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abstract

PURPOSE Using nonenrichment-based, potentially more sensitive Epic Sciences circulating tumor cell (CTC)
platform, we sought to detect and characterize CTCs in untreated, high-risk localized prostate cancer and to
evaluate their clinical implication.

METHODS Between 2012 and 2015, blood samples were prospectively collected from patients with National
Comprehensive Cancer Network high-risk localized prostate cancer undergoing either radiotherapy (XRT) plus
androgen deprivation therapy or radical prostatectomy (RP) with curative intent. Samples were analyzed with the
Epic Sciences platform with 4′,6-diamidino-2-phenylindole, CD45, cytokeratin (CK), and androgen receptor
(AR) N-terminal staining. CTC counts were correlated with biochemical recurrence (BCR).

RESULTS A diversity of CTC subtypes, including CK-positive, CK-negative, AR-positive, and CTC clusters, were
observed in 73.3% (33 of 45) of patients with evaluable data. Themedian follow-up was 14.2months (range, 0.5
to 43.7 months). BCR occurred more frequently in the RP group than XRT (15 of 26 v one of 19), with most
patients in the XRT group continuing to receive androgen deprivation therapy. A higher proportion of metastatic
events were observed in the RP group (five of 26 v one of 19). In the RP group, BCR and development of
metastases were associated with a higher total number of CTCs, AR-positive CTCs, and CTC phenotypic
heterogeneity. One patient who developed BCR and metastases quickly after RP had diverse phenotypical CTC
subtypes, and single-cell genomic analyses of all detectable CTCs confirmed common prostate cancer copy
number alterations and PTEN loss.

CONCLUSION CTCs can be identified in most patients with high-risk localized prostate cancer before definitive
therapy using the Epic Sciences platform. If confirmed in a larger cohort with longer follow-up, phenotypic
and genomic characterization of CTCs pretherapy may provide an additional means of risk stratifying patients
with newly diagnosed high-risk disease and potentially help identify patients who could require multimodal
therapy.

JCO Precis Oncol. © 2019 by American Society of Clinical Oncology

INTRODUCTION

The existence of disseminated tumor cells detectable
in the blood or bone marrow of men with clinically
localized prostate cancer has long been known.1-4 Yet,
molecular characterization of these cells in the lo-
calized setting has remained elusive because of the
extremely low ratio of tumor to normal cells in circu-
lation. With recent advances in molecular imaging, we
now know that many men with clinically localized
disease have positron emission tomography–visible
metastatic disease,5-9 yet these modalities are ex-
pensive and may only detect lesions consisting of at
least several million tumor cells. Additional methods of
detecting otherwise occult, disseminated disease are
still needed, because these may inform primary
treatment decisions such as the use of systemic
therapy.

Circulating tumor cells (CTCs) may provide an ap-
proach for identifying men with micrometastatic
disease at the time of diagnosis. Men with high-risk,
clinically localized disease are often undertreated,
contributing to the high risk of prostate cancer–
specific death in this patient population. Many
of these men would benefit frommultimodal therapy.
Ongoing efforts to improve risk stratification in-
clude investigation of novel imaging techniques
(eg, A Prospective Phase 2/3 Multicenter Study of
18F-DCFPyL PET/CT Imaging in Patients With
Prostate Cancer: Examination of Diagnostic Accu-
racy [OSPREY] trial; ClinicalTrials.gov identifier:
NCT02981368), tissue-based gene expression
classifiers, and liquid biopsy approaches, such as
characterization of CTCs and circulating tumor
DNA.
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In the advanced prostate cancer setting, the identification
and characterization of CTCs is now poised to help guide
appropriate treatment selection, because detection of
the AR-V7 splice variant in CTCs predicts resistance to
second-generation antiandrogens in men with metastatic
castration-resistant prostate cancer (mCRPC).10-12 Previous
efforts to reliably detect and analyze CTCs in localized
prostate cancer, however, have not led to clinically useful
assays because of the low clinical sensitivity and challenges
associated with characterizing the individual detected
CTCs.13-23 In men with mCRPC, a high-throughput digital
imaging approach has been shown to increase the sen-
sitivity of CTC detection while also providing additional
molecular and morphologic granularity at the single-cell
level.24-26 This same approach may offer one avenue to
improving the sensitivity and clinical implications of CTC
detection in the localized disease setting. To date, these
investigations have not yet been performed in patients with
localized disease.

