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Abstract

Prostate cancer (PCa) clinical heterogeneity underscores tumor heterogeneity,
which may be best defined by cell subtypes. To test if cell subtypes contributing
to progression can be assessed noninvasively, we investigated whether 14 genes
representing luminal, neuroendocrine, and stem cells are detectable in whole
blood RNA of patients with advanced PCa. For each gene, reverse transcription
quantitative polymerase chain reaction assays were first validated using RNA
from PCa cell lines, and their traceability in blood was assessed in cell spiking
experiments. These were next tested in blood RNA of 40 advanced PCa cases and
40 healthy controls. Expression in controls, which was low or negative, was used
to define stringent thresholds for gene overexpression in patients to account for
normal variation in white blood cells. Thirty-five of 40 patients overexpressed
at least one gene. Patients with more genes overexpressed had a higher risk of
death (hazard ratio 1.42, range 1.12-1.77). Progression on androgen receptor in-
hibitors was associated with overexpression of stem (odds ratio [OR] 7.74, range
1.68-35.61) and neuroendocrine (OR 13.10, range 1.24-142.34) genes, while lu-
minal genes were associated with taxanes (OR 2.7, range 1.07-6.82). Analyses in
PCa transcriptomic datasets revealed that this gene panel was most prominent
in metastases of advanced disease, with diversity among patients. Collectively,
these findings support the contribution of the prostate cell subtypes to disease
progression. Cell-subtype specific genes are traceable in blood RNA of patients
with advanced PCa and are associated with clinically relevant end points. This
opens the door to minimally invasive liquid biopsies for better management of
this deadly disease.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Prostate cancer (PCa) is clinically heterogeneous and difficult to treat, espe-
cially in an advanced stage. However, all patients are treated similarly. The one-
treatment-fits-all approach could be revisited by a better understanding of the
tumor PCa cell subtypes present in blood.

WHAT QUESTION DID THIS STUDY ADDRESS?

Can circulating genes represent the three PCa cell subtypes depicted in tumors?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

The genes selected to represent PCa cell subtypes contribute to progression as
transcriptomic datasets showed their predominant overexpression in metastases.
Their detection in the blood of patients with PCa with advanced disease is not
related to white blood cells, but to their clinical features and treatments.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

This approach can be applied in the clinic to identify overexpressed prostate cell
subtypes’ genes in the blood of patients with advanced disease, to select optimal
treatments and impact on progression and death from PCa, and to assess overex-

INTRODUCTION

Despite recent therapeutic improvements, prostate cancer
(PCa) remains among the leading causes of cancer mortal-
ity worldwide, with virtually all deaths occurring at the
metastatic castration-resistant (mCRPC) stage.! Tumor
cells surviving androgen-deprivation therapy (ADT) con-
tinue to grow despite inhibition of steroid synthesis and
androgen receptor (AR) signaling.” Resistance may in-
volve the emergence of constitutively active AR variants
(AR-Vs) and/or cell plasticity, a concept based on the re-
lationship among reserve stem, neuroendocrine, and lu-
minal cells in glandular acini, which remain relevant in
cancer.”® PCa is initially defined as well-differentiated
adenocarcinomas with predominantly AR-positive
luminal-like cells. Neuroendocrine differentiation fre-
quently emerges under ADT and AR inhibitors (ARIs),
giving rise to AR-independence/androgen-insensitivity.*”
ADT also favors cells expressing AR-Vs, which are linked
to epithelial-mesenchymal transition and stemness.®’
Accordingly, cell plasticity and trans-differentiation re-
sulting from treatment failure support the emergence of
cancer cells displaying neuroendocrine- and stem-like
properties, alongside altered luminal-like cells.
Identifying biomarkers of intra-tumoral cell diversity
is critical for offering and developing optimal therapies.
A major limitation of testing markers in advanced dis-
ease remains the invasiveness of biopsies of metastases.
This can be overcome by liquid biopsies, particularly
blood which contains extracellular vesicles (EVSs), circu-
lating tumor cells (CTCs), and cell-free nucleic acids.?’

pression longitudinally to offer alternative therapies earlier.

CTCs can be isolated by various methods, including
antigen-based positive-selection or separation based on
their physical properties.'®'* However, this often leads
to an underestimation of CTCs due to loss of certain
subpopulations, as highlighted in PCa.'*'*> Whole blood
RNA has been used as an attractive alternative to define
gene expression profiles related to progression for diverse
cancers, including PCa.'®%

In this pilot study, we assessed the (over)expression
of 14 genes representing prostate cell subtypes in whole
blood RNA of 40 patients with advanced PCa and 40
healthy controls. We observed a variety of gene patterns in
blood samples, also validated in PCa transcriptomic data-
sets. Circulating genes were associated with disease stage,
treatment, and survival. Thus, this minimally invasive ap-
proach may potentially predict treatment resistance and
outcome and refine therapeutic options.

MATERIALS AND METHODS
PCa cell lines

Human PCa cell lines LNCaP (ATCC CRL-1740), DU145
(ATCC HTB-81), and PC-3 (ATCC CRL-1435) were from
American Type Culture Collection (ATCC, Manassas, VA).
NCI-H660 (ATCC CRL-5813) and 22Rvl (ATCC CRL-
2505) were generous gifts from Dr. A. Zoubeidi (Prostate
Centre, Vancouver, BC, Canada) and Dr. M. Tremblay
(McGill Goodman Cancer Institute, Montreal, QC,
Canada), respectively. Cells were cultured according to
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ATCC recommendations for no more than passage 30,
with routine mycoplasma testing (MycoFluor Mycoplasma
kit; Thermo Scientific, Waltham, MA).

