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Transcriptomic profiling of metastatic cancer can illuminate mechanisms of progression and lead to new therapies, but

standard biopsy is invasive and reflects only a single metastatic site. In contrast, circulating tumor cell (CTC) profiling is

noninvasive and repeatable, reflecting the dynamic and systemic nature of advanced disease. To date, transcriptomic profiling

of CTCs has not delivered on its full potential, because white blood cells (WBCs) vastly outnumber CTCs. Current profiling

strategies either lack cancer sensitivity and specificity or require specialized CTC capture protocols that are not readily scalable

to large patient cohorts. Here, we describe a new strategy for rapid CTC enrichment and transcriptomic profiling using

commercially available WBC depletion, microfluidic enrichment and RNA sequencing. When applied to blood samples from

patients with advanced prostate cancer (PC), transcriptomes from enriched samples cluster with cancer positive controls and

previously undetectable prostate-specific transcripts become readily measurable. Gene set enrichment analysis reveals

multiple significantly enriched signaling pathways associated with PC, as well as novel pathways that merit further study. This

accessible and scalable approach yields cancer-specific transcriptomic data and can be applied repeatedly and noninvasively

in large cancer patient cohorts to discover new therapeutic targets in advanced disease.

Introduction
Treatment of advanced prostate cancer (PC) has improved dra-
matically in recent years. New chemotherapies, hormonal
agents and targeted therapies have successfully delayed progres-
sion and extended survival.1–7 At the same time, new questions
have emerged about optimal combination and sequencing of
these treatments and about the molecular mechanisms that

drive resistance. In an effort to address these questions, several
landmark studies set out to map the molecular landscape of
metastatic PC.8–14 Although these studies produced valuable
insights about genomic and transcriptomic alterations, they
were dependent on tissue biopsies, which are limited by patient
safety and comfort, cost and technical considerations. Due to
these constraints, tissue biopsy studies offered a static “snap-
shot” from a subset of metastatic sites, usually at a single point
in time. To overcome these limitations, significant efforts have
been directed toward liquid biopsies that can be studied repeat-
edly and noninvasively as the disease progresses. By enriching
and analyzing circulating tumor cells (CTCs) or circulating
tumor DNA (ctDNA) from standard blood samples, a new
wave of seminal studies has helped to identify candidate bio-
markers and molecular disease drivers.15–25

To date, liquid biopsy studies have focused predominantly on
CTC enumeration, staining and DNA profiling, as well as on
ctDNA profiling, because these phenotypes are readily preserved
and reproducibly analyzed with available techniques. For exam-
ple, somatic DNA mutations are qualitatively different from
germline and can be detected by next-generation techniques
despite leukocyte background if sequenced at sufficient depth. In
contrast, whole transcriptome profiling by next-generation
sequencing of CTCs has been more challenging, because CTC-
derived transcripts are effectively masked by far more abundant
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transcripts from the vast numbers of background leukocytes. This
signal-to-noise challenge is further complicated by RNA cross-
linking in the presence of preservatives or RNA degradation in
their absence. Due to these challenges, CTC transcriptomic pro-
filing has lagged behind other liquid biopsy assay development. A
handful of studies did undertake whole transcriptome profiling of
the cellular component of blood using one of two tacks: One
approach employed whole blood fixation and RNA preservation
to profile all blood cells rather than just the rare CTCs, yielding
expression signatures predictably consisting of genes expressed
by leukocytes, which contributed >99.99% of the RNA.26–28 Con-
versely, the other approach profiled only the CTCs by enriching,
recovering and analyzing these rare cells singly or in clusters from
small numbers of patient samples29–33 to produce cancer-specific
gene signatures. Although this approach has yielded valuable
mechanistic insights, it is not readily scalable to large patient
cohorts due to its inherently greater cost, technical expertise, spe-
cialized equipment and processing time.

