Received: 22 February 2021

Revised: 10 June 2021

Accepted: 10 June 2021

DOI: 10.1111/cas.15025

ORIGINAL ARTICLE

(A R WILEY

Oxytocin receptor is a promising therapeutic target of
malignant mesothelioma

Yuta Kodama! | Ichidai Tanaka®
Masahiro Morise! | Daisuke Matsubara® | Mitsuo Sato?

Naozumi Hashimoto!

'Department of Respiratory Medicine,
Nagoya University Graduate School of
Medicine, Nagoya, Japan

’Division of Cancer Biology, Aichi Cancer
Center Research Institute, Nagoya, Japan

3Department of Diagnostic Pathology,
Tsukuba University, Tsukuba, Japan

4Department of Pathophysiological
Laboratory Sciences, Nagoya University
Graduate School of Medicine, Nagoya, Japan

Department of Molecular and Cellular
Oncology, Nagoya University Graduate
School of Medicine, Nagoya, Japan

Correspondence

Ichidai Tanaka, Department of Respiratory
Medicine, Nagoya University Graduate
School of Medicine, 65 Tsurumai-cho,
Showa-ku, Nagoya 466-8550, Japan.
Email: ichidai@med.nagoya-u.ac.jp

Funding information

This research was supported by Grant-in-
Aid for Scientific Research (B) 20H03689
from the Japan Society for the Promotion
of Science, AMED under Grant Number
(JP 20Im0203005j0004) and the Nitto
Foundation for I. Tanaka.

| Tatsuhiro Sato? | KazumiHori' | SoeiGen! |
| Yoshitaka Sekido®> |

Abstract

Malignant mesothelioma (MM) is one of the most aggressive tumors. We conducted
bioinformatics analysis using Cancer Cell Line Encyclopedia (CCLE) datasets to iden-
tify new molecular markers in MM. Overexpression of oxytocin receptor (OXTR),
which is a G-protein-coupled receptor for the hormone and neurotransmitter oxy-
tocin, mRNA was distinctively identified in MM cell lines. Therefore, we assessed
the role of OXTR and its clinical relevance in MM. Kaplan-Meier and Cox regression
analyses were applied to assess the association between overall survival and OXTR
mRNA expression using The Cancer Genome Atlas (TCGA) datasets. The function
of OXTR and the efficacy of its antagonists were investigated in vitro and in vivo
using MM cell lines. Consistent with the findings from CCLE datasets analysis, OXTR
mRNA expression was highly increased in MM tissues compared with other cancer
types in the TCGA datasets, and MM cases with high OXTR expression showed poor
overall survival. Moreover, OXTR knockdown dramatically decreased MM cell prolif-
eration in cells with high OXTR expression via tumor cell cycle disturbance, whereas
oxytocin treatment significantly increased MM cell growth. OXTR antagonists, which
have high selectivity for OXTR, inhibited the growth of MM cell lines with high OXTR
expression, and oral administration of the OXTR antagonist, cligosiban, significantly
suppressed MM tumor progression in a xenograft model. Our findings suggest that
OXTR plays a crucial role in MM cell proliferation and is a promising therapeutic tar-
get that may broaden potential therapeutic options and could be a prognostic bio-
marker of MM.
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1 | INTRODUCTION

