of

CRPC within and between patients (1, 2, 48). Such CTC-based

assessments, when ideally coupled with exomic and RNA-based

biomarkers, may provide a more comprehensive noninvasive
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assessment of the dominant hematogenous metastatic clone at a

given point in time and may be assessed repeatedly over time

during clonal selection or tumor evolution. Our study highlights

that molecular analysis of CTCs should be paired with clinical

annotation and outcomes with specific therapies to develop

predictive biomarkers of treatment benefit or resistance. For

example, given recent associations between ERG gain and taxane

resistance in CRPC, and AR gain and abiraterone resistance, our

CTCs aCGH method may permit such future studies using a

noninvasive biomarker-driven selection of patients more likely

to benefit from such therapies. In addition, our broad platform

may allow for the detection of neuroendocrine-based tumor

biology, such asMYCN amplifications, and other genomic events

associated with treatment resistance. Our findings suggest that

copy gain/loss-based examination of CTCs could potentially

guide standard and future novel treatment options in men with

mCRPC. However, this approach requires future prospective

studies of specific agents in biomarker-selected patients.

Finally, aCGH enables comprehensive analysis across the

genome for discovery of genomic regions that may be missed

using a targeted approach of a panel of cancer genes. However,

the disadvantage is clearly the costs and complexity of this

approach and the enormous amount of data and bioinformat-

ics analysis required to integrate this data for clinical utility. For

our purposes of discovery, aCGH was appropriate. In the

future, however, specific actionable DNA regions or RNA var-

iants may be preferred for the purposes of specific clinical

decision points and selection of therapy, such as AR-V7 and

enzalutamide resistance. Our approach identifies a broader and

more complex genomic landscape in CTCs than simply mea-

suring AR-V7, however, and highlights the importance of a full

molecular characterization for selecting and developing novel

strategies across a population of men with mCRPC and at the

individual patient level. Overall, our results suggest the poten-

tial of the genomic analysis of CTCs to help identify and

longitudinally track predictive biomarkers of systemic therapy

efficacy and resistance in the clinic.
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