Patients and healthy volunteers

This study (MP-37-2017-3158) was approved by the Ethics
Review Board of the McGill University Health Center and
accepted by the Ethic Review Board of the Jewish General
Hospital. Participants voluntarily signed an informed
consent. Blood was drawn from 40 patients with CRPC
at follow-up visits with oncologists (authors M.V. and
C.F.), and 40 healthy controls: 16 men below 50years old,
15 men older than 50years, and nine women recruited
among students, personnel, and patients with no prostate-
related disease or cancer. A pseudonymized database was
generated from patients’ medical records.

Blood processing and RNA extraction

Peripheral blood was collected in PAXgene tubes (Qiagen;
Germantown, MD), kept at room temperature for 2 h for
cell lysis, frozen overnight at —20°C, and long-term stor-
age at —80°C. RNA was extracted using PAXGene RNA
Extraction kits and QIAcube following Qiagen protocols.
RNA integrity (RIN) and concentration were determined
by BioAnalyzer 2100 (Agilent, Millcreek, ON, Canada)
and Nanodrop ND-1000 (Thermo Scientific), respectively
(RIN average 8.8 for patients and controls). RNA was
stored at —80°C.

Reverse transcription quantitative
polymerase chain reaction

Total RNA (1 pg) was reverse transcribed using SuperScript
First Strand Synthesis kit (Thermo Scientific) with dNTPs
(10mM), oligo(dT),,_15 (0.5 pg/pl), and water (total vol-
ume of 20ul). The cDNA was stored at —20°C. Primers
were obtained from OriGene (Rockville, MD), according
to best designed sequences, except ARV7 for which prim-
ers were based on literature (Table S1).% Specificity was
determined using Primer-BLAST.>

Each quantitative polymerase chain reaction (qPCR)
reaction contained 10 pl of SsoAdvanced SYBRGreen
Master Mix (Bio-Rad, Mississauga, ON, Canada), 0.5 pl
each of reverse and forward primers (10 pM), 4 pl of di-
luted cDNA (1:4) and 5 pl of water. Reactions were run in
triplicate in 96-well plates, using CFX96 Touch (Bio-Rad).
The program was 30s initiation at 95°C, 15s denaturation
at 95°C, 15s annealing, and elongation at 60°C (58°C for

ASCPT

ARV7) for 40 cycles. Amplicon length was verified by run-
ning qPCR reactions on agarose gels.

The CFX Manager software (version 3.1) was used to
quantify gene expression. Relative normalized gene ex-
pression was determined by the 272" method. Three ref-
erence genes were chosen based on previous literature
and interindividual stability verified using GeNorm.***
RNA from PCa cell lines mixed in equal proportions was
used as positive controls and inter-run calibrator for all
genes in each plate. Water was used as a negative control.
Examples of qPCR amplification are shown (Figure S1).

Statistical analyses

Overexpression was defined as 2.58 SDs above the mean
expression of each gene in blood of volunteers, ensuring
with 99.5% certainty that expression in controls was lower
than this threshold.

To detect whether patient characteristics or treatments
were associated with overexpression of individual genes,
all characteristics were dichotomized, and differences
evaluated using Chi-square tests in two by two tables.
PSA levels were compared to KLK3 expression using the
Wilcoxon rank-sum test, due to the non-normal distribu-
tion of PSA levels (evaluated using a Shapiro-Wilk test).
To adjust for repeated measurements within individuals,
multilevel, mixed effects logistic regression was used to
identify variables associated with overexpression of lumi-
nal, neuroendocrine, and stem cell genes. Survival anal-
yses for disease progression and death were performed
using the Cox proportional hazards model. If no event
had occurred, patients were censored at the last date they
were known to be alive and/or without disease progres-
sion, either clinical (worsening of symptoms: fractures,
and pain), biological (PSA rising in two subsequent mea-
surements), or radiological (new lesion or increased size
of existing lesions). Results with p <0.05 were considered
significant. All statistical analyses were performed using
Stata version 15.0.

Datasets and bioinformatic analyses

Cell line reverse transcription qPCR (RT-qPCR) results
were compared to RNA-sequencing from the Cancer Cell
Line Encyclopedia Expression Atlas.”® Gene expression
data of white blood cells (WBCs) was obtained from the
consensus dataset from the Human Protein Atlas (v20.
proteinatlas.org).27 Gene expression microarrays were ac-
cessed through Gene Expression Omnibus for the Stanford
(GSE3933), Cambridge (GSE70770), and Memorial Sloan
Kettering Cancer Center (MSKCC; GSE21032) datasets.
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RNA-sequencing results were authorized and accessed
through dbGaP for SU2C (phs000915.v2.p2) and GDC for
The Cancer Genome Atlas (TCGA; phs000178.v11.p8). For
the Stanford dataset, preprocessed data were normalized
as initially reported.”® For the MSKCC and Cambridge
datasets, preprocessed data were normalized using the
LIMMA Bioconductor package in R.* For the SU2C
and TCGA datasets, fastq and BAM files were processed
using the Canadian Centre for Computational Genomics
GenPipes RNA-seq pipeline, followed by count normali-
zation using the DESeq2 and LIMMA Bioconductor pack-
ages in R.?*"*! Overexpression was defined as 2.58 SDs over
the expression in benign samples from the same dataset,
except for SU2C which was compared to TCGA benign
samples after normalization and batch correction. Fisher’s
exact test was used to compare gene overexpression by
categories of cases for each dataset. Cochrane-Armitage
test for trends was used to analyze gene overexpression by
Gleason score (GS). Kaplan-Meier survival analysis and
uni- and multivariable Cox analyses were performed for
MSKCC and TCGA datasets.