Malignant mesothelioma (MM) arises from mesothelial cells and is a highly
aggressive neoplasm that is usually associated with long-term exposure to
asbestos.> The number of global annual deaths has been approximately
40 000 people in recent years, and the incidence of MM is still increasing
in Eastern Europe and some Asian countries where asbestos has not been
banned or where bans have been delayed.>® Most patients are diagnosed
at advanced stages due to nonspecific and late symptoms, and the me-
dian survival time is 10-15 months after diagnosis.*> MM is intrinsically
resistant to cytotoxic chemotherapy, and the response rate to a standard
chemotherapy of cisplatin/carboplatin and pemetrexed for MM is 18.6%-
41.3%.% In October 2020, the Food and Drug Administration approved
the combined use of nivolumab plus ipilimumab as a first-line treatment
for adult patients with unresectable MM. Its therapeutic effect has been
recognized in some patients, and the median progression-free survival
and overall response rate were 6.8 months and 40%, respectively.®°
Molecular genetic analyses have identified several fundamental
genetic alterations that are responsible for the MM development.
Primal genetic alterations have been characterized as frequent inacti-
vators of tumor suppressors, such as cyclin-dependent kinase inhibitor
2A (CDKN2A), BRCA1-associated protein-1 (BAP1), and neurofibromin
2 (NF2).*%'2 Copy number loss and recurrent somatic mutations in
these genes are related to cell cycle abnormalities, histone onco-
modifications, and disorder of multiple signaling cascades, including
the Hippo signaling and mammalian target of rapamycin pathways. >4
We previously identified frequent inactivation of the component mol-
ecules of the Hippo signaling pathway that control organ size through
regulation of cell proliferation and apoptosis.®>"” Dysfunction of the
Hippo signaling pathway constitutively activates the transcriptional
coactivator, Yes-associated protein 1 (YAP1), and promotes the ex-
pression of several target genes;*®'? however, no targeted therapies
exploiting these genetic alterations have emerged. Therefore, it is es-
sential to establish new promising therapeutic strategies against MM.
We analyzed genes that were highly expressed in MM cell lines
compared with other types of cancer cell lines using the Cancer Cell
Line Encyclopedia (CCLE) dataset to identify new therapeutic targets
in MM. Oxytocin receptor (OXTR), which is a G-protein-coupled recep-
tor, was identified as a gene that was markedly increased in MM cell
lines. OXTR acts as a receptor for oxytocin (OXT), which is a peptide
hormone released by the posterior pituitary that plays a role in milk se-
cretion and uterine contraction during labor.2° An association between
OXT-OXTR signaling and tumor development has been indicated in
some cancer types.??2 We further investigated the role of OXT-OXTR

signaling in MM using knockdown experiments and OXTR antagonists.

2 | MATERIALS AND METHODS
2.1 | Cell culture

Nine Japanese MM cell lines including ACC-MESO-1, -4, Y-MESO-22,
-27, -28, -30, -37, -45, and -72, were established in our laboratory,
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and cells at 10-15 passages were used for each assay.’® Five MM
cell lines, including NCI-H28, NCI-H2052, NCI-H2373, NCI-H2452
and MSTO-211H, and MeT-5A (an immortalized mesothelial cell line),
were purchased from the American Type Culture Collection. Cell line
authentication of NCI-H2052, NCI-H2373, NCI-H2452, and MeT-5A
cells was performed using short tandem repeat analysis. All MM cell
lines and MeT-5A cells were maintained in RPMI-1640 culture me-
dium (Sigma-Aldrich) containing 5% fetal calf serum (FCS) in an at-
mosphere of 5% CO, and 95% air at 37°C. 293FT cells were cultured
in DMEM (Thermo Fisher Scientific) supplemented with 5% FCS.

2.2 | Short-hairpin RNA (shRNA) expression

For lentivirus production, 293FT cells were transfected with three
plasmids: pMD2.G (Plasmid #12259; addgene), psPAX2 (Plasmid
#12260; addgene), and shOXTR (using pLKO.1 puro [Plasmid #8453;
addgene])/scramble shRNA (Plasmid #1864; addgene). Transfections
were performed using X-tremeGENE HP DNA Transfection Reagent
(#6366236001; Merck), and scrambled shRNA was used as control.
The following shOXTR sequences were used: 5'-CCGGATCACGCTA
GCTGTCTACATCCTCGAGGATGTAGACAGCTAGCGTGATTTTTTG
-3’ (shOXTR #1), 5-CCGGGTAATTTCACTCCAGTATATTCTCGAGA
ATATACTGGAGTGAAATTACTTTTTG-3' (shOXTR #2), and 5'-

