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Abstract

Although the treatment armamentarium for patients with metastatic prostate cancer has improved recently, treatment options after
progression on cabazitaxel (CBZ) are limited. To identify the mechanisms underlying CBZ resistance and therapeutic targets, we
performed single-cell RNA sequencing of circulating tumor cells (CTCs) from patients with CBZ-resistant prostate cancer. Cells were
clustered based on gene expression profiles. In silico screening was used to nominate candidate drugs for overcoming CBZ resistance
in castration-resistant prostate cancer. CTCs were divided into three to four clusters, reflecting intrapatient tumor heterogeneity in
refractory prostate cancer. Pathway analysis revealed that clusters in two cases showed up-regulation of the oxytocin (OXT) receptor—
signaling pathway. Spatial gene expression analysis of CBZ-resistant prostate cancer tissues confirmed the heterogeneous expression
of OXT-signaling molecules. Cloperastine (CLO) had significant antitumor activity against CBZ-resistant prostate cancer cells. Mass
spectrometric phosphoproteome analysis revealed the suppression of OXT signaling specific to CBZ-resistant models. These results
support the potential of CLO as a candidate drug for overcoming CBZ-resistant prostate cancer via the inhibition of OXT signaling.
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Significance Statement

Although the treatment armamentarium for patients with metastatic prostate cancer has improved recently, treatment options after
progression on cabazitaxel (CBZ) are limited. We performed single-cell RNA sequencing of circulating tumor cells (CTCs) from pa-
tients with CBZ-resistant prostate cancer. In silico screening was used to nominate candidate drugs for overcoming CBZ resistance
in castration-resistant prostate cancer. CTCs were divided into three to four clusters, reflecting intrapatient tumor heterogeneity
in refractory prostate cancer. Pathway analysis revealed that clusters in two cases showed up-regulation of the oxytocin (OXT) recep-
tor-signaling pathway. Cloperastine (CLO) had significant antitumor activity against CBZ-resistant prostate cancer cells.
Phosphoproteome analysis revealed the suppression of OXT signaling specific to CBZ-resistant models.

Introduction

Prostate cancer is the most common cancer among men and
the second most common cause of cancer-related deaths world-
wide (1). Metastatic prostate cancer is mainly treated using
gonadotropin-releasing hormone agonists/antagonists and non-
steroidal antiandrogens. Although androgen deprivation therapy
is initially effective for prostate cancer, most patients develop
castration-resistant prostate cancer (CRPC). Taxanes, such as do-
cetaxel (DOC) and cabazitaxel (CBZ), are the only chemotherapy
regimens approved for CRPC. CBZ, a next-generation taxane,

was approved in 2010 for DOC-resistant prostate cancer.
However, its life-prolonging effect in CRPC is limited to a few
months (2), and CBZ-resistant prostate cancer has an extremely
poor prognosis of <1 year (2, 3). Therefore, there is an urgent
need to develop novel therapeutic strategies for CBZ-resistant
prostate cancer.

We have previously reported the feasibility and value of gen-
omic analysis of prostate cancer tissues for precision medicine
(4-6). As biopsy of refractory tissue is often impractical, liquid bi-
opsy, including that of cell-free DNA and circulating tumor cells
(CTCs), may be an alternative for molecular characterization of
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treatment-resistant prostate cancer (7). Prostate cancer has a high
degree of tumor heterogeneity. Therefore, a liquid biopsy-based
analysis could better capture its heterogeneity within and across
metastases in individuals with CRPC (8). Recent studies have per-
formed single-cell RNA sequencing (RNA-seq) of CTCs in the liver
(9), breast (10), and lung cancers (11).

Although the efficacy of single-cell transcriptomic analysis of
CTCs in prostate cancer has been reported (12), single-cell tran-
scriptomes of CBZ-resistant prostate cancer have not yet been
studied. Therefore, to screen for therapeutic targets, this study
performed a single-cell transcriptomic analysis of CTCs of pa-
tients with CBZ-resistant prostate cancer, collected in a label-free
state through our established platform (7). Furthermore, we per-
formed spatial transcriptomic analysis of CBZ-resistant prostate
cancer tumor tissues to analyze intratumoral heterogeneity and
validate the significance of molecular markers identified via
single-cell RNA-seq of CTCs.

We have previously established CBZ-resistant prostate cancer
cell lines (13). Instead of screening for signaling pathways or gene
products with potential therapeutic targets from the lists of
CBZ-resistance-associated genes, we submitted the gene lists direct-
ly to the Connectivity Map database (14). This public resource con-
tains gene signatures obtained after treating the cells with various
chemical compounds. Using this drug-screening platform, we iden-
tified ribavirin (15, 16), pimozide (17), and etoposide (18) as novel
drugs for overcoming taxane-resistant prostate cancer.