In this study, we set out to address the need for efficient,
high-throughput cancer-specific gene expression profiling from
CTCs. We reasoned that a successful strategy must be robust
and user-friendly, enriching live CTCs rapidly and cost-
effectively without the need for specialized cell-by-cell micro-
manipulation, yet also yielding high enough CTC purity levels
for detection of cancer-specific genes over background. By test-
ing multiple enrichment workflows, we optimized and analyti-
cally validated an approach that combines immunomagnetic
leukocyte depletion with microfluidic live CTC enrichment.
These new techniques recovered CTCs that yielded high-quality
RNA for downstream RNA-seq marked by PC-specific targets
and signaling pathways. To our knowledge, this approach is the
first to offer cancer-specific gene expression analysis of CTCs in
a manner that can be readily applied by the broader cancer
research community to profile large numbers of PC patient
samples.

Materials and Methods
Cell lines
The human PC cell line 22Rv1 (RRID:CVCL_1045) was pur-
chased from the American Type Culture Collection (Manassas,
VA) while LNCaP cells (RRID:CVCL_0395) were a gift from
Dr. Jacek Pinski (University of Southern California). Cell lines
were authenticated by IDEXX BioAnalytics using short tandem
repeat profiling within the last 3 years and confirmed to bemyco-
plasma free. Cell lines were maintained at 37�C, 5% CO2 in

Roswell Park Memorial Institute 1640 supplemented with 10%
fetal bovine serum (Omega, Tarzana, CA), penicillin
(100 units/ml, Invitrogen, Carlsbad, CA) and streptomycin
(100 μg/ml). Cells were harvested once they reached 75% con-
fluency while subsequent spike-in experiments were performed
48 hr later.

Study approval and patient blood samples
Healthy donor and patient blood samples were collected and
processed at the USC Norris Comprehensive Cancer Center
under protocols HS-11-0054 and HS-17-00639 that were
approved by the USC Health Science Institutional Review Board.
All blood samples were collected after obtaining informed con-
sent from patients or healthy donors prior to their participation
in the study. Blood was drawn into two types of tubes in this
study: K2ethylenediaminetetraacetic acid (EDTA) tube
(BD, Franklin Lakes, NJ; 10 ml) and CellSave tube (Menarini Sili-
con Biosystems, Bologna, Italy; 10 ml). Blood drawn into
K2EDTA tube was stored at room temperature and processed for
gene expression profiling within 4 hr.

CD45 depletion and microfluidic enrichment
Harvested LNCaP cells were labeled using Vybrant CFDA SE cell
tracer (Life Technologies, Camarillo, CA) per manufacturer’s
instructions. Serial dilutions of determined cell counts using a
hemocytometer were performed until a final concentration of
10,000 cells/ml was estimated. Accurate cell concentration was
then determined using an INCYTO C-Chip hemocytometer, and
volumes equaling 200, 100, 50 or 25 cells were transferred into
Pluronic F-68-coated wells of a 96-well plate for accurate cell
count determination. Cells were then resuspended and dispensed
into healthy donor blood (7.5 ml), ensuring no cells were
remaining in the wells and processed immediately. In short,
RosetteSep™ CD45 depletion cocktail (Stemcell Technologies,
Vancouver, Canada) was added directly to the vacutainer (50 μl
per 1 ml blood) and incubated on a nutating mixer for 20 min at
room temperature. Layering the blood mixture into a SepMate
tube containing Lymphoprep (15 ml; Stemcell Technologies) was
then followed by centrifugation at 1200g for 20 min with brake
set to off. The upper plasma layer was retained, and further
enrichment was performed using a Parsortix system (6.5 μM cas-
sette; Angle PLC, Guildford, UK) that separates by size and
deformability. For evaluation of target cell recovery and back-
ground leukocyte counts, the Parsortix output was collected
directly into a 96-well plate and incubated with Hoechst® 33342