CCGGGGACATCACCTTCCGCTTCTACTCGAGTAGAAGCG
GAAGGTGATGTCCTTTTTG-3' (shOXTR #3). Three different shR-
NAs targeting OXTR were tested to minimize the possibility of
off-target effects, and the two shRNAs with the most efficient
knockdown (shOXTR #1 and #2) were selected for the experiments.
Lentiviruses were harvested at 48 and 96 hours after transfection.
The virus concentration protocol used was described elsewhere 232
Virus was frozen at —=80°C in appropriately sized aliquots for infec-
tion. Y-MESO-27, NCI-H2052, or NCI-H2373 cells were seeded
on plastic dishes 24 hours prior to infection. When cells reached
30%-50% confluency, they were transduced with pLKO.1-control
or pLKO1-OXTR-knockdown lentivirus in the presence of 8 pg/mL
polybrene for 24 hours. The virus was removed after the infection
and replaced with fresh cell culture medium. Transduced cells were
selected using 2 pg/mL puromycin for 48 hours. Selected cells were
then replated (Y-MESO-27 and NCI-H2052 at a density of 5.0 x 10°
cells/well; NCI-H2373 at a density of 1.0 x 10° cells/well) in 100-
mm dishes. After 36 hours, the cells were harvested for RNA isola-
tion and quantitative real-time polymerase chain reaction (QRT-PCR)
analysis.

2.3 | Invivo xenograft mouse study

NCI-H2052 or NCI-H2373 cells were infected with lentiviral vectors
encoding shOXTR #1 or scrambled shRNA. Six-to-eight-week-old fe-
male BALB/c nude (nu/nu) mice were purchased from Charles River
Laboratories Japan, Inc. For subcutaneous tumor models, mice were
injected in the left buttock with 1.5 x 10° shScramble or shOXTR
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NCI-H2052/H2373 cells suspended in 200 pL of PBS. After 28 days,
mice were euthanized with CO,, tumors were collected, and weights
were measured.

To examine antitumor efficacy of cligosiban in vivo,
6-to-8-week-old female BALB/c nude (nu/nu) mice were injected in
the left buttock with 5.0 x 10® NCI-H2052 cells suspended in 200 plL
of PBS. After subcutaneous administration, mice were randomized
into two groups and treated with either vehicle (dimethyl sulfoxide)
or 60 mg/kg cligosiban via oral administration every other day. One
week after 10 doses of cligosiban, mice were euthanized with CO,,
tumors were collected, and weights were measured.

All protocols for the mouse experiments were approved by the
Nagoya University Institutional Animal Care and Use Committee.

2.4 | Statistical analysis

Categorical data were compared using Fisher's exact test.
Continuous variables were compared using the Mann-Whitney U
test or unpaired t-test. Pearson's correlation was applied to assess
the linear association between two variables. Survival analysis was
performed using an independent gene expression dataset of 85 MM
cases from The Cancer Genome Atlas (TCGA; http://cancergeno
me.nih.gov/) using Kaplan-Meier survival curves. Log-rank test was
used to evaluate the statistical significance of differences of survival
curves. Overall survival was defined as the time from the initial path-
ologic diagnosis to the date of death or last follow-up, at which point
the data were censored.?’” Cox proportional hazards model analyses
were performed to adjust for covariates of statistical significance in
the univariate analysis, including sex, age, histology, stage, and OXTR
mMRNA expression, and to estimate the relative hazard of mortality
over the follow-up period. Statistical analyses were conducted using
IBM SPSS version 27 software and JMP pro 15 software. A two-
sided statistical significance level of 0.05 was used for all statistical
analyses.

Detailed methods for transfection with siRNA, RNA iso-
lation, qRT-PCR analysis, cell cycle analysis, cell proliferation
analysis, colony formation assay, wound-healing assay, and drug
sensitivity assay are described in the supplementary materials
(Appendix S1).

3 | RESULTS

3.1 | OXTRis highly expressed in MM and
associated with poor prognosis

We analyzed genes that were highly expressed in MM cell lines
(n = 11) compared with other types of cancer cell lines (n = 1008)
using the CCLE datasets. We examined the expression ratio of
each gene in MM cell lines compared with other cancer cell lines
and found that the ratio of OXTR was the highest in the CCLE data-
sets (Table S1). OXTR mRNA expression was significantly higher in

MM cell lines than that in other cancer cell lines (P < .001, Mann-
Whitney U test) (Figure 1A) and was the highest in 25 tumor types
(Figure 1B).