RESULTS

Prostate cell-subtype genes are differentially
expressed in PCa cell lines and are
traceable in blood

Cell subtype-specific genes were chosen based on a lit-
erature review encompassing prostate luminal, neuroen-
docrine (neuroendocrine differentiation), and stem cells.
The luminal genes were: KLK3 (PSA), ARV7, FOLHI
(prostate-specific membrane antigen/PSMA), and AR.*
For the neuroendocrine subtype, SYP (synaptophy-
sin), ENO2 (neuron specific enolase), VEGFA (vascular

endothelial growth factor-A), and NCAMI (neural cell
adhesion molecule/CD56) were chosen.*** For stem cells,
ALDHIAI (aldehyde dehydrogenase), CD44, EZH2 (en-
hancer of zeste homolog 2), NANOG, POU5F1 (octamer-
binding transcription factor/OCT4), and SOX2 (SRY/sex
determining region Y-box 2) were included.*

These genes were first assayed in five PCa cell lines
(Figure 1a). Luminal genes were expressed in 22Rv1 and
LNCaP (except 22Rvl-specific ARV7) and negative in
the AR-negative PC-3 and DU145, whereas NCI-H660
showed low AR and FOLHI expression. Among neu-
roendocrine genes, NCAM1 was mainly expressed in
NCI-H660 with low expression in DU145, whereas SYP,
ENO2, and VEGFA were detected in all cell lines, notably
in the neuroendocrine/NCI-H660 model. Similarly, stem
cell genes were highest in NCI-H660, but also detected
in other cell lines. These results are in line with CCLE
RNA-sequencing data (Figure S2). Altogether, each PCa
cell line displays some but not all features of pure cell
subtypes.

To mimic the situation in patients, fresh control blood
was spiked with 10-50 PCa cells (Figure 1b). KLK3,
FOLHI1, and ARV7 were detected upon spiking with
LNCaP or 22Rv1 cells but not in controls, whereas other
genes showed baseline expression in controls which in-
creased upon spiking with 22RV1 (for AR) or NCI-H660
cells (for neuroendocrine and stem genes). Higher gene
expression upon spiking blood with few PCa cells sug-
gested that cell-subtype genes may be traceable in blood.

Patient cohort and features
Forty patients with advanced PCa were enrolled in this

pilot study; baseline characteristics are displayed in
Table S2. Patients were intermediate or high-risk at

FIGURE 1 Genes representing prostatic cell subtypes are differentially expressed in prostate cancer (PCa) cell lines and are traceable
in blood. Gene expression assays were optimized in PCa cell lines and tested in control blood spiked with PCa cells before testing in 40
patients and 40 controls. (a) RNA was extracted from five human PCa cell lines (LNCaP, 22Rv1, PC-3, DU145, and NCI-H660) and reverse
transcribed to test our panel of genes by reverse transcription quantitative polymerase chain reaction. Results were expressed for each gene
as mean normalized relative quantities on a logarithmic scale. (b) Blood drawn from a healthy male in PAXgene tubes (2.5 ml) was spiked
with LNCaP, 22Rv1, or NCI-H660 cells. For LNCaP and 22Rv1, 10 cells were added to the blood (equivalent of 4 circulating tumor cells per
ml of blood). NCI-H660 cells grow as clumps in suspension, therefore we estimated that ~50 cells were added to the control blood. Genes
were tested in control versus spiked blood. Results are presented on a linear scale. (c) Genes were tested in control blood and compared

by age and sex. Relative normalized gene expression is shown in box plots for each gene in male controls by age (<50 vs. >50years old)
and female controls (25-70years old; no difference by age). Wilcoxon rank-sum test is significant (p <0.05) for CD44 between young
versus older men (*). No significant differences were detected by sex. Similar analysis of gene expression with age of patients also showed
no correlation (data not shown). (d) Box plots of results in controls and patients for luminal, neuroendocrine, and stem cell genes. Red
dots for patients represent overexpression, as defined by values greater than means of controls +2.58 SD (Table S3). Black dots in patients
represent expression below cutoff values for each gene (dashed line). Some genes (KLK3, ARV7, and FOLH1) are not detected in controls
and in subsets of patients. Wilcoxon rank-sum test p values comparing patients and controls are denoted by * for p <0.05; ** for p<0.01;
*** for p<0.001 (under gene names).
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diagnosis, with 52.5% having metastatic disease. At enroll-
ment, all but one patient were diagnosed with mCRPC, for
a median duration of 19 months. More than half of the pa-
tients were progressing and 12.5% were on end-of-life pal-
liative care. Ninety percent had received systemic therapy
for mCRPC, mainly ARIs and taxanes. Median follow-up
was 7 months, during which 12 patients died.

Cell-subtype genes are not related to age or
WBCs but to clinical features

Our gene panel was tested in the blood of 40 patients and
40 controls. Analysis of expression in controls showed
no differences between men and women (Figure 1c).
Comparisons by age showed increased CD44 expression
in older versus younger men, with no difference for other
genes, despite an increased age-related risk of benign
prostatic hyperplasia. Accordingly, stringent thresholds
were defined for gene overexpression in patients at the
99.5% confidence interval of expression in 40 controls
(Table S3), except for CD44 whose threshold was set using
the 15 older men.