What’s new?
Current strategies for the transcriptomic profiling of circulating tumor cell (CTCs) either lack cancer sensitivity and specificity or

are not readily scalable to large patient cohorts. Here, the authors describe a new strategy using commercially-available

technologies to rapidly and effectively enrich CTC RNA for whole transcriptome sequencing. This straightforward approach is

readily scalable to large numbers of patient blood samples and yields expression profiles marked by numerous cancer-specific

genes and pathways. Hence, the new strategy can be used to sample cancer transcriptomes repeatedly and noninvasively in

advanced malignancies in order to gain new mechanistic insights and identify novel therapeutic targets.
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dye for 5min (5 μg/ml). Images were captured using both fluores-
cein isothiocyanate (FITC) and 40,6-diamidino-2-phenylindole
(DAPI) filters at ×10 magnification using a Zeiss Axio Observer
A1 (Zeiss Microscope, Jena, Germany). Total background leuko-
cyte counts were determined by subtracting the total number of
carboxyfluorescein succinimidyl ester (CFSE)-stained LNCaP
cells from the total number of Hoechst-stained nucleated cells.
For double microfluidic enrichment only, healthy donor blood
(7.5 ml) spiked with LNCaP cells (200 cells) was initially
processed using a Parsortix system (6.5 μM cassette; Angle PLC),
with the harvest collected directly into 1 ml matched plasma. A
second separation followed on the Parsortix system (8 μM cas-
sette; Angle PLC), and target cell recovery and background leuko-
cyte counts were evaluated. For microfluidic separation and
EasySep CD45 depletion (Stemcell Technologies), healthy donor
blood (7.5 ml) spiked with LNCaP cells (200 cells) was initially
processed using a Parsortix system (6.5 μM cassette; Angle PLC),
with the harvest directly incubated with EasySep CD45 antibody
(5 μl; 1:10 dilution) for 10 min. Magnetic particles (10 μl) were
then added and incubated for 10 min, before separation on
96-well magnetic plate. Target cell recovery and background leu-
kocyte counts were evaluated.

For gene expression profiling, highly enriched cells were col-
lected directly into 600 μl of RLT buffer (Qiagen, Germantown,
MD) with 0.1% β-mercaptoethanol, and RNA extraction was

performed using RNeasy Micro Kit (Qiagen) per manufacturer’s
instructions (see later) with a final elution volume of 10 μl. CTC
enumeration from a concurrent CellSave blood draw was per-
formed using the FDA-approved CellSearch system (Menarini
Silicon Biosystems) as previously described.34

Multiplexed quantitative polymerase chain reaction
All steps were performed using MyiQ™ single-color real-time
polymerase chain reaction (PCR) detection system (Bio-Rad,
Hercules, CA). cDNA synthesis was performed with qScript™
cDNA supermix (Quantabio, Beverly, MA) under the following
conditions: 22�C for 5 min; 42�C for 30 min; 85�C for 5 min.
cDNAmultiplex preamplification (14 cycles; 180 nMper primer)
was performed with PerfeCTa SYBR Green Supermix for iQ
(Quantabio) under the following conditions: 95�C for 10 min
(95�C for 15 sec, 60�C for 4 min) × 14 cycles; 99�C for 10 min.
PCR product was then diluted 20-fold with nuclease-free water
and used as template (1 μl) for standard quantitative PCR (qPCR)
(40 cycles) as described earlier. All primers were synthesized and
purchased from Integrated DNA Technologies (Suppporting
Information Table S1).

RNA sequencing
RNA-sequencing libraries were simultaneously constructed from
either extracted total RNA (see earlier) or enriched direct cell input

Figure 1. Relative efficacy of CTC enrichment workflows. (a) LNCaP cells (200 cells) were spiked into healthy donor blood prior to assess
enrichment using various combinations of microfluidic sorting (MS) and CD45 depletion (CD). Harvest rate = (number of LNCaP cells
recovered/number of LNCaP cells spiked in) × 100. (b) Increasing number of LNCaP cells (25, 50, 100 and 200 cells) were spiked into healthy
blood and enriched using the CD− >MS method to evaluate the effect on performance. (c) Schema of optimal CTC enrichment and gene
expression workflow. Experiments were performed in triplicates and data represents mean � SEM.