Moreover, we examined OXTR mRNA expression using the
TCGA dataset to determine the clinical significance of OXTR ex-
pression in MM. The level of OXTR mRNA expression was signifi-
cantly higher in MM tissue than in almost all normal tissues, except
the mammary gland, and was the highest in a total of 37 tumor
types, in accordance with the results of the CCLE data analysis
(Figure S1A). OXTR mRNA expression in approximately 33.3%
of MM cases was 100 times higher than that of the lowest case
(Figure 1C). Therefore, we divided the 87 cases into three groups
according to OXTR mRNA expression level: low (n = 29), moderate
(n = 29), and high (n = 29) groups. Clinical and molecular biolog-
ical characteristics of the 87 MM cases from TCGA datasets are
summarized in Figure 1C and Table S2. Although no statistical dif-
ferences were found between clinical features (sex, age, histology,
and stage) and OXTR mRNA expression, biphasic types were less
common in the low-OXTR group, and both cases of sarcomatoid
type belonged to the high-OXTR group (Figure 1C and Table S2).
Analysis of the molecular biological characteristics, which included
frequently inactivated driver genes in MM such as BAP1, NF2,
tumor protein p53 (TP53), large tumor suppressor kinase 2 (LATS2),
and SET domain containing 2 (SETD2), revealed that OXTR mRNA
expression was statistically higher in cases with NF2 inactivation
than in those with intact NF2 (Figure 1C and Figure S1B). Kaplan-
Meier analysis revealed that the overall survival curves were clearly
divided according to OXTR expression levels, and high expression
was significantly associated with worse overall survival (P < .001,
log-rank test) (Figure 1D). Univariate Cox regression analysis re-
vealed that histological classification and OXTR mRNA expression
were statistically associated with overall survival, and multivariable
Cox regression analysis indicated that OXTR mRNA expression was
the strongest independent predictor of overall survival (hazard
ratio for death, 2.2; 95% confidence interval, 1.60-3.07; P < .001)
(Table 1).

3.2 | Analysis of OXTR function in MM

We analyzed OXTR mRNA expression across our 14 MM cell lines
compared with MeT-5A by qRT-PCR, and found that the expression
level was >30 times higher in seven out of 14 MM cell lines com-
pared with MeT-5A cells (Figure 2A). Therefore, we classified the
seven MM cell lines as the high-OXTR group and the other seven as
the low-OXTR group. We previously analyzed frequently inactivated
driver genes in MM cell lines, including BAP1, NF2, TP53, and LATS2,
and found that most of the MM cell lines with NF2 inactivation were
in the OXTR-high group, while other alterations of driver genes were
not associated with OXTR expression levels (Table S3). These re-
sults were consistent with the findings from the analysis of TCGA
dataset (Figure S1B). To investigate whether NF2 affects OXTR ex-

pression, we conducted NF2 knockdown using two NF2-intact MM


http://cancergenome.nih.gov/
http://cancergenome.nih.gov/

KODAMA ET AL. = 3523
Cancer Science g%
(A) P <0.001 (B)
81 —T1— : -
5 S OXTR expression in CCLE data by tumor type
g 6 z g el _
c - -
22 4 S 6 : = i
Y. : "
o H i
°g 2 £g 4 o
g £ Xc 9 : -
~ 0 °2
X o I g=c 0-
ES .2 Zgs _
x EQ .2 ]
~ -
x
x -4 S
o I 3 1
-6 - - -6 -
& < \ é\\ D\ Q\'\;\\\Q\@Q,‘f} \.;»\bf»\ B x\@ Q«\ '\\@q, ,\q,\ D
© o ARSI < L @ ~<~
AN o J \" o2 3 S o NS o &
& & S GG 3?3“@3 SN e
2 - R xO
&2 \\ (’ok S\ ¢,°\ \)‘\Q %o O\) obo ‘?\ét‘o&\c’ 0\\&0\\ &“;}o @ &Q
S 2 O & & SFRE )
QS & O & 2 >
SRS < © v &
N P & ©
< O < o
N > 2 @
o (4 R o
Nl R
3
©) o
§. Epithelioid ‘éf,. Stage I
s M Biphasic &[] stage 1
£ Il sarcomatoid M stage m
(] piffuse malignant mesothelioma - NOS M stage v
. . c
8-.. >65 years ‘g'é . Possibly homozygous deletion S
< 0 i Q
D <65 years 3 g D Frameshift £
» E [[] Missense i
EEM N 2
onsense
5 M Female 38 3
» £~ [ splice =
[ mate > p =
Qo - Fusi )
8 usion x
. Other -
D Possibly heterozygous deletion
OXTR Low OXTR Moderate OXTR High
14,000
2 =12,000
% 210,000
x 2 8000
il
2‘°°8 _____________________________ i [ ——— --Illlllllllllllllllll
Histology
Age
Sex
Stage
BAP1
NF2
TP53
LATS2
SETD2
MALAT1
R L L e R I R e B O e e FE T F RIS L FI S P R EPEEEF ECELT
B85505830058228058282290 0300 BR8085203883R 0803303038520 S3E008S9R 883 3da8298998330823S]
§§%§§%§§EE§§§§§§§§§%§§§§§§§§§E§§z2;5§§§§§§§§%§§§§§§2§§§i§§E§§§§iézééééééééééé§§§3%§§§§§
D
(D) 1.0 P<0.001
g 0.8
g 0.6
§ 0.4
0.2