Results of patients and controls are shown in box plots
(Figure 1d). The accuracy, sensitivity, and specificity of
identifying patients versus controls by overexpression
of at least one gene were 88.8%, 87.5%, and 90%, respec-
tively. As expected from Figure 1c, there was no signal
for KLK3, FOLHI, and ARV7 in controls and basal ex-
pression for other genes. The mean expression in patients
was significantly higher than controls for six of 14 genes.
Nonetheless, 12 of 14 genes were overexpressed in subsets
of cases. ENO2 and NCAM1 were not overexpressed in any
patients.

As baseline levels of 11 genes in controls suggest ex-
pression in WBCs, we investigated these genes in RNA-
sequencing data from normal WBC lineages (Figure 2a).
Most genes were negative or minimally expressed, ex-
cept for CD44 found at varying levels in all lineages,
ALDHI1A1I in monocytes, and ENO2 and EZH2 in subsets
of lymphocytes.

Patients’ WBCs (Figure S3A) were next analyzed in re-
lation to gene expression in blood. Most genes were not
significantly associated to proportions of different WBC
lineages, except SYP with neutrophils and CD44 with
monocytes (Figure 2b). However, when genes showing
any correlation with WBCs were represented in scatter
plots (Figure S3B), not all patients with high neutrophil
or monocyte counts overexpressed SYP or CD44, re-
spectively. These findings further strengthen the use of
stringent thresholds when assessing overexpression in
patients’ blood. In contrast, 9/14 genes were related to pa-
tients’ clinical features (Figure 2c), such as PSA, visceral
metastases, Eastern Cooperative Oncology Group (ECOG)
score, line of therapy, progression, surgery, and past or
current mCRPC therapies. For instance, KLK3 expres-
sion was associated with higher PSA levels (Figure 2d) as
well as disease progression and death in survival analyses
(Table 1). Overexpression of AR, VEGFA, or CD44 was also
associated with increased risk of death. Altogether, cell-
subtype genes are overexpressed in liquid biopsies of pa-
tients with advanced PCa and gene patterns are associated
with clinical features.

Cell-subtype genes in liquid biopsies
support phenotypic diversity

The diversity of gene expression in blood among pa-
tients is illustrated in Figure 3a by a heatmap. Thirty-
five of 40 patients (87.5%) overexpressed at least one
gene. Luminal genes were the most prevalent (62.5%),
followed by stem (45%) and neuroendocrine (15%)
genes. Overall, 26 unique patterns were identified,
with up to 11 genes in P09. No patient overexpressed
all markers of a category, supporting diversity within
subtypes. Correlations between genes showed posi-
tive trends among luminal genes (Figure 3b). For neu-
roendocrine genes, positive correlations were found
among VEGFA, SYP, and NCAM1, whereas ENO2 dis-
played a distinct pattern. Among stem cell genes, posi-
tive correlations were observed among SOX2, NANOG,

FIGURE 2 Cell-subtype genes are not related to WBCs but to clinical features of patients with prostate cancer (PCa). In (a) are

bioinformatic analyses of the 14 genes in normal WBC lineages in consensus data from the Human Protein Atlas (v20.proteinatlas.org), as

described in the Methods section. Normalized expression from 0 (white) to 70 (red) is shown. (b) Spearman correlation matrix between gene
expression in the 40 patients with mCRPC and their WBC counts at the time of blood draw. Blue represents a negative association, red a
positive association. The p values are entered when correlations were significant (p <0.05), and at least >0.4 or <—0.4. (c) Heatmap depicting
associations between patients and treatment characteristics and overexpression of individual genes. Blue represents a negative association,
and red a positive correlation. The darker the color, the stronger the association between gene overexpression and patients’ characteristics.
The p values are entered when the patient’s characteristic was significantly associated with overexpression of that gene (p <0.05). (d)
Association between the detection of the KLK3 transcript in the blood of patients and PSA levels (logarithmic scale) at time of blood draw.
The p value was calculated using a Wilcoxon rank-sum test. AR, androgen receptor; ECOG, Eastern Cooperative Oncology Group; mCRPC,
metastatic castration-resistant; T-reg, regulatory T cells; WBC, white blood cell.
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Genes and cell
subtypes

KLK3

ARV7

FOLH1

AR

SYP

ENO2

VEGFA
ALDHIA1
CD44

EZH2

NANOG
POUS5F1

Sox2

Number of genes

Number of genes
excluding CD44
and SOX2

Number of luminal
genes

Number of
neuroendocrine
genes

Number of stem cell
genes

Any luminal gene

Any neuroendocrine
gene

Any stem cell gene

Any luminal + any
neuroendocrine
gene

Any luminal + any
stem cell gene

Any neuroendocrine +
any stem cell gene

Overexpression of at
least one gene in all
three groups

No gene

Disease progression
2.37 (1.09-5.13), p = 0.029
1.56 (0.66-3.70)

1.17 (0.55-2.50)

2.00 (0.46-8.57)

1.53 (0.46-5.09)

N/A

1.96 (0.82-4.67), p = 0.130
0.62 (0.21-1.81)
2.12(0.71-6.29), p = 0.177
2.06 (0.61-6.98)

1.74 (0.81-3.73), p = 0.156
1.38 (0.64-2.99)

1.47 (0.64-3.33)

1.13 (0.99-1.29), p = 0.071
1.16 (0.98-1.38), p = 0.078

1.40 (0.99-1.98), p = 0.057

1.41 (0.83-2.40)

1.12 (0.91-1.37)

1.48 (0.65-3.37)
1.96 (0.82-4.67), p = 0.130

1.13 (0.91-1.40)

2.19 (0.80-5.97), p = 0.127

1.81(0.83-3.98), p = 0.139

1.96 (0.82-4.67), p = 0.130

2.19 (0.80-5.97), p = 0.127

0.48 (0.11-2.04)