Morrison et al. 2847

Int. J. Cancer: 146, 2845–2854 (2020) © 2020 UICC

In
n
ov
at
iv
e
T
oo

ls
an

d
M
et
ho

ds

 10970215, 2020, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.32915 by T

est, W
iley O

nline L
ibrary on [24/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



using the SMARTer Stranded Total RNA-seq kit v2 according to
the manufacturer’s protocol (Cat#634413, Clontech, Mountain
View, CA). Quality control of the final sequencing libraries were
performed, with size distribution assessed using a BioAnalyzer 2100
(Agilent, Santa Clara, CA) and quantified using a Qubit Fluorome-
ter (Invitrogen). Finally, prepared libraries were quantified using
the qPCR-based Kapa Library Quantification Kit (Cat# KK4828,
Roche, Basel, Switzerland). Prepared libraries were pooled and
sequenced on the NextSeq500 (Illumina, San Diego, CA) at 2 × 75
cycles.

Bioinformatic analysis
The industry standard Illumina’s bcl2fastq was used to con-
vert BCL files to FASTQ files. Sequencing reads are initially
aligned to the GRCh37 human genome reference using STAR
v2.5.3a, followed by mark duplicates and haplotype caller
GATK v3.5.0. Picard Multi/HS/GC Bias Metric and SAMtools
v1.235 stats are calculated for overall run summary statistics.
STAR-Fusion v0.8.0 was used to identify candidate fusion
transcripts and map junction reads based on reference anno-
tation. CuffDiff v2.2.1 was used for isoform quantification and
Salmon 0.7.2 for transcript quantification.36

Statistics
All data with error bars represent the mean � standard error of
the mean (SEM). Secondary analysis of RNA-sequencing data
was performed without modification using DESeq2 v1.24.0 pack-
age37 for differential expression analysis and Ingenuity pathway
analysis (IPA v1.14) Qiagen for pathway enrichment analysis.
For differential expression analyses, an adjusted p value of less
than 0.01 was considered statistically significant. For pathway

enrichment analysis, a p value of less than 0.05 was considered
statistically significant. Comparison of prostate-specific gene
expression profile was performed using log2-transformed Sailfish
transcripts per million (TPM) values.

Data availability
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Results
Enrichment of live cancer cells from blood
Live CTC enrichment was first optimized using engineered sam-
ples of LNCaP PC cells spiked into 7.5 ml healthy donor blood.
Samples were processed on a Parsortix microfluidic device, a size
and deformability-based enrichment platform, alone or in combi-
nation with immunomagnetic human CD45 depletion. Of the
workflows tested, RosetteSep immunomagnetic CD45 depletion
followed by Parsortix separation resulted in the greatest capture
and enrichment, with 30% cancer cell recovery and a background
of only 100 white blood cells (WBCs), a 5-log enrichment (Fig. 1a).
This enrichment strategy performed similarly with decreasing
numbers of spiked-in cancer cells (Fig. 1b). Hence, the optimized
workflow (Fig. 1c) could rapidly (<3 hr) enrich a significant por-
tion of cancer cells in a blood sample while dramatically reducing
background peripheral blood mononuclear cell (PBMCs), poten-
tially enabling detection of PC-specific transcripts.

Targeted gene expression analysis of cancer cells enriched
from blood
Prior to proceeding to RNA-seq, multiplexed quantitative
reverse transcription polymerase chain reaction (qRT-PCR)

Figure 2. Prostate cancer-relevant gene targets identified by multiplexed qRT-PCR. (a) PC-specific and epithelial-specific gene expression
(normalized to −β-actin) from engineered samples of LNCaP prostate cells spiked into 7.5 ml healthy donor blood and enriched using CD45
depletion plus microfluidics. (b) PC-specific and epithelial-specific gene expression from mCRPC patient blood samples enriched using CD45
depletion plus microfluidics. Ct values greater than or equal to 35 were recorded as not detected. CellSearch count for Patients 1 and 2 was
0 CTCs, whereas Patient 3 had 88 CTCs. Results are displayed as the mean � SEM. [Color figure can be viewed at wileyonlinelibrary.com]