0 10 20 30 40 50 60

Time to death (months)

Median survival

= LOW expression (n=28) 29.4months
= Moderate expression (n=29) 21.0 months
= High expression (n=28) 10.4months



KODAMA ET AL.

LEERVWIIPSVE Cancer SCience

FIGURE 1 Oxytocin receptor (OXTR) is highly expressed in malignant mesothelioma (MM) and associated with poor prognosis. A, OXTR
mMRNA expression in MM cell lines (n = 11) and other cancer cell lines (n = 1008) using Cancer Cell Line Encyclopedia (CCLE) datasets. mRNA
expression was indicated by Log, intensity and box plots. P-values were calculated by two-sided Mann-Whitney U test. B, Normalized

OXTR mRNA expression across 25 tumor types from CCLE datasets showing high overall expression in MM cell lines (MM, red). C, Clinical
and molecular characteristics of 87 MM cases from The Cancer Genome Atlas (TCGA) datasets. The 87 MM cases were divided into three
groups according to OXTR mRNA expression level: low (n = 29), moderate (n = 29), and high groups (n = 29). D, Kaplan-Meier survival curves
of 85 MM cases from the TCGA datasets stratified according to OXTR mRNA expression (low- [n = 28], moderate- [n = 29], and high-
expression groups [n = 28]; P < .001, log-rank test). Two cases with unknown prognosis were excluded from the 87 MM cases of the TCGA
datasets. A, B, The box and horizontal line in the box indicate the interquartile range and median. The whiskers extend from the ends of the
box to the outermost data point that falls within the distances computed as follows: first quartile 1.5 x (interquartile range) or third quartile

+1.5 x (interquartile range)

Univariate analysis

Multivariable analysis

TABLE 1 Univariate and multivariable
analysis of overall survival in MM cases

Variable HR 95% ClI Pt HR
Sex
Female Reference Reference
Male 0.89 0.49-1.59 0.689 0.92
Age
<65 years Reference Reference
>65 years 1.39 0.87-2.23 0.171 1.13
Histology
Epithelioid Reference Reference
Sarcomatoid or 2.03 1.21-3.41 0.008 2.03
biphasic
Stage
| Reference Reference
Il 0.63 0.26-1.51 0.301 0.99
I 0.76 0.36-1.59 0.462 0.88
v 0.71 0.30-1.67 0.429 0.88
OXTR mRNA 2.25 1.66-3.05 <0.001 2.2

expressionb

95% ClI Ppe from TCGA datasets (n = 85)?
0.48-1.77 0.801
0.67-1.92 0.641
1.13-3.66 0.018
0.40-2.44 0.979
0.39-1.95 0.747
0.34-2.33 0.804
1.60-3.07 <0.001

Abbreviations: Cl, confidence interval; HR, hazard ratio; MM, malignant mesothelioma; OXTR,

oxytocin receptor; TCGA, The Cancer Genome Atlas.

2Two cases with unknown prognosis were excluded from 87 MM cases of TCGA datasets.

POXTR mRNA was converted by log,, and used for analysis as continuous variables.