In the current study, we sought to use a digital imaging–
based platform to determine the molecular characteristics
and clinical relevance of CTCs in men undergoing primary
therapy for high-risk localized prostate cancer.

METHODS

Cohort Description

After institutional review board approval, we conducted
a prospective study of 49 patients (Fig 1) with untreated
National Comprehensive Cancer Network (NCCN)–defined
high-risk prostate cancer.27 These men had at least one of
the following: grade group 4 or 5 disease, prostate-specific
antigen (PSA) greater than 20, and/or clinical stage T2c or
greater. All patients completed bone scans and comput-
erized tomography (CT) scans of the abdomen and pelvis
demonstrating no evidence of metastatic disease before
undergoing local therapy (either radiotherapy [XRT] plus
androgen deprivation therapy [ADT] or radical prostatec-
tomy [RP]) with curative intent. Biochemical recurrence
(BCR) was defined as PSA of 0.2 ng/mL or greater and
included patients who did not experience a nadir PSA post
radical prostatectomy less than 0.1 ng/mL.

CTC Sample Processing and Identification

Blood samples were prospectively collected from each
patient before therapy between 2012 and 2015. The
samples were analyzed with the Epic Sciences CTC plat-
form (Epic Sciences, San Diego, CA), which uses an
enrichment-free approach to CTC detection, with all
nucleated cells analyzed on a glass slide using digital
pathology. The details of CTC collection, sample process-
ing, androgen receptor (AR) staining and CTC classification
have been described previously.24-26 Briefly, a 10-mL blood
sample was collected from each patient using Cell Free
DNA BCT tubes (Streck, Omaha, NE) and shipped to Epic
Sciences at ambient temperature within 72 hours. On re-
ceipt, sample processing consisted of RBC lysis, nucleated
blood cell deposition onto 10 to 12 glass slides, storage at
−80°C, and AR testing on two slides from each sample by
immunofluorescence staining of AR N-terminus, cytoker-
atins (CKs), CD45, and 4′,6-diamidino-2-phenylindole
counterstain. Approximately 3 million cells were deposited
onto each slide, imaged, and then analyzed by software that
characterizes each cell according to multiple predefined
parameters. CTCs were characterized for traditional CTC
markers (CK-positive, intact nuclei) as well as other CTC
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FIG 1. Study cohort. ADT, androgen deprivation
therapy; CTC, circulating tumor cell; RP, radical
prostatectomy; XRT, radiation therapy.
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subtypes inclusive of CK-negative CTCs, CTC clusters, and
apoptotic CTCs (fragmented nuclei).28 Additional param-
eters included cell size, shape, nuclear area, and presence

of macronucleoli, along with AR expression, uniformity, and
cellular localization. CTC candidates were identified in an
interactive report and reviewed by trained technicians. CTC
phenotypic heterogeneity was quantified using the Shan-
non index, as previously described.29 Samples from four
patients failed quality control testing, leaving a final ana-
lyzable cohort size of 45 patients (Fig 1).

Single-Cell Whole-Genome Sequencing and Copy

Number Variation Analysis

Single CTC copy number variation (CNV) analysis based on
low-pass whole-genome sequencing was performed as
previously described.30,31 Briefly, individual CTCs were
isolated from the slides, dropped into Eppendorf tubes, and
whole-genome amplified using SeqPlex enhanced DNA
amplification kit from Sigma (Sigma Aldrich, St Louis,
MO). Amplified DNA was used for library construction
using NEBNext Ultra DNA Library Prep Kit for Illumina
(New England BioLabs, Ipswich, MA) and 2 × 150 paired-
end sequencing was performed using Illumina Next-
SEquation 500 sequencer. DNA CNVs were determined
using an existing, standardized single-cell CNV analysis
pipeline.30

Data Collection and Statistical Analyses

We tracked relevant demographic, clinical, and patho-
logic data for each patient and entered all data into
a secure electronic Health Insurance Portability and
Accountability Act–compliant database. Fisher’s exact
test was used to compare categorical data, and pop-
ulation means were compared using a Wilcoxon rank sum
test. Statistical analyses were performed with R Foun-
dation for Statistical Computing (http://www.R-project.org),
and two-sided P values , 0.05 were considered statistically
significant.