Using our established approach, this study is the first to report
single-cell transcriptomic and spatial gene expression analyses of
CBZ-resistant prostate cancer. We identified oxytocin (OXT) signal-
ing as a potential therapeutic target. Furthermore, we performed an
in silico screening test for candidate drugs targeting CBZ resistance,
analyzed target signals of candidate drugs by a phosphoproteome
analysis using liquid chromatography-mass spectrometry (LC-
MS), and identified cloperastine (CLO) as a candidate drug to sup-
press OXT signaling in CBZ-resistant prostate cancer.

Results

OXT signaling is up-regulated in CBZ-resistant
prostate cancer

CTCs were collected and concentrated from four patients with pros-
tate cancer after CBZ resistance. The patients’ clinical characteris-
tics are shown in Table S1. We performed single-cell RNA-seq on
CTCs using the 10x Genomics Chromium system, and the cells
were clustered based on their gene expression profiles. The CTCs
of each patient were divided into three or four clusters based on
their expression (Figs. 1A and B and S1 and S2), reflecting intrapa-
tient tumor heterogeneity in refractory prostate cancer.

To screen for potential therapeutic targets for CBZ-resistant
prostate cancer, we performed pathway analysis using the data-
base for annotation, visualization, and integrated discovery
(DAVID) functional annotation clustering tool. We listed the sig-
nificantly up-regulated gene expressions (over two times above
average) in each cluster derived from single-cell RNA-seq.
Pathway analysis revealed that the OXT-signaling pathway
(KEGGPATHWAY ID: hsa04921) was significantly enriched in clus-
ter 30f KOU8O5 (P = 0.038) and cluster 1 of KOU809 (P = 0.035) com-
pared to the other clusters (Figs. 1C and S3). Oxytocin receptor
(OXTR) and downstream signaling molecules, such as G-protein
subunit alpha q (GNAQ), calmodulin (CALM) 2, protein kinase C
beta (PRKCB), myosin light polypeptide (MYL) 6, and fos proto-
oncogene (FOS), were enhanced in the clusters with up-regulated

OXT signaling pathway (Fig. 1D and E). The expression level of oth-
er OXT signal-related molecules was also relatively high in cluster
3 of KOU8O5 and cluster 1 of KOU809 (Fig. S4).

CD46 has been reported as a poor prognostic marker in prostate
cancer (19, 20). We found that the two clusters were characterized
by CD46, which was also up-regulated in cluster 3 of KOU805 and
cluster 1 of KOU809, along with OXT signaling pathways (Fig. S7),
indicating the important role of these clusters in disease progres-
sion. Downstream molecules of OXT signaling, such as myosin
light chain kinase, MYL6, and FOS, were expressed in cluster 3
of KOU801 and cluster 4 of KOU803, although only slight OXTR ex-
pression was observed in these clusters (Fig. S5).

To investigate the clinical significance of OXT signaling mole-
cules in CBZ-resistant prostate cancer, we compared their
mRNA expression before and after CBZ chemotherapy in five pa-
tients (Table S2) using microarray. Although OXT and OXTR ex-
pression levels were not significantly different before and after
chemotherapy, that of phosphoinositide phospholipase C beta
(PLCB) 3, a downstream molecule of OXT signaling was signifi-
cantly up-regulated (P =0.023) after CBZ (Fig. S6).

To investigate the significance of OXT signaling in CBZ-resistant
prostate cancer, phosphoproteome analysis using LC-MS was per-
formed to comprehensively explore the changes in signaling path-
ways induced by CBZ resistance. Pathway analysis revealed
enhanced phosphorylation of OXT signaling proteins in DU145CR
(DU145 CBZ-resistant) cells compared with that in parental DU145
cells (Fig. 1F and H). The phosphorylation of OXT-signaling-related
molecules, such as calcium/CALM-dependent protein kinase
(CAMK) 2D/G, EEE2K, GNAI2, MAPK1, PLCB3, PRKAAI1, and
rho-associated protein kinase (ROCK) 2, was higher in DU145CR cells
than in DU145 cells (Fig. 1G).

Analysis of a previously reported NGS (next-generation se-
quencing) study of cancer cell lines (21) revealed that OXTR ex-
pression was higher in CRPC cell lines, DU145 and PC3, than in
the hormone-naive prostate cancer cell lines, such as LNCAP,
MDAPCA2B, and PRECLH, whereas all prostate cancer cell lines,
including DU145 and PC3, had a low mRNA expression of OXT
(Fig. S8). OXT signaling molecules, such as GNAQ and CALM2,
were expressed in DU145 cells (Fig. S8). We also analyzed the
mRNA expression of OXT and OXTR in CBZ-resistant cell lines
and found no differences in the expression of these genes between
CBZ-sensitive and CBZ-resistant cell lines (Fig. S9). According to
these findings, proteins involved in OXT signaling were expressed
to some extent in the CBZ-naive parental cell lines. Although their
expression was not changed, the phosphorylation of OXT signal-
ing molecules was enhanced in CBZ-resistant cell lines.