¢P-values were calculated by Wald test.

cell lines with low OXTR expression (Y-MESO-30 and NCI-H2452).
Both MM cell lines transfected with NF2 knockdown siRNA showed
two to three times higher OXTR expression than those transfected
with siRNA control (Figure 2B), indicating that NF2 is involved in
the negative regulation of OXTR expression in MM. Next, we ex-
plored the functional relevance of OXTR in MM cell lines. First, we
conducted an OXT administration experiment on MM cell lines to
determine whether OXT-OXTR signaling was involved in MM cell
proliferation. Additional OXT treatment moderately increased pro-
liferation of three MM cell lines with high OXTR expression (NCI-
H2052, Y-MESO-27, and NCI-H2373), but no significant difference
was found in the proliferation of MeT-5A cells and one MM cell line
with low OXTR expression (NCI-H2452) (Figure 2C). Then, we con-
ducted transient OXTR knockdown with synthetic oligonucleotides

and obtained efficient knockdown in these cell lines (Figure 2D).

Notably, OXTR knockdown significantly reduced proliferation in
the three MM cell lines with high OXTR expression, whereas no sig-
nificant difference was noted in MeT-5A and NCI-H2452 cells com-
pared with the siRNA control (Figure 2E). These results indicated
that OXT-OXTR signaling promotes proliferation of MM cell lines
with high OXTR expression.

We conducted lentiviral shRNA knockdown in the three MM
cell lines with high OXTR expression (NCI-H2052, Y-MESO-27,
and NCI-H2373) to achieve persistent knockdown of OXTR in
these cells and obtained highly efficient results (Figure S2). As
expected, cell proliferation analyses in these cell lines showed a
dramatic decrease in cell proliferation (Figure 3A). Furthermore,
we analyzed cell cycle profiles in these three cell lines to elucidate
the suppressive mechanisms involved in MM cell proliferation by

OXTR knockdown. Flow cytometric analyses demonstrated that
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OXTR knockdown increased the G, phase fraction and decreased
the G,/M phase fraction in the three MM cell lines, indicating
that OXTR downregulation disturbed tumor cell cycle mainly due

to G, cell cycle arrest (Figure 3B). In addition, OXTR knockdown

MeT-5A NCI-H2452 NCI-H2052 Y-MESO-27 NCI-H2373

increased the sub-G, fraction in the three MM cell lines (Figure 3B).
Based on the results of the cell cycle analyses, we investigated the
expression levels of representative cell cycle-related genes, such

as cyclins and cyclin-dependent kinases. In the three MM cell
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FIGURE 2 The oxytocin-oxytocin receptor (OXT-OXTR) signaling promotes proliferation of malignant mesothelioma (MM) cell lines

with high OXTR expression. A, gRT-PCR analysis of OXTR in 14 MM cell lines and MeT-5A (immortalized mesothelial cell line). OXTR mRNA
expression of MeT-5A was used as a control (=1.0). GAPDH expression was used as a control. B, Neurofibromin 2 (NF2) knockdown using
siRNA in Y-MESO-30 and NCI-H2452 was confirmed by gRT-PCR analysis. A significant increase in OXTR expression was observed in MM
cell lines with NF2 intact (Y-MESO-30 and NCI-H2452) treated with NF2 siRNA compared with the siRNA control. C, Effect of OXT on cell
proliferation in MeT-5A and four MM cell lines (NCI-H2452, NCI-H2052, Y-MESO-27, and NCI-H2373). Three days after treatment with

1 nM OXT, cell proliferation was analyzed in MM cell lines and MeT-5A cells by WST-1 colorimetric assay. D, OXTR knockdown using siRNA
in MeT-5A cells and four MM cell lines (NCI-H2452, NCI-H2052, Y-MESO-27, and NCI-H2373) was confirmed by gRT-PCR analysis. E, WST-1
colorimetric assay 4 d after transient OXTR knockdown by OXTR siRNA and negative siRNA control in MeT-5A, NCI-H2452, NCI-H2052,
Y-MESO-27, and NCI-H2373 cells. A significant reduction in cell proliferation was observed in MM cell lines with high OXTR expression
(NCI-H2052, Y-MESO-27, and NCI-H2373) treated with OXTR siRNA. Data represent mean and standard deviation of triplicate samples from
a representative experiment. All P-values were calculated using two-sided unpaired t-test

lines, OXTR knockdown significantly reduced the expression levels
of CCNE2, CDK2, CDK1, and AURKA, but did not decrease those
of CCNE1 (Figure 3C), suggesting that CCNE2, CDK2, and CDK1
downregulation induced G, cell cycle arrest, and CDK1 and AURKA
downregulations were associated with