Death

3.95 (1.06-14.75), p = 0.041
1.98 (0.60-6.50)

1.99 (0.62-6.37)

60.89 (5.39-688.62), p = 0.001
2.15(0.26-17.97)

N/A

4.44 (1.11-17.80), p = 0.035
0.85 (0.18-4.07)

7.59 (1.68-34.38), p = 0.009
1.33(0.16-11.07)

4.26 (0.95-19.16), p = 0.059
4.08 (0.90-18.36), p = 0.128
3.22(0.71-14.52)

1.43 (1.13-1.79), p = 0.002
1.60 (1.19-2.15), p = 0.002

2.16 (1.23-3.80), p = 0.008

2.20 (0.93-5.19), p = 0.073

1.41 (0.97-2.04), p-0.070

4.27 (0.54-33.90), p = 0.169
4.44 (1.11-17.80), p = 0.035

1.50 (1.00-2.25), p = 0.048

6.81 (1.69-27.52), p = 0.007

9.62 (1.93-47.86), p = 0.006

4.44 (1.11-17.80), p = 0.035

6.81 (1.69-27.52), p = 0.007

N/A

Note: Hazards ratios and 95% confidence intervals for disease progression and death in patients

overexpressing the selected circulating genes. Hazards ratios and respective 95% confidence intervals

DERDERIAN ET AL.

TABLE 1 Overexpression of
circulating genes is associated with
disease progression and patient death

were calculated using Cox proportional hazard models. Numbers are in bold when p <0.05 (p values were
added when <0.20).

Abbreviation: N/A, not applicable.

POUSFI (co-overexpressed in 22.5% of cases; Figure 3a)
and CD44, whereas EZH2 was negatively correlated.
Interestingly, neuroendocrine and stem cell genes were
positively correlated (Figure 3b).

Classifying patients by cell subtypes and combinations
thereof highlighted phenotypic diversity in eight subcate-
gories (Figure 3c). In survival analyses (Table 1), patients
overexpressing a higher number of genes, regardless of
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Luminal

Neuro-
endocrine

Stem cell
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SOX2
Genes/Case 1 5 1 0 7 1 1 1

Log?2 fold change from . _ Log?2 fold change . _

2241 21,2023 1108 A A

[
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[
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average in patients
g p Neg. Min. _— from threshold < 0 6
(b) Luminal Neuroendocrine Stem
KLK3 ARV7 FOLH1 AR SYP ENO2 EZH2 NANOG POU5F1
SOX2 [ 0.0033 0.040 0.0015
POU5F1 0.195 0.0110 0.0022 3 0.0002
g NANOG 0.106 0.0062 0.0043 0.007 0.010 0.0011
o EZH2 0.110 0.0419 0.0068 0.141
D44 0.169 0.0072 |9.0E-06 0.0013  0.021
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IR =
g g VEGFA 0.016 0.019 0.143 0.0323 Spearman Rho
Y 5 ENO2  0.015
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T;__s AR
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3 ARV7 0098
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o Nesc
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FIGURE 3 Cell-subtype genes in liquid biopsies support phenotypic diversity. (a) Heatmap of gene expression in 40 patients, with black
squares representing no signal, blue squares for baseline expression, and white to red squares for overexpression. For KLK3, FOLH1, and
ARV7 which are completely negative in control samples, results are presented as log2 fold change from the average expression in positive
patients. For the remaining genes, results are presented as log2 fold change from the overexpression thresholds calculated from 40 controls,
except for CD44, whose threshold was established from older male controls. (b) Spearman correlation matrix between the 14 genes in
patients with metastatic castration-resistant (mCRPC). Blue and red represent negative and positive associations, respectively. The p values
are entered when the correlation was significant (p <0.05). (c) Pie chart representing phenotypic diversity by cell subtypes (L: luminal, NE:
neuroendocrine, and SC: stem cell) and combinations thereof, as indicated on the right.
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TABLE 2 Clinical relevance of circulating genes overexpressed in patients with advanced prostate cancer

Characteristics Luminal
Age® 0.68 (0.26-1.78)
PSA? 2.54 (1.03-6.29), p = 0.044

Bone metastases 3.71 (0.85-16.24), p = 0.082
2.01 (0.61-6.62)

3.64 (1.21-10.97), p = 0.022

Visceral metastases

ECOG performance score®

Lines of therapy 1.48 (0.97-2.27), p = 0.071
Progressive disease 2.99 (1.21-7.39), p = 0.018
Initial therapy
Surgery 1.09 (0.40-2.97)
Radiotherapy 0.43 (0.09-2.18)

Non-curative therapy 1.29 (0.49-3.40)

Past mCRPC therapy

Any AR inhibitor 1.64 (0.64-4.21)

Abiraterone 1.46 (0.56-3.81)

Enzalutamide 2.05(0.46-9.12)

Any taxane 2.7 (1.07-6.82), p = 0.035

Docetaxel 3.19 (1.27-7.99), p = 0.013

Cabazitaxel 5.25 (1.33-20.75), p = 0.018
Current mCRPC therapy

None 4.09 (1.15-14.57), p = 0.030

Any AR inhibitor 0.34 (0.14-0.83), p = 0.018

Abiraterone 0.41 (0.16-1.13), p = 0.086

Enzalutamide 0.45 (0.09-2.20)

Any taxane 1.46 (0.45-4.68)

Docetaxel 0.36 (0.06-2.27)

Cabazitaxel 3.89 (0.94-16.10) p = 0.060

PARP inhibitor 1.9 (0.24-15.28)