2848 Cancer transcriptomic profiling from rapidly enriched circulating tumor cells

Int. J. Cancer: 146, 2845–2854 (2020) © 2020 UICC

In
n
ov
at
iv
e
T
oo

ls
an

d
M
et
ho

ds
 10970215, 2020, 10, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ijc.32915 by T
est, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


was performed to test whether PC-specific and epithelial-
specific gene transcripts could be detected from cancer cells
enriched by immunodepletion plus microfluidic capture. First,
engineered samples were prepared by spiking LNCaP cells into
7.5 ml of healthy donor blood, followed by CD45 depletion and
microfluidic enrichment. Recovered cells were lysed and RNA
extracted and subjected to multiplexed preamplification
followed by qPCR for the specified genes, which were robustly
and linearly detected across input levels (Fig. 2a). Based on
these encouraging results, we applied the same enrichment and
qPCR workflow to three blood samples from men with meta-
static castrate-resistant PC (mCRPC). From each patient, two

7.5-ml EDTA tubes of blood samples were analyzed for live
CTC gene expression, and a third 7.5-ml tube (CellSave) of
blood sample was analyzed for fixed CTC enumeration using
the FDA-cleared CellSearch platform.38 Two of the patients
had no detectable CTCs by CellSearch and also no PC-specific
or epithelial-specific gene expression detectable by qRT-PCR,
whereas the third patient had 88 CTCs by CellSearch and also
robust PC-specific and epithelial-specific gene expression
detectable by qRT-PCR from enriched CTCs (Fig. 2b). Hence,
when CTCs were present, the CD45 depletion plus microfluidic
capture protocol was capable of enriching them sufficiently for
PC-specific gene detection by qRT-PCR.

Figure 3. Feasibility of low-input RNA-seq analysis using cell line engineered controls as surrogates for PC patient samples. (a) 22Rv1 RNA
and WBC RNA were mixed at the ratios specified, each representing different numbers of CTC equivalents. Each sample equaled 1 ng total
RNA (~100 cell) and was used for low-input library prep and RNA-seq, and the PC-specific transcripts were quantified. (b) 22Rv1 cells
(100 and 500 cells) were spiked into 7.5 ml healthy donor blood prior to enrichment, low-input library prep and RNA-seq. PCA discriminating
22Rv1 spiked-in samples from bulk PBMCs and cell line control is shown. (c) PC-specific transcript levels quantified from the RNA-seq data
for these engineered blood samples. [Color figure can be viewed at wileyonlinelibrary.com]
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RNA-seq of cancer cells enriched from blood
Next, we tested whether the new CTC enrichment workflow
could yield cancer transcript levels detectable by RNA-seq, a
higher bar as RNA-seq libraries is prepared with universal
primers rather than PC-specific primers used in qRT-PCR. Prior
to testing actual patient samples, RNA-seq was performed using
engineered RNA samples representing the low RNA starting
amounts expected from our enrichment method. An amount of
1 ng RNA (~100 cell equivalent) consisting of various ratios of
22Rv1 PC RNA and WBC RNA was subjected to whole
transcriptome amplification followed by sequencing and quanti-
tation (TPM) of four PC-specific genes: androgen receptor (AR),
Forkhead box A1 (FOXA1), Kallikrein-related peptidase

2 (KLK2) and Grainyhead-like transcription factor 2 (GRHL2).
Gene expression was robustly detected in the engineered samples
containing PC gene transcripts, decreasing linearly with succes-
sively lower CTC equivalents down to as little as five CTC equiva-
lents (Fig. 3a). The engineered samples consisting exclusively of
WBC RNA appropriately yielded no detectable PC gene tran-
scripts. Hence, PC-specific transcripts could be detected reliably
and linearly from libraries prepared from 1 ng (~100 cell equiva-
lent) starting material consisting of as little as five cancer cells
with 95 background PBMCs.