To investigate intratumor heterogeneity of OXT signaling in
CRPC, we performed spatial gene expression analysis of prostatic
carcinoma specimens obtained by transurethral resection from
two patients with prostate cancer who were heavily treated and
developed resistance to CBZ therapy (Table S3). RNA expression
in the tumor tissues was divided into six or seven clusters, sug-
gesting intratumoral heterogeneity (Figs. 2A and B and S10A and
B). The prostate specimens showed heterogeneous expression of
OXT-signaling molecules, such as OXTR. In addition, PLCB3 and
EEF2K were up-regulated in cluster 5 of KT304 and cluster 2 of
KOV002 (Fig. 2C-E).

CLO is a candidate drug for overcoming
CBZ-resistant prostate cancer

We analyzed the transcriptomic changes after CBZ resistance by
comparing DU145 and PC3 cells with CBZ-resistant DU145CR
and PC3CR (PC3 CBZ-resistant) cells. Based on the transcriptome
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Fig. 1. OXT signalingis up-regulated in CBZ-resistant prostate cancer. A) Clinical course of the two cases. B) T-distributed stochastic neighbor embedding
(t-SNE) plot based on the single-cell transcriptome in two patients with prostate cancer. Dotted circles and squares indicate the clusters with
up-regulated OXT signaling. C) Pathway analysis showed that the two cases had clusters with an up-regulated OXT-signaling pathway. The dotted

squares indicate up-regulated genes related to OXT signaling in each case.

D) Expression of OXT, OXTR, GNAQ, CALM2, PRKCB, and MYL6. Intense purple

dot plotsindicate the cells with significantly higher expression of each gene. Dotted circles indicate the clusters with up-regulated OXT signaling. E) Violin
plot of OXT, OXTR, GNAQ, CALM2, PRKCB, and MYL6. F) Pathway analysis of highly phosphorylated molecules in DU145CR compared to DU145. The
dotted squares indicate up-regulated genes related to OXT signaling in DU145CR. G) Phosphorylation of each molecule of the OXT-signaling pathway in

DU145 and DU145CR cells. H) Scheme of OXT-signaling pathway.

data, we performed in silico drug screening for candidate
drugs that reverted the CBZ-resistant gene signature into a
CBZ-sensitive signature (Fig. 3A and Table S4). We tested the anti-
tumor effects of the listed candidate drugs on prostate cancer cell

lines in vitro. Lanatoside C, practolol, meteneprost, and sangui-
narine did not significantly inhibit DU145CR proliferation
(Fig. S11), whereas CLO significantly suppressed DU145CR cell
proliferation, not that of DU145 (Fig. 3B).
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Fig. 2. Spatial gene expression analysis of CBZ-resistant prostate cancer tissues. A and B) Hematoxylin and eosin staining (left), spatial gene expression
clustering (middle), and t-SNE plot according to gene expression (right) of prostatic tissue in KT304 (A) and KOV002 (B). The dotted square indicates a gene
related to OXT signaling. C) Spatial mRNA expression (left) and violin plot (right) of OXTR, PLCB3, GNAI2, EEF2K, CALM3, and CAM2KD in KT304. D) Spatial
mRNA expression (left) and violin plot (right) of OXTR, PLCB3, G-protein subunit alpha s (GNAS), EEF2K, CALM2, and CAM2KD in KT304. E) Scheme of
OXT-signaling pathway.

We administered CLO to DU145 and DU145CR xenograft mouse
models to investigate the antitumor effect of CLO in vivo. Daily
peroral administration of CLO exerted antitumor effects in both
DU145 and DU145CR xenograft tumors (Fig. 3D and E), and the
growth of DU145CR tumors was suppressed to a greater extent

We subsequently tested the synergistic effects of CBZ and CLO
in DU145CR cells. The combination index of CBZ and CLO was
0.76, suggesting that they exhibited antitumor synergy (Fig. 3C).
CLO also suppressed PC3CR cell proliferation in vitro (Fig. S12A
and B).
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than that of DU145 tumors (Fig. 3F). To test the synergistic effect of
CBZ and CLO in vivo, we administered CLO in combination with
CBZ. Consistent with the in vitro results, CBZ and CLO exerted a
synergistic effect on DU145CR tumors (Fig. 3G). The mice that re-
ceived CLO did not have any body weight loss, renal, hepatic, or
pulmonary disorders (Fig. S13A and B). CLO also had a greater
antitumor effect on PC3CR than on PC3 in vivo (Fig. S12C and D).
These results suggest that CLO is a promising candidate for over-
coming CBZ-resistant prostate cancer.

To explore the potential targets of CLO in prostate cancer, we
performed a mass spectrometric phosphoproteome analysis.
Pathway analysis showed that the OXT-signaling pathway was
significantly inhibited by CLO (Fig. 3H and I) in DU145CR cells,
whereas pimozide, which we have previously reported as another
drug for overcoming CBZ resistance, did not inhibit OXT signaling;
however, it inhibited other pathways, such as nucleocytoplasmic
transport and 5’ adenosine monophosphate-activated protein
kinase signaling pathways (Fig. S14).