RESULTS

The 45-patient cohort consisted of 26 men (58%) who
subsequently underwent RP and 19 (42%) who sub-
sequently underwent XRT with or without ADT (Fig 1). The
demographic and clinical characteristics of the study co-
hort are presented in Table 1. The median post-treatment
follow-up was 14.2 months (range, 0.5 to 43.7 months). A
diversity of CTC subtypes was detected, including AR-
positive cells, CK-positive cells, CK-negative CTCs,28 and
clusters of CTCs (Fig 2A). At least one CTC was present in
73.3% (33 of 45) of patients and more than 3 CTCs/mL in
seven of 45 (15.6%) patients (Table 2). CTCs with de-
tectable AR expression were observed in 24.4% (11 of 45)
of the cohort.

Compared with patients who underwent XRT, those who
underwent RP had a higher rate of BCR (15 of 26 v one of
19; P , .001), although most patients in the XRT group
continued receiving ADT. Rates of metastasis also were
higher, although not statistically significant (five of 26 v one
of 19; P = .22). In the RP cohort, the median time to BCR

TABLE 1. Demographic and Clinical Characteristics of the Study Cohort (N = 45)

Variable
Prostatectomy Group (n =

26)
Radiation Group

(n = 19)

Median age, years (min, max) 67.3 (49.0, 75.0) 72.2 (56.8, 87.5)

Median BMI (min, max) 30.2 (23.1, 38.7) 29.6 (21.7, 56.4)

Family history of prostate cancer 4 (15.4) 3 (15.79)

Race

White 23 (88.5) 17 (89.5)

Black 1 (3.9) 2 (10.5)

Asian 1 (3.9) 0 (0.0)

Other 1 (3.9) 0 (0.0)

Median PSA at diagnosis,
ng/mL (min, max)

6.7 (1.8, 66.0) 11.9 (1.2, 74.1)

PSA categories at diagnosis,
ng/mL

, 10 19 (73.1) 9 (47.4)

10-20 5 (19.2) 4 (21.0)

. 20 2 (7.7) 6 (31.6)

Biopsy Gleason score

7 1 (3.9) 1 (5.3)

8-10 25 (96.2) 18 (94.7)

Gleason score at RP

7 7 (26.9) N/A

8-10 19 (73.1) N/A

Positive surgical margins 7 (26.9) N/A

Lymph node involvement 5 (19.2) N/A

Pathologic stage

pT2 2 (7.7) N/A

pT3a 15 (57.7) N/A

pT3b 9 (34.6) N/A

Median follow-up time, months
(min, max)

14.7 (1.6, 43.6) 13.8 (0.5, 102.0)

Metastasis

Bone 5 (19.2) 1 (5.3)

Visceral 2 (7.7) 0 (0.0)

Lung 5 (19.2) 0 (0.0)

Median time to metastases,
months (min, max)

4.47 (1.5, 8.6) 10.8 (10.8, 10.8)

BCR 15 (58) 1 (5.3)

Median time to BCR, months
(min, max)

8.2 (0.3, 37.3) 10.6 (10.6, 10.6)

Death 1 (3.9) 0 (0.0)