Given these encouraging results, enrichment and RNA-seq
were next applied to engineered blood sample controls consisting
of 22Rv1 (500 or 100 cells) spiked into healthy donor blood and

Figure 4. RNA-seq of clinical samples enriched by CD45-depletion plus microfluidics. (a) PCA from enriched cells versus matched unenriched
cells from the same samples, as well as from engineered controls comprised of serially diluted PBMCs. (b) Heat map representation of
unsupervised hierarchical clustering analysis using the top 1,000 expressed genes. [Color figure can be viewed at wileyonlinelibrary.com]
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(b(a) ((bb(a)

Figure 5. Detection of PC-relevant genes. (a) Heat map representation comparing CTC-enriched, unenriched and engineered spike in controls
for expression levels of PC-relevant genes arranged by function and/or pathway. (b–d) PC-relevant gene expression in CTC-enriched versus
matched unenriched samples, focusing on examples of PC-specific genes (b), androgen signaling genes (c) and Wnt signaling genes (d).
[Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. Differential gene expression and enriched signaling pathways identified in CTC-enriched blood samples frommCRPC patients.
(a) Differentially expressed genes in CTC-enriched samples compared tomatched unenriched patient PBMCs. Genes that are upregulated (>0-fold
change) and downregulated (<0-fold change) are shown. Small triangles fall outside of the plotting window. Red dots show significant geneswith
adjusted p value of <0.01, generated using DESeq2 package.37 Three genes implicated in prostate cancer disease progression are highlighted. (b)
Ingenuity pathway analysis of pathways enriched in prostate patient CTCs, derived using differentially regulated significantly expressed genes from (a).
Pathways that are upregulated are labeled green and downregulated in blue. Orange and “–P” both indicate that a given pathway is prostate specific.
Red intensity indicates significancewith range of 0.05 > p < 0.0000001, and the area of each pathway is representative of the number of significant
differentially expressed genes contributing to that pathway. Genes associated with each pathway are shown in Supporting Information Data S1. [Color
figure can be viewed at wileyonlinelibrary.com]
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enriched by CD45 depletion plus microfluidics. Additional RNA-
seq controls consisted of bulk RNA purified from healthy donor
buffy coats (negative control) and from 22Rv1 cell line (positive
control). Principal component analysis (PCA) clearly discrimi-
nated healthy donor buffy coat negative controls from 22Rv1 cell
line positive control, which grouped more closely with both the
100 and 500 22Rv1 cell spike-in samples (Fig. 3b). In particular,
the 500 22Rv1 cell spike-in sample grouped very closely with the
bulk RNA positive control, reflecting a high level of enrichment.
As predicted from the PCA, the RNA-seq data yielded progres-
sively higher levels of PC-specific transcripts in the samples
enriched from 100 cell spike-in, 500 cell spike-in and bulk 22Rv1
positive control, in contrast to the PBMC controls that had no
PC-specific transcripts (Fig. 3c). Hence, CD45-depletion plus
microfluidics successfully enriched cancer cells from standard
blood volumes in a manner that was reliably and proportionally
detected by RNA-seq.

Next, to test the CTC enrichment and RNA-seq workflow on
clinical samples, blood was collected from five men with mCRPC
into CellSave and EDTA tubes for CellSearch enumeration and
RNA-seq, respectively. All five patients had detectable CTCs, with
a range of 17–1,192 CTCs/7.5 ml (Supporting Information
Table S2). CTC-enriched samples and matched unenriched
PBMCs (buffy coat) from the same EDTA tubes were sequenced,
yielding a median of 16 million uniquely aligned sequencing
reads (range: 5.7–22.0 M; Supporting Information Table S3).
Four of the five CTC-enriched patient samples yielded high-
quality aligned sequencing data and were used for subsequent
analysis. Unsupervised PCA of CTC-enriched patient samples,
matched buffy coat specimens and engineered controls resulted
in tight grouping of sample groups and discrimination of
enriched CTC specimens from either unenriched buffy coat or
engineered controls (Fig. 4a). Gratifyingly, engineered control
samples were distributed in a manner consistent with their can-
cer:WBC ratio, with 0:100 closest to patient unenriched PBMCs
and 100:0 having farthest distance. Unsupervised hierarchical
clustering of the top 1,000 expressed genes for CTC-enriched
patient samples, matched buffy coat specimens and engineered
controls revealed clustering of patient-enriched CTCs with the
22Rv1 cell line (Fig. 4b). Hence, CD45-depletion plus micro-
fluidic enrichment of blood samples from men with mCRPC
yielded RNA-seq data and transcriptional profiles that clustered
with PC cell lines, while data from unenriched samples comprised
chiefly of leukocytes formed a separate cluster.