Although phosphorylation of CAMK2D/G, EEE2K, GNAI2,
MAPK1, PLCB3, PRKAA1, and ROCK2 was not inhibited in DU145
cells, their phosphorylation was down-regulated in DU145CR cells
by CLO treatment (Fig. 3J). OXT administration up-regulated
downstream signaling, whereas CLO inhibited it in DU145CR
(Fig. 3K). We also investigated the effects of OXT on cell prolifer-
ation and CBZ resistance in prostate cancer. Whereas OXT did
not promote cell proliferation (Fig. 3L), it reduced the CBZ sensitiv-
ity of DU145 cells (Fig. 3M).

We examined the effect of OXTR inhibition by treating DU145
and DU145CR cells with the OXTR inhibitor atosiban. Atosiban
did not exert any antitumor effect until the concentration reached
as high as 10 pM. There was no significant difference in the sensi-
tivity to atosiban between DU145 and DU145CR cells (Fig. S15).
The inhibitory effect of atosiban for phosphorylating OXTR signal-
ing molecules was weaker than that of CLO, as evidenced by mass
spectrometric phosphoproteome analysis results (Fig. S16).

Clinical significance of OXT signaling in patients
with prostate cancer

To investigate the clinical significance of OXT-signaling mole-
cules, we compared their expression in patients with primary
prostate cancer (n=47) and CBZ-resistant prostate cancer
(n=10) at our institute. OXTR and PLCB3 were significantly up-
regulated in CBZ-resistant prostate cancer cases than in primary
cases (Fig. 4A and B). OXTR and PLCB3 expressions were also high-
erin DU145CR xenograft tumors than in DU145 tumors, and it was
suppressed by CLO administration (Fig. 4C and D).

Tovalidate these results, we analyzed the correlation between
prostate cancer prognosis and the expression of genes related
to OXT signaling using The Cancer Genome Atlas (TCGA) pros-
tate cancer cohort data (22). OXTR expression was not a signifi-
cant predictor of prostate cancer outcome. Among the
OXT-signaling-related genes, PLCB2 and PLCB3 were highly ex-
pressed in prostate cancer cases with a poorer prognosis, al-
though the difference was not significant (Fig. S17A). The
patient group with high expression of one or more of the PLCB
family members (PLCB1-3) had a significantly poorer prognosis
than the group with low expression (Fig. S17B).

We also analyzed the changes in OXT-signaling expression
from primary prostate cancer into CRPC using publicly available
microarray data (GSE35988 (23) and GSE3325 (24)). OXTR and
PLCB3 expressions were higher in CRPC tissues than in primary
prostate cancer (Fig. 4E).

Discussion

In this study, we performed single-cell RNA-seq of CTCs in pa-
tients with CBZ-resistant CRPC. Figure S18 summarizes
OXT-related genes activated in CBZ-resistant prostate cancer
identified via single-cell RNA-seq of CTCs, spatial gene expression
analysis of prostate cancer tissues, and phosphorylation analysis
of DU145CR cells. In our study of CBZ-resistant prostate cancer,
we conducted an immunohistochemistry (IHC) analysis to assess
the expression of OXTR and PLCB3. Our results indicated higher
expression of these molecules in CBZ-resistant tumors compared
to primary prostate cancer. We also conducted a survival analysis
using TCGA cohort data and observed that elevated expression of
downstream molecules in the OXT-signaling pathway was linked
to poorer prognosis. It is important to note that the TCGA cohort
primarily consists of early stage prostate cancer patients, which
differs from CBZ-resistant cases. Therefore, it is vital to empha-
size that there is currently no available NGS cohort that combines
survival and mRNA expression data to definitively identify CBZ re-
sistance development in patients. To address this limitation, it is
crucial to consider conducting a prospective cohort study with a
consistent patient population for future prognosis analyses.
Additionally, our analysis of publicly available gene expression
data revealed increased OXTR expression in CRPC compared to
early stage prostate cancer. These findings, along with the TCGA
data analysis, further underscore the clinical relevance of the
OXT-signaling pathway.