NOTE. Data given as No. (%) unless otherwise noted.
Abbreviations: BCR, biochemical recurrence, BMI, body mass index; N/A, not

applicable; PSA, prostate-specific antigen; RP, radical prostatectomy.
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FIG 2. Circulating tumor
cell (CTC) images and re-
lationship of CTCs to bio-
chemical recurrence (BCR)
and development of me-
tastases. (A) Representative
CTC images. (B) Compari-
son of total CTC/mL of
blood, presence of andro-
gen receptor (AR)–positive
CTCs, CTC phenotypic het-
erogeneity or Shannon in-
dex (SI), metastases, and
BCR for each patient. A high
SI is indicative of a hetero-
geneous population of de-
tected CTCs. Each box
represents an individual
patient. (C) Association of
BCR and development of
metastases after radical
prostatectomy to total CTC/
mL, AR-positive CTC/mL,
and CTC phenotypic het-
erogeneity. Wilcoxon rank
sum test was used to com-
pare means and calculate
P values. (*) Follow-up time
less than 6 months. CK,
cytokeratin; DAPI, 4′,6-
diamidino-2-phenylindole;
mets, metastases.
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was 3.6 months (range, 0.3 to 37.3months). BCR occurred
post-XRT in one patient at 11 months after treatment. In
exploratory analyses, patients who had RP who experi-
enced BCR had a slightly higher median pretreatment
serum PSA than those without BCR (7.5 v 4.4 ng/mL; P =
.012). There were no differences in age, Gleason scores,
pathologic T-stage, and margin status at the time of RP
between patients with and without BCR (all P . .05). Five
(33%) of the patients with BCR had lymph node metastasis
at the time of RP, whereas no patients in the group without
BCR had lymph node involvement (P = .052). All of the
patients who underwent RP and XRT who experienced
metastasis (to bone, regional lymph nodes, and abdominal
viscera) during follow-up were preceded by BCR. Re-
currence and metastasis were associated with significant
differences in baseline CTC detection. Patients experi-
encing BCR had significantly greater numbers of AR-
positive CTCs, and patients developing metastases had
significantly more total CTCs and AR-positive CTCs (Figs 2B
and 2C).

Single-cell sequencing and morphology analysis of all
detected CTCs was performed on patient 252, who had
the highest CTC count in the RP group (4.7 CTCs/mL of
blood). This patient had negative preoperative imaging
and was found to have lymph node metastasis at the time
of surgery, and the initial postoperative PSA was 7.5 ng/mL.
We detected a heterogeneous population (Shannon
index. 1) of CTCs in this patient, including AR-positive,
CK-positive, and CK-negative CTCs, along with CTC
clusters (Fig 3A). Single-cell sequencing results iden-
tified genomic aberrations consistent with malignant
origin in six (46%) of the 13 CTCs sequenced (Fig 3B).
Moreover, heterogeneous genomic profiles were ob-
served in these six CTCs. One CTC had high geno-
mic instability with dozens of break points observed
across almost all chromosomes (Profile A). PTEN loss
was detected in this CTC akin to those CTCs found in
patients with mCRPC previously analyzed with similar
methodology.24,29 Two CTCs had 12p loss and 22q loss
(Profile B); both of these alterations have been reported

for prostate cancer.32,33 Three cells shared the same 5q
loss (Profile C).

DISCUSSION

In this study, we detected CTCs in more than two-thirds of
patients, demonstrating the feasibility of detecting and
characterizing CTC morphology and genomics in men with
localized prostate cancer. In addition, we found the pres-
ence of CTCs with high AR protein expression to be as-
sociated with BCR and metastatic progression in patients
undergoing radical prostatectomy. Oncologic end points
were not evaluable in this time frame for patients who
underwent radiotherapy, because most of these patients
continued to receive ADT.

Various liquid biopsy approaches have been interrogated in
the past for risk stratifying patients with apparent clinically
localized prostate cancer with varying success. For ex-
ample, reverse transcriptase polymerase chain reaction
assay for PSA,34-36 an indirect approach to detect PSA-
expressing cells in circulation, demonstrated no significant
advantage in preoperative staging of prostate cancer.
Similarly, recent approaches to identifying prostate cancer
CTCs have widely varied in their capacity to detect CTCs in
men with localized disease.13-23,37,38 Thus, unlike in met-
astatic disease, where CTC number is associated with
survival, the clinical or prognostic relevance of CTC de-
tection in localized prostate cancer remains unclear. This
stands in contrast to other tumor types, where the detection
of CTCs in localized disease is considered prognostic.39,40

There are a number of existing, tissue-based molecular
markers for risk stratification in prostate cancer; therefore,
a key question is whether the molecular information ob-
tained through analysis of CTCs could have any clinical
relevance beyond tissue-based approaches.41-44 Yet,
prostate cancer is characterized by tumor multifocality as
well as intra- and interfocal genomic and transcriptomic
heterogeneity, which may affect the clinical performance of
tests assessing a single tumor focus.45-49 Similarly, in
metastatic prostate cancer, CTCs are diverse in their
phenotypic appearance and genomic makeup.29 A liquid
biopsy approach may provide one avenue for addressing
tumor heterogeneity and biopsy under-sampling by
allowing a broader sample of potentially clinically significant
tumor cells.