To determine whether CTC-enriched samples have the poten-
tial to yield gene expression data that is clinically and biologically
relevant to PC, patient samples were analyzed for expression of
PC-relevant genes and pathways. These were identified by curat-
ing the PC literature and by querying the expression of candidate
genes in whole blood using the Genotype Tissue Expression
portal.13,29,39–42 Predictably, in the engineered cancer:WBC con-
trol samples, PC-relevant gene expression increased with higher
proportions of cancer cells (Fig. 5a). Consistent with this, patient

samples enriched for CTCs clustered with engineered control
samples comprised high numbers of cancer cells; conversely, mat-
ched unenriched patient samples clustered with engineered con-
trol samples comprised few or no cancer cells (Fig. 5a).
Accordingly, within-patient comparison of CTC-enriched versus
matched unenriched samples showed robust detection of PC-
specific genes, androgen signaling genes andWnt signaling genes
in the CTC-enriched samples, but little or no detection of these
genes in matched unenriched samples (Figs. 5b–5d). Hence, CTC
enrichment and RNA-seq of clinical samples generated cancer-
relevant expression profiles and effectively “unmasked” PC-
specific transcripts that were undetectable without enrichment.

Finally, we tested whether these techniques could be valuable
for unsupervised discovery of gene expression in CTCs, beyond
detection of known, well-annotated transcripts. We queried
12,760 genes for statistically significant differential expression
between CTC-enriched and matched unenriched PBMCs. A total
of 4,956 genes met that criterion, with 976 upregulated genes and
3,980 downregulated genes identified with an adjusted p value of
<0.01. Reassuringly, a few highly differentially expressed genes
that were upregulated in CTC-enriched samples included the
PC-related AR, EGFR and FOXA1 (Fig. 6a). Differentially
expressed genes were analyzed using IPA, revealing that many of
these are categorized with high significance in cancer and PC-
related pathways such as migration, proliferation, invasion and
epithelial-mesenchymal transition (EMT) (Fig. 6b). As additional
validation, transcripts normally associated with WBC canonical
pathways (e.g., CD40) were identified as significantly down-
regulated in the enriched samples. Furthermore, a long list of as-
yet unannotated differentially expressed transcripts (long non-
coding RNAs) was also detected. Hence, CTC enrichment and
RNA-seq not only detected known PC-specific transcripts but
also yielded extensive differential expression profiles attributable
to CTCs, providing fertile soil for novel discovery.

Discussion
Gene expression analysis is a powerful analytic tool that provides
valuable insights into the functional pathways driving cancer
resistance and progression that can only be implied by genomic
phenotypes. In PC, RNA expression signatures have been used to
identify predictors of treatment outcome, early dissemination
and mechanisms of resistance.13, 29,43 Characterization of CTC
transcriptomes provides a means to noninvasively identify
unique dissemination phenotypes (e.g., EMT) and to interrogate
multiple pathways driving disease progression. Studies of CTC
gene expression are increasing; however, each has had to contend
with formidable technical challenges, including the rarity of
CTCs, limited RNA starting material, amplification bias, a large
number of background WBCs and lack of truly cancer-specific
gene targets. Gene expression studies on single CTCs have offered
the greatest level of resolution and sensitivity. Using this
approach, signaling pathways enriched in enzalutamide-resistant
mCRPC together with CTC heterogeneity have been identified.29
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However, these single cell studies are laborious and expensive
and can be confounded by cell surfacemarkers with limited speci-
ficity that may lead to false-positive CTC identification. An alter-
nate whole blood lysis method has provided useful prognostic
biomarker information in mCRPC patients,26,28 but this
approach has inherent sensitivity, specificity and target scal-
ability issues owing to the fact that the RNA is derived almost
entirely from leukocytes. A third intermediate approach
involves immunomagnetic or microfluidic enrichment of
CTCs, which has been applied to develop RNA-based assays of
AR-V7 as well as digital CTC signatures associated with
response to androgen signaling inhibitors.43–45 However,
because this approach is associated with significant back-
ground RNA from contaminating WBCs (104–105), it is
incompatible with cancer-specific whole transcriptome dis-
covery and can only be used to query a known set of amplified
cancer-related genes that are specified a priori.