We also identified the OXT-signaling pathway as a target of
CLO. CLOis an oral antitussive drug that acts directly on the cough
center of the nervous system and is used clinically to relieve
coughing. Mechanistically, CLO inhibits histamine receptors (25)
or 5-hydroxytryptamine receptors (26). However, there have
been no reports on the anticancer properties of CLO in CRPC.
We have previously reported that mitogen-activated protein kin-
ase (MEK)/extracellular signal-regulated kinase (ERK) signaling is
related to CBZ resistance and that a MEK inhibitor is effective
for CBZ-resistant CRPC (13). However, no MEK/ERK inhibitors
have been approved for the treatment of prostate cancer. Since
the KEGG pathway analysis did not provide clear insights into
the involvement of OXT and OXTR in the development of CBZ re-
sistance, we conducted experiments involving the administration
of OXT agonists/antagonists to prostate cancer model cell lines.
These agents were administered to assess their impact on cell
proliferation and CBZ sensitivity. While the administration of
OXT agonists had no significant effect on cell proliferation, it
did reduce CBZ sensitivity. This provides evidence that the
factor contributing to CBZ resistance is likely associated with sig-
nal transduction through G proteins activated by OXTR.
Additionally, in our analysis using publicly available gene expres-
sion data, we observed an up-regulation of OXTR expression in
CRPC compared to early stage prostate cancer (Fig. 4E), suggesting
that the signaling pathway is utilized in prostate cancer. Although
the exact underlying mechanism requires further clarification in
future studies, our findings indicate that CLO effectively sup-
pressed the phosphorylation of OXT-signaling molecules specific-
ally in CBZ-resistant prostate Furthermore, our
established organoid, KOB023, derived from a patient who clinic-
ally developed resistance to CBZ treatment, displayed strong re-
sistance to CBZ (Fig. S19). On the other hand, CLO inhibited the
proliferation of KBO100 cells in a concentration-dependent man-
ner (Fig. S19). These results collectively suggest that CLO holds
promise as a potential candidate for combating CBZ resistance
in prostate cancer. The research schema is depicted in Fig. 4F.

cancer.
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Fig. 4. Protein expression of OXT-signaling molecules was analyzed in patients with prostate cancer. A) Representative images of OXTR and PLCB3 [HCin
primary and CBZ-resistant prostate cancer cases. The scale bars indicate 100 pm. B) Box-whisker plots showing the distribution of IHC scores for OXTR
and PLCB3 in prostate cancer cases. C) Representative images of OXTR and PLCB3 IHC in DU145 and DU145CR xenograft tumors. Scale bars indicate
100 um. D) The IHC score of OXTR and PLCB3 in xenograft tumors. E) High expression of OXT signaling is associated with CRPC development. Public
microarray data (GSE35988 and GSE3325) were used for gene expression analysis. PC, localized prostate cancer; CRPC, metastatic CRPC. The Mann-
Whitney U test was used to compare the mRNA expression levels between PC and CRPC. F) Schema of this study.

Current drug discovery processes, such as high-throughput
screening, require a long time and abundant resources.
Bioinformatic screening using drug databases is an economical pri-
mary screening tool. In our screening, we used the Connectivity
Map (14), an online database of transcriptome changes induced
by chemicals or genetic modifications. A Connectivity Map has
been used in previous studies, reporting on novel candidate drugs
that restore transcriptomic signatures of various diseases to
the normal signature (27-31). We have previously described ribavir-
in, pimozide, and etoposide as potentially promising drugs for
reverting genetic networks related to taxane resistance in CRPC,
as evidenced by in silico screening using the Connectivity Map
(15, 17, 18). We integrated pathway analysis of the drugs in the in
silico screen with the single-cell RNA-seq data of CTCs of patients,
revealing CLO as a drug targeting OXT signaling in CBZ-resistant
CRPC.

CTCs are tumor cells that circulate in the blood of patients with
cancer and may be used as liquid biopsies to screen for bio-
markers and guide treatment selection. Although prostate cancer
alters gene expression networks as it develops treatment resist-
ance (4, 5, 32-38), serially biopsy recurrent or metastatic tumors

in patients is often not possible. A liquid biopsy is particularly use-
ful in such cases. However, there is no consensus on how to enrich
and analyze CTCs, and it remains unclear whether a liquid biopsy
is an alternative to a conventional solid biopsy. We have previous-
ly reported that the androgen receptor (AR) status of CTCs from
patients with CRPC could be a potential biomarker for optimal
treatment (7). Based on this established platform, we concen-
trated on CTCs and performed single-cell RNA-seq to explore
therapeutic targets for CBZ-resistant prostate cancer. We found
that CTCs in the four patients showed intrapatient heterogeneity
in gene expression. This heterogeneity may underly a
CBZ-resistance mechanism, and we identified OXT signaling as
a CBZ-resistance factor from a heterogeneous population.
Although single-cell RNA-seq of CTCs was effective for investi-
gating intrapatient heterogeneity, it cannot provide tumor loca-
tion information. Therefore, spatial gene expression of prostatic
tumor tissues was analyzed using the Visium platform.
Consistent with the results of single-cell analysis in CTCs, spatial
transcriptome confirmed heterogeneity in prostatic tumors. Our
previous microarray analysis showed that gene clusters related to
cell division and mitotic nuclear division were enhanced in the
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CBZ-resistant cell line DU145CR, and activation of MEK/ERK signal-
ing was observed as a mechanism of enhancement of these gene
clusters; mRNA expression of OXT-signaling molecules was not en-
hanced in DU145CR (13). In this study, LC-MS results showed in-
creased phosphorylation of OXT-signaling molecules in DU145CR,
and CLO inhibited the phosphorylation of these molecules.