Radium-223 3.58 (0.23-56.71)

Neuroendocrine

1.46 (0.21-10.38)

12.0 (1.10-132.1), p = 0.042
0.91 (0.07-11.54)

N/A

0.49 (0.03-8.54)

2.02 (0.85-4.83), p = 0.111
6.15 (0.53-70.90), p = 0.146

3.82 (0.54-26.84), p = 0.178
0.83 (0.04-17.15)
0.27 (0.03-2.20)

13.3 (1.24-142.3), p = 0.032
7.88 (1.16-53.55), p = 0.035
1.18 (0.05-27.66)

0.61 (0.08-5.03)

0.71 (0.09-5.88)

2.83 (0.19-42.33)

2.76 (0.19-39.90)
0.31 (0.04-2.51)
0.61 (0.08-5.03)
N/A

3.33 (0.44-25.02)
2.83(0.19-42.33)
2.83 (0.19-42.33)
3.62 (0.09-33.22)
N/A

Stem

0.88 (0.20-3.80)

4.00 (0.92-17.44), p = 0.065
1.87 (0.25-13.87)

0.88 (0.12-6.18)
2.22(0.35-14.21)

1.66 (0.84-3.31), p = 0.147
3.00 (0.68-13.32), p = 0.149

5.20 (1.25-21.69), p = 0.024
1.16 (0.13-10.30)
0.19 (0.04-0.79), p = 0.023

7.77 (1.81-33.38), p = 0.006
6.14 (1.44-26.10), p = 0.014
1.09 (0.10-12.43)

0.96 (0.21-4.39)

0.69 (0.15-3.24)

2.87 (0.29-28.53)

2.50 (0.30-20.58)
0.45 (0.10-2.00)
0.76 (0.16-3.57)
0.24 (0.02-2.77)
2.66 (0.47-15.16)
1.97 (0.19-20.40)
2.87 (0.29-28.54)
6.23 (0.30-128.61)
N/A

Abbreviations: AR, androgen receptor; ECOG, Eastern Cooperative Oncology Group; mCRPC, metastatic castration-resistant; N/A, not applicable; PSA,

prostate specific antigen.
*Patients were stratified below and above the median.

PPatients were stratified into two groups: ECOG 0-1 and ECOG 2-3. Multilevel, mixed effects logistic regression models were used to calculate odds ratios and
their respective 95% confidence intervals, in order to adjust for repeated measurements within individuals. Bold values are significant (p <0.05), and p values
<0.2 are indicated. Odds ratios (ORs) with 95% confidence intervals (in parentheses) identifying variables associated with luminal, neuroendocrine, and stem

cell markers.

cell subtype, had an increased risk of death. This was
also true when excluding CD44 and SOX2 which were co-
overexpressed with NANOG and POUS5FI in several pa-
tients. The total number of luminal genes, overexpression
of neuroendocrine or stem cell genes, or overexpression of
genes from more than one subtype also influenced overall
survival.

Further cell-subtype analyses (Table 2) showed that
luminal genes were significantly associated with higher
PSA (also true for neuroendocrine), higher ECOG score,
and progressive disease at inclusion. Thus, analyses of
genes individually (Table 1) or by subtype showed similar

results. Patients currently on ARIs were less likely to over-
express luminal genes, whereas patients not on mCRPC
therapies were more likely to overexpress these genes.
Moreover, patients who previously progressed on ARIs
overexpress neuroendocrine or stem cell genes, whereas
those who progressed on taxanes overexpressed luminal
genes. Stem cell genes were also more common in patients
who received surgery as a curative therapy, and less com-
mon in those who received noncurative therapies at diag-
nosis. These findings illustrate the wide diversity of gene
patterns in patient’s blood, with all cell subtypes being as-
sociated with treatments.
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Prostate cell-subtype genes are
overexpressed in advanced disease
and metastases

To relate our findings to phenotypic changes at different
stages of PCa, we analyzed our gene panel in five PCa
transcriptomic datasets (TCGA, Stanford, Cambridge,
MSKCC, and SU2C). Results presented as heatmaps
(Figures S4A-E) show that these genes were not com-
monly overexpressed in primary tumors of hormone-naive
radical prostatectomy (RP) patients but increased with GS
and progression, such as in lymph node (LN) metastases
collected at RP, primary tumors from hormone-treated
cases (TURP/trans-urethral resection of prostate), and in
various metastases.

Looking at the number of genes overexpressed over-
all in primary tumors (Figure 4a-d), we observed that in
hormone-naive RP samples the number of cases overex-
pressing at least two genes overall increased significantly
with GS in all studies, except the MSKCC cohort (p = 0.061;
Figure 4d). This was also true for the number of luminal
or stem cell genes for most studies. Further analyses in
TCGA and MSKCC cohorts (Figure S5) showed trends
toward predicting earlier biochemical recurrence for the
total number of genes overexpressed and for certain sub-
types, but significance was lost in multivariable analyses.

Regarding more advanced disease, the likelihood of
overexpressing at least two genes overall was significantly
higher than in RP samples (Figure 4b-d). LN metasta-
ses at RP overexpressed more stem genes than primary
tumors (Figure 4b), whereas metastases in the MSKCC
cohort showed more cases with luminal and stem genes
(Figure 4d). Hormone-treated TURP resembled high GS
cases of the hormone-naive cohort, but with a significant
increase in neuroendocrine genes (Figure 4c). Samples
with the most genes overexpressed were metastases from
mCRPC cases (Figure 4e). Compared to LNs and bones,
liver metastases overexpressed more genes overall, more
neuroendocrine and stem cell genes, and a trend toward
fewer luminal genes. Altogether, an increasing proportion
of cases overexpress these genes with further disease pro-
gression, whereas gene patterns remain heterogeneous
among patients.