To address this, we have developed a new workflow that com-
bines CD45 leukocyte depletion with microfluidic CTC enrich-
ment for rapid and efficient CTC recovery with minimal WBC
contamination. The strategy has several advantages, including (i)
high enrichment levels; (ii) minimal manipulation; (iii) recovered
target cells free of antibodies or magnetic beads; (iv) epitope
agnostic; (v) rapid, straightforward and robust workflow; (vi)
flexible downstream applications. One limitation of this approach
is that—in order to achieve simple, rapid, maximal enrichment—
the specific numbers of CTCs and leukocytes in an enriched sam-
ple are not directly quantified. Thus, if expression of a particular
gene is found to increase with progressing or more aggressive dis-
ease, it is not immediately apparent whether this reflects an actual
biologic increase in per-cell expression or a higher number of
CTCs reflecting greater cancer volume and dissemination, but
each with the same per-cell gene expression. This can be
addressed in three ways: The first is to identify genes whose
expression significantly decreases with aggressive or progressing
disease and therefore cannot possibly be a simple surrogate for
increasing numbers of CTCs in the sample. The second is to per-
form CTC counts (e.g., CellSearch) in parallel and to normalize
gene expression to those counts, an approach that would have to
be validated. The third and perhaps simplest approach is to nor-
malize cancer-related genes of interest to the expression of
“housekeeping” PC genes that reflect the number of cells rather
than a specific cancer function, such as PSA, PSMA orKLK2.

Using this approach first with multiplexed qPCR, we observed
that engineered controls and patient samples with identifiable
CTCs consistently yielded prostate- and epithelial-specific genes
in a sensitive and specific manner. Next for RNA-seq, we sought
to take advantage of a modification in the SMARTer Stranded
Total RNA-Seq kit that allowed for direct cell input as starting
material rather than purified RNA, thus reducing the inherent
loss occurred during this isolation step. As expected, in enriched
samples from patients with no identifiable CTCs, prostate-
specific transcripts were not identified, as these genes have low, if
any, expression in background leukocytes. Conversely, prostate-
relevant transcripts were robustly detected in engineered controls
(as low as five cancer cell equivalents) and in blood enriched from
mCRPC patient samples with identifiable CTCs. Enriched patient
samples clustered with one another and with the PC cell line con-
trol when analyzed by unsupervised hierarchical clustering, and
also when analyzed using a PC-specific gene set. Gratifyingly, this
proof of concept study identified many of the same targets and
signaling pathways implicated in prior mCRPC single cell expres-
sion profiles (e.g., Wnt,29). In a prospective agnostic approach to
differential gene expression analysis, IPA revealed enrichment of
differentially expressed genes (relative to unenrichedWBC signa-
tures) in pathways such as proliferation, cell cycle progression,
invasion and metastasis. Hence, this CTC enrichment and RNA-
seq strategy are capable of detecting numerous cancer-related
genes at many-fold levels relative to their detection in unenriched
samples, opening potential avenues for new discovery studies
using liquid biopsies. When applied to clinically annotated
patient cohorts (e.g., good vs. poor outcome), this straightforward
and scalable approach can be leveraged to identify novel candi-
date biomarkers and therapeutic targets in advanced disease.
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