OXT functions as both a posterior pituitary hormone and a
neurotransmitter involved in various biological processes, such
as reproduction and social behavior. In relation to prostatic tis-
sues, OXT reduced the suppressive effect of castration on normal
prostate cell proliferation (39), and its antagonist has been tested
in benign prostatic hyperplasia (40). Regarding prostate cancer,
OXT induced the migration of prostate cancer cells in vitro (41),
and the serum OXT levels were significantly higher in patients
with prostate cancer than in healthy individuals (42). The OXT-
OXTR axis promotes cancer through the MEK/ERK pathway or
protein kinase C. OXTR was overexpressed in hepatocellular car-
cinoma (43), lung cancer (44), and breast cancer (45). There has
been only limited published research related to the involvement
of OXTR in prostate cancer (46, 47), and the relationship between
OXTR signaling and treatment resistance in prostate cancer is still
unclear. In our previous study, we demonstrated the involvement
of the mitogen-activated protein kinase (MAPK) signal in the de-
velopment of CBZ resistance (13). In this study, we observed that
CLO had a suppressive effect on the MAPK signal. Furthermore,
considering the documented cross-talk between the AR signal
and the MAPK signal in prior studies (48-50), it is plausible to hy-
pothesize that the OXT signal could potentially amplify the AR sig-
nal through the MAPK pathway.

PLCB, which was also up-regulated in CBZ-resistant prostate
cancer tissue in this study, is an enzyme that triggers second mes-
senger production in the inositol phospholipid metabolic system.
G-protein-coupled receptors, such as OXTR, glutamate receptors,
and muscarinic acetylcholine receptors activate PLCB. PLCB ex-
pression is a poor prognostic factor in several cancers (51).
Although PLCB3 promoted prostate cancer progression (52) in vi-
tro, no reports have shown its involvement in treatment resist-
ance in prostate cancer.

In this study, OXT-signaling molecules, including OXTR and
PLCB3, were up-regulated in CBZ-resistant prostate cancer. OXTR
and PLCB3 expressions were especially higher in AR-signaling posi-
tive, neuroendocrine prostate cancer-marker-negative tumors.
Prostatic OXT concentrations were regulated by androgen, and a
So-reductase inhibitor, finasteride, increased prostatic OXT levels
(53). Although the detailed mechanisms remain unclear, tumor
microenvironment under androgen-deprived conditions may be re-
lated to enhanced OXT signaling. CLO had a stronger inhibitory ef-
fect on OXT signalingin CBZ-resistant cancer than in CBZ-sensitive
cancers. In addition, CLO had stronger antitumor activity than the
OXTR inhibitor atosiban. Because CLO has many off-target effects,
its OXTR inhibitory activity may be an indirect effect mediated
by an unknown mechanism. We confirmed heterogeneity in
CBZ-resistant prostate cancer, and CLO seemed effective for
some specific prostate cancer populations. For the clinical applica-
tion of CLO, it is necessary to search for biomarkers of therapeutic
response, and our results suggest that OXTR and PLCB3 expression
could be biomarkers for CLO. It is also necessary to study the pos-
sibility of administering CLO in combination with other drugs, in-
cluding CBZ.

In conclusion, we identified the OXT-signaling pathway as a po-
tential target for CBZ-resistant CRPC using single-cell transcrip-
tomic analysis of CTCs. CLO may potentially overcome CBZ
resistance in CRPC by inhibiting the OXT-signaling pathway.

Materials and methods

Animals

Animal experiments were conducted following previously de-
scribed protocols (17, 18). Five- to seven-week-old male athymic
nude BALB/c mice were used for murine experiments. The animal
experiments were approved by the Keio University Institutional
Animal Committee (approval number: 16036), and animal care
was performed in accordance with Keio University guidelines for
animal experiments.

Cell lines

Human prostate cancer cell lines were cultured according to estab-
lished protocols (17, 18). CRPC cell lines DU145 and PC3 were ob-
tained from the American Type Culture Collection. DU145CR cells
were established by incubating DU145 cells with gradually increas-
ing concentrations of CBZ (13). DU145 and DU145CR cells were
routinely maintained in Roswell Park Memorial Institute-1640
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (Dainippon Pharmaceutical, Tokyo, Japan) at 37 °C in a hu-
midified 5% CO, atmosphere.

Human subjects

Surgical specimens from patients who underwent radical prosta-
tectomy for primacy prostate cancer (n=47) and transurethral re-
section of the prostate for CBZ-resistant prostate cancer (n=10),
collected at Keio University Hospital, were retrospectively ana-
lyzed in this study. This study was approved by the Keio
University School of Medicine Ethics Committee (approval num-
bers: 20140159 and 20150285).