This diversity and evolution of gene patterns by cell
subtype with progression is illustrated in Figure 5. Of in-
terest, the pattern of circulating genes in the 40 patients
with advanced disease in our pilot study resembled the
heterogeneity of advanced disease cases, mostly meta-
static. The number of cell subtypes represented in each
cohort also increased with more aggressive disease and
in liver metastases compared to LNs or bones, support-
ing diversified cell populations in the same tumor. These

ASCPT

findings reinforce the relevance of the studied genes in the
blood of patients with advanced PCa.

DISCUSSION

This proof-of-concept study demonstrates for the first time
the clinical relevance of testing PCa cell-subtype genes in
whole blood of patients with advanced disease, setting the
stage for studies on larger cohorts to trace circulating gene
patterns longitudinally.

Several studies on cancer-related transcripts in blood
have focused on CTCs. Despite reports on limitations
in isolating such heterogeneous cells, most authors use
positive selection-based isolation, often by epithelial cell
adhesion molecule or CKs, which are not present on
all CTCs, or size-based methods which may miss small
CTCs.” ! Working in blood RNA avoids selecting only
specific CTC subsets, while also detecting cell-free RNAs
in EVs.*> Cancer-specific genes were identified in whole
blood.'®"*"*¢"*! The sensitivity of RT-qPCR assays compar-
ing gene expression directly in the blood of patients with
PCa versus CTCs was also reported to be similar."®** The
central limitation remains the genes expressed in WBCs,
making gene selection a key step for success. Tracing im-
mune signatures in parallel may provide useful informa-
tion but was beyond the scope of this study.**

To establish the reliability and specificity of our assays,
we first tested each gene in cell lines and spiked control
blood. Luminal genes were specific to luminal-like cells,
whereas neuroendocrine and stem cell genes were highest
in the neuroendocrine NCI-H660 cells. In spiking experi-
ments, luminal genes were negative in control blood, ex-
cept for AR as previously reported.**** All neuroendocrine
and stem genes were detected at baseline levels. Similar
expression patterns were also observed using probe-based
TaqMan assays (not shown), implying that baseline ex-
pression was not due to nonspecific amplification. Overall,
expression of all genes increased upon spiking with a low
number of PCa cells, suggesting their potential detection
in patients’ blood. CHGA, VIM, EPCAM, PSCA, CD133,
and ARVI12 were considered but excluded due to issues
of primer specificity and limitation in RNA quantity from
banked blood.

The varying proportions of different WBC lineages in
blood of patients showed mostly no or low correlation,
except for CD44 and SYP. However, not all patients with
high levels of the relevant WBCs showed these genes over-
expressed. CD44 and SYP were always overexpressed with
other genes of the same cell subtype. These observations
highlight the importance of including blood RNA from
healthy donors to account for variations in WBCs and
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FIGURE 4 Prostate cell-subtype specific genes are overexpressed in PCa tissues of patients at different stages of disease. Stacked
bar graphs representing the number of genes overexpressed (color-coded) overall or by cell subtype in different categories of patients
from the (a) TCGA, (b) Stanford, (c) Cambridge, (d) MSKCC, and (e) SU2C datasets. Overexpression was defined as +2.58 SDs over the
mean expression in benign samples from the same cohort, as indicated in the Methods section. For the SU2C dataset, gene expression
was compared to benign samples from the TCGA dataset. (a-e) Denoted above each graph are the Fisher’s exact test results comparing
the number of genes overexpressed by categories of cases (0 vs. 21 gene overexpressed for individual subtypes, or 0-1 versus >2 genes

overexpressed overall, up to 6 genes). (a—d) Significant differences are shown between benign versus RP (denoted by *), benign versus
advanced cases from the same cohort (LN, TURP, metastases; denoted by +), or RP versus advanced cases (#), as well as the Cochrane-
Armitage test for trends comparing RP cases by Gleason score (X). () In the SU2C dataset, Fisher’s exact test results denote difference
between LNs versus bones (*), LNs versus liver (x), and bones versus liver metastases (+). (a—e) The level of significance is denoted as: *
+/ # / x for p <0.05; ** for p < 0.01; *** for p <0.001. Bn, benign; L, luminal; LN, lymph node; Met, metastasis; MSKCC, Memorial Sloan
Kettering Cancer Center; NE, neuroendocrine; PCa, prostate cancer; RP, radical prostatectomy; SC, stem cell; TCGA, The Cancer Genome
Atlas; TURP, primary tumors removed by transurethral resection from hormone-treated patients.
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FIGURE 5 Cell subtype patterns in PCa tissues and metastases evolve with disease progression. Stacked bar graphs of cell-subtypes (L:
luminal, NE: neuroendocrine, SC: stem cell) and combinations thereof (color-coded on the right) for different categories of patients in the
TCGA, Stanford, Cambridge, MSKCC, and SU2C datasets. The number of cell subtypes represented in different categories of patients are
compared by Fisher’s exact test. Significance levels are represented by * for p <0.05; ** for p <0.01; *** for p <0.001 for benign versus primary
(TCGA), primary versus advanced (LN/TURP/Metastases in Stanford/Cambridge/MSKCC), and between metastatic sites (SU2C). The
results in blood RNA from our pilot study were added on the right for comparison purposes, mostly resembling metastases and differing from
primary and benign prostate tissues. LN, lymph node; MSKCC, Memorial Sloan Kettering Cancer Center; PCa, prostate cancer; RP, radical
prostatectomy; TCGA, The Cancer Genome Atlas; TURP, primary tumors removed by transurethral resection from hormone-treated patients.

accurately identify overexpression related to the patient’s
cancer by establishing stringent thresholds. For cases where
overexpression is close to the threshold, we would recom-
mend testing a second blood sample to assess clinical value.

We observed that 87.5% of patients with CRPC (35/40)
overexpressed one or more of the target genes in their
blood. Cases with no genes overexpressed may be ex-
plained by a low number of CTCs and cancer-derived EVs
due to less advanced disease or successful therapeutic
elimination of cancer cells. RNA quality or quantity was
not an issue, being similar across samples. Expanding
our gene panel may lead to significant findings in these
patients as well. Overall, patients showed a wide phe-
notypic diversity in line with the clinical heterogeneity

of advanced cases and reported for circulating genes in
breast, colorectal, lung, and prostate cancers, 672137739
Among luminal genes, KLK3 expression was signifi-
cantly associated with high levels of PSA in blood, suggest-
ing that PSA reflects tumor burden, whereas circulating
KLK3 would originate from CTCs or EVs. Of note, KLK3
expression in 16 of 40 (40%) of mCRPC cases is not paral-
leled by AR overexpression. Testing AR amplification in
circulating tumor DNA, expression of other ARV, or addi-
tional AR target genes may be alternatives to assessing AR
reactivation. ARV7 was found in eight of 40 (20%) of cases,
in line with reported values ranging from 11-68%.'¢1%3%4
This is clinically meaningful because taxanes may be
more effective than ARIs in such patients.'®***” Other AR
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variants would be interesting to add, given their clinical
relevance.'®3¢

Among stem cell genes, NANOG, POU5F1, and SOX2
were often, but not always, co-overexpressed. These genes
have been studied in whole blood of small cell lung can-
cer, where SOX2 was identified as a promising prognos-
tic marker.>* In our PCa series, circulating NANOG and
POUS5F1 were more often overexpressed than SOX2.

Neuroendocrine genes were infrequent and always
found with other subtypes, consistent with the rarity of
pure neuroendocrine prostate tumors.* VEGFA is particu-
larly interesting as a neuro-product promoting metastasis
by enhancing PCa cell motility and being targetable in ad-
vanced disease.***® ENO2 was not overexpressed. NCAM1
was not overexpressed in patients’ blood, possibly due to
the diversity of splice variants.* Nevertheless, these neu-
roendocrine genes deserve attention as CD56+ (NCAMI)
and SYP+ CTCs were reported in patients with PCa.'*>

Although patterns of individual genes are interesting, they
are each overexpressed in a minority of patients, making it
difficult to interpret gene-by-gene analysis results. For this
reason, we consider analyses by cell subtype more relevant
and informative. The contribution of different cell subtypes to
tumor development and metastatic progression is important
in the context of therapeutic resistance. This was corroborated
in our series, despite the low number of patients. Patients
treated with ARIs expressed fewer circulating luminal genes,
whereas those previously treated with ARIs overexpressed
several stem and neuroendocrine genes. This is in line with
hormonal therapies targeting differentiated AR-positive lu-
minal cells and promoting neuroendocrine differentiation
and stemness features.*”” Moreover, the number of genes and
cell subtypes represented were associated with an increased
risk of death. This suggests less advanced disease or better
disease control in patients expressing fewer genes or only lu-
minal genes, whereas patients with more cell subtypes may
be more difficult to treat with single agent therapies. Further
studies are needed to evaluate whether this gene panel is of
prognostic utility in patients with mCRPC.

Bioinformatic analyses in PCa transcriptomic datasets
validate our choice of genes and support our clinical find-
ings. Results were consistent among RP cohorts, showing
few cases overexpressing the selected genes. They were
found more often in advanced cases, especially in mCRPC.
Moreover, cell-subtype patterns differed between categories
of cases, as well as by metastatic site. Furthermore, the cir-
culating gene patterns of our 40 patients with advanced PCa
resemble genes patterns in metastases. Altogether, these
findings establish that genes representing epithelial cell sub-
types contribute to progression, emphasizing the increasing
importance of tumor cell diversity in patients with PCa.

The main limitation of this pilot study remains that pa-
tients were at various stages of treatments, although they

were all CRPC. Comparing circulating gene patterns with
the corresponding transcriptomic data of primary tumors
may be informative, and more so if adjacent LN metastases
are harvested. Unfortunately, these advanced cases were
not necessarily treated at our institutions early in their
trajectory and no tissue samples were available for this
study. Nonetheless, the gene patterns defined in blood are
related to patients’ characteristics, previous treatments,
and treatment response at time of blood draw, despite the
low number of cases tested. This justifies further valida-
tion in larger, independent cohorts before translation in
clinical practice. We anticipate conducting a study with
serial blood sampling to demonstrate whether assessing
prostate cell subtypes through liquid biopsies will predict
therapeutic response and clinical outcome.

CONCLUSION

This pilot study supports the premise that prostate cell-
subtype genes are traceable in the blood of patients with
advanced disease. The diversity among patients is relevant
to the clinical heterogeneity of PCa. Our findings revealed
associations of cell subtype genes in patients’ blood with
therapeutic regimens and clinical outcome. Bioinformatic
analyses in transcriptomic data from over 1000 patients
confirmed that our selection of genes and overexpres-
sion patterns in the blood of 35 of 40 patients are best
represented in metastases, thereby reinforcing the clini-
cal relevance of our findings. Further studies, particularly
longitudinal assessments, will determine whether this ap-
proach can guide individualized treatments.
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