In line with this hypothesis, we observed significant phe-
notypic diversity within the same patient and from patient to
patient in our cohort of men with untreated high-risk lo-
calized prostate cancer. In the patient who underwent
single-cell sequencing, we observed distinguishable copy
number alterations, which in primary tumors has previously
been linked to BCR and metastasis.50 Furthermore, one of
these individual CTCs had confirmed PTEN loss, which is
a common event in localized prostate cancer and is as-
sociated with a poor prognosis.51 Collectively, the results
suggest that tumor cell heterogeneity is measurable in

TABLE 2. Types of CTCs Detected in the Study Cohort

Variable
Prostatectomy Cohort

(n = 26)
Radiotherapy Cohort

(n = 19)

Median CTC/mL (min, max) 1.3 (0, 4.7) 1.3 (0, 22.5)

Any CTC subtype 19 (73) 14 (74)

AR-positive CTCs 11 (42) 4 (21)

CK-positive CTCs 16 (62) 7 (37)

CK-negative CTCs 10 (35) 5 (26)

CTC clusters 4 (15) 1 (5)

NOTE. Data given as No. (%) unless otherwise noted. Median number of CTCs
and the number of patients with each CTC subtype are given.
Abbreviations: AR, androgen receptor; CK, cytokeratin; CTC, circulating

tumor cell.
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CTCs, providing a potential source of prognostic in-
formation beyond simple enumeration. This molecular
information could allow for clinical utility related to risk
stratification and prediction of treatment response.

The role for molecular diagnostics in localized prostate
cancer continues to evolve and now also includes ad-
vanced molecular imaging techniques.5-9 The ultimate goal
is the prediction and/or identification of early metastatic
disease to guide improved treatment and long-term on-
cologic outcomes. Compared with men who underwent
radical prostatectomy, we observed a relatively lower rate of
BCR in men who received radiation therapy, likely due to
the effect of ADT in this subgroup. These data suggest that
the presence of CTCs in a patient with no visible extrap-
rostatic or distant disease on imagingmay be an indicator of
micrometastatic disease spread. Furthermore, the phe-
notypic and genomic make-up of CTCs may provide ad-
ditional prognostic and predictive information.

To our knowledge, the current study is the first to char-
acterize CTCs at the combined protein and whole-genome
single-cell level in localized prostate cancer. The finding
that CTCs with high AR protein expression are associated
with metastatic progression is consistent with previous
reports in metastatic prostate cancer. For example, AR-V7

expression on CTCs strongly predicts response to second-
generation antiandrogen therapy in the metastatic
setting.10-12

This study has several limitations. First, our study was
performed in a small cohort of patients, and we were
therefore not powered to make between-group compari-
sons. Second, the follow-up duration was short. Before
routine clinical implementation, larger studies with longer
follow-up are needed to validate our findings and further
investigate the association between CTC profiles and the
likelihood of subsequent metastasis. Third, we did not
measure CTCs intra- or postoperatively to account for the
impact of surgery on CTC count or evaluate the clearance of
CTCs after surgery.

In this study, we demonstrate that CTCs are not only de-
tectable but also can be further profiled in men with lo-
calized high-risk prostate cancer. The association of CTC
subtypes, including those with high AR protein expression,
with BCR and metastases suggests that characterization of
CTCs may provide useful information for risk stratification
and the need for multimodal therapy. Larger studies with
longer follow-up are needed to fully elucidate the potential
for CTC profiling to predict long-term outcomes and
treatment response in men with localized disease.
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