Single-cell sequencing of CTCs

Circulating tumor cell (CTC) concentration and single-cell
RNA-seq were conducted following previously established proto-
cols (7, 18). We collected and concentrated CTCs from patients
with metastatic CRPC who developed acquired CBZ resistance fol-
lowing CBZ chemotherapy, using the ClearCell FX System
(Biolidics Ltd, Mapex, Singapore), an automated CTC enrichment
system powered by a microfluidic biochip. To count the CTCs iso-
lated using this system, immunostaining was performed using the
following antibodies: mouse antipan human keratin (C11) mono-
clonal antibody (mAb; keratin 4, 5, 6, 8, 10, 13, and 18; Cell
Signaling, Danvers, MA, USA), mouse antihuman cytokeratin
mAb (CK3-6HS; Miltenyi Biotec, Bergisch Gladbach, Germany),
mouse antihuman EpCAM (VU1D9) mAb (Cell Signaling,
Danvers, MA, USA), and rabbit CD45 (DSM81) mAb (Cell
Signaling). We defined CTCs as cells with keratin, cytokeratin, or
EpCAM expression but without CD45 expression. Single-cell
RNA-seq of label-free CTCs was performed using the **10x
Genomics platform (10x Genomics, Pleasanton, CA, USA).
[llumina cDNA libraries of PC3 and PC3CR cells were generated us-
ing the Chromium Single Cell 3 Chip Kit V2 (10x Genomics).
Ilumina libraries were sequenced on an Illumina HiSeq4000
with reads 1=26 bp and 2 =134 bp. The reads underwent demul-
tiplexing and collapsing, starting with the initial identification of
the 1,500 cellular barcodes. These barcodes were then perfectly
matched with the most frequent cell barcodes, followed by filter-
ing to retain only the unique combinations of cell barcodes and
10x unique molecular identifiers. The raw data were processed
using Cell Ranger 2.2.0 (10x Genomics) to generate a gene-cell ex-
pression matrix.
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Spatial gene expression analysis

The spatial gene expression of tumor tissue was analyzed using
the 10x Genomics Visium platform (54). Frozen prostate cancer
TUR (transurethral-resection) specimens were preserved in an op-
timal cutting temperature compound (Sakura Finetek, Tokyo,
Japan). Thinly sliced tissue was placed on Visium spatial gene ex-
pression slides (10x Genomics). The sliced tissues were processed,
and library preparation for RNA sequencing was performed ac-
cording to the manufacturer’s instructions. Illumina libraries
were sequenced on an Illumina HiSeq4000. FASTQ files obtained
from HiSeq4000 were processed using Space Ranger software ver-
sion 1.0.0 (10x Genomics). The processed spatial gene expression
data were analyzed using the Loupe Browser version 6.0 (10x
Genomics).

Water-soluble tetrazolium cell viability assay

Water-soluble tetrazolium (WST) cell viability assay was per-
formed as previously reported (17, 18). DU145 and DU145CR cells
were seeded in 96-well plates, allowed to attach for 24 h, and
treated with varying concentrations of CBZ (WAKO, Tokyo,
Japan) and CLO (Sigma-Aldrich, St Louis, MO, USA) for 48 h. At
the end of the 48 h incubation period, WST reagents were added
to each well, and the cells were incubated for 1 h. Cell viability
was estimated by colorimetry in an iMark plate reader (Bio-Rad
Laboratories, Hercules, CA, USA) at 570 nm.

Murine xenograft prostate cancer model

We evaluated the in vivo efficacy of CLO for CBZ-resistant pros-
tate cancer xenograft mice model as previously reported (17,
18). Five- to seven-week-old male athymic nude BALB/c mice
were castrated by a scrotal incision under anesthesia to create
a xenograft model. PC3 and PC3CR cells (2 x 10° cells) suspended
in 100 uL Matrigel (Becton Dickinson Labware, Lincoln Park, NJ,
USA) were subcutaneously inoculated into mice. Tumors were
measured every 4 days. When the mean tumor volume reached
~100 mm?, the mice were randomly assigned to one of four
groups, with eight mice per group: an untreated control group
or three treatment groups treated with intraperitoneal CBZ
only (10 mg/kg), peroral CLO only (12.5 or 4.1 mg/kg/day), or in-
traperitoneal CBZ (10 mg/kg) combined with peroral CLO
(4.1 mg/kg/day). The initial dosage of CLO administered to
mice was set at a maximum of 12.5 mg/kg/day, considering pre-
vious literature where a maximum dose of 30 mg/kg/day was
employed without significant adverse effects (26, 55). On day
17, the mice were anesthetized with sevoflurane (WAKO) and
euthanized by cervical dislocation. Subcutaneous tumors
were harvested.

Mass spectrometric phosphoproteome analysis

We performed mass spectrometric analysis according to previ-
ously established protocols (56, 57). The cell pellets were lysed
in (20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)-NaOH [pH 8.0], 12mM sodium deoxycholate, and
12mM sodium N-lauroylsarcosinate). After reduction with
10 mM Tris(2-carboxyethyl)phosphine at 37 °C for 30 min, alkyl-
ation with 50 mM iodoacetamide at ambient temperature
for 45 min, and five times dilution with (20 mM HEPES-NaOH
[pH =8.0]), 100 pg of protein was digested with trypsin/Lys-C mix
(Promega) at 37 °C for 12 h. After removing sodium deoxycholate
and sodium N-lauroylsarcosinate by ethyl acetate extraction,
the resulting peptides were desalted using a C18 cartridge (3M,
Maplewood, MN, USA). Subsequently, phosphopeptides were

purified using a high-select TiO, phosphopeptide enrichment kit
(Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The resulting peptides were ana-
lyzed using an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific) combined with UltiMate 3000 rapid sep-
aration liquid chromatography nano-flow high-performance li-
quid chromatography (Thermo Fisher Scientific). Peptides were
enriched with p-Precolumn (0.3 mm id x 250 mm, 1.6 um; Ion
Opticks Pty Ltd, Australia) using the two-step gradient; 2-40%
acetonitrile for 110 min, followed by 40-95% acetonitrile for
5 min in the presence of 0.1% formic acid. The analytical param-
eters of Orbitrap Fusion Lumos were set as follows: the resolution
of full scans =50,000, scan range (m/z) = 350-1,500, maximum in-
jection time of full scans =50 ms, automatic gain control (AGC)
target of full scans =4 x 10°, dynamic exclusion duration=30s,
the cycle time of data-dependent MS/MS acquisition =2 s, activa-
tion type =higher energy collisional dissociation, the MS/MS
detector =ion trap, maximum injection time of MS/MS =35 ms,
and AGC target of MS/MS=1x10* The MS/MS spectra were
searched against the Homo sapiens protein sequence database in
SwissProt using Proteome Discoverer 2.4 software (Thermo
Fisher Scientific), in which peptide identification filters were set
at a false discovery rate of <1%. Label-free relative quantification
analysis was performed with the default parameters of the Minora
feature detector node, feature mapper node, and precursor ions
quantifier node in proteome Discoverer 2.4 software.

Microarray gene expression analysis

We performed microarray according to previously established
protocols (17, 18). Total RNA was isolated from DU145,
DU145CR, PC3, and PC3CR cells using an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). Gene expression profiles were deter-
mined using the Affymetrix GeneChip Human Gene 1.0 ST array,
according to the manufacturer’s instructions. After generating
single-stranded cDNA, fragmentation and sense-strand cDNA la-
beling were performed using an Affymetrix GeneChip WT termin-
al labeling kit (Affymetrix, Santa Clara, CA, USA) according to the
manufacturer’s protocol. After hybridization, GeneChip Fluidics
Station 450 (Affymetrix) was used to wash the arrays. Scanning
was performed using GeneChip Scanner 3000 7G (Affymetrix).
The raw intensity data from the scanned images of the microar-
rays were preprocessed using Affymetrix Expression Console soft-
ware 1.4.1. Expression intensities were stored as cell intensity
(CEL) files, and the CEL files were normalized using the robust
multichip average method. To identify compounds that could re-
program the CBZ-resistance-related genetic network, the CBZ re-
sistance signature was established by calculating the 2-fold gene
changes from DU145 to DU145CR, after which the probe list of
the CBZ resistance signature was entered into the connectivity
map (http:/www.broadinstitute.org/cmap/). According to the
connectivity map system (14, 15, 27-31, 58), the top 500 up- and
down-regulated probes, compatible with the HG-U133A platform,
were used. The significance threshold for the candidate com-
pounds was set at P <0.05.

Pathway analysis

The biological function of each gene was analyzed using the
DAVID tool (https://david.ncifcrf.gov/). We entered gene lists up-
or down-regulated by the biological states of drug administration
into the DAVID functional annotation clustering tool (https:/
david.nciferf.gov/) and explored the pathways enriched by the
listed genes.
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Immunohistochemistry

Immunohistochemical staining was performed as previously re-
ported (17, 18). Mice xenograft tumors and surgical specimens
from patients were used for this study. We immunostained
4-pm-thick sections of formalin-fixed, paraffin-embedded xeno-
graft tumors. Endogenous peroxidase activity was blocked with
1% hydrogen peroxide after antigen retrieval using citric acid
(pH 6.0). The samples were treated with polyclonal anti-OXTR
antibodies (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) diluted at 1:50 and anti-PLCB3 mAb (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted at 1:400, and then
with secondary antibodies conjugated to peroxidase-labeled dex-
tran polymer. The immunoreaction was visualized using diami-
nobenzidine and counterstained with 10% hematoxylin. The
histoscores for OXTR and PLCB3 were calculated based on the
mean percentage intensity (range: 0-300).

Quantification and statistical analysis

Data analysis of prostate cancer cohorts and experiments was
conducted following previously reported methods (17, 18).
Recurrence-free survival and mRNA expression in the TCGA pros-
tate cancer dataset (22) were extracted from the cBioPortal (http:/
www.cbioportal.org/). The prognostic significance of the expres-
sion of each gene was examined using Kaplan-Meier survival ana-
lysis, and recurrence-free survival outcomes were compared
using log-rank tests.

The experiments were repeated at least three times. Statistical
analysis was performed using the t-test and Tukey-Kramer meth-
od for multiple comparison tests. Statistical significance was set
at P<0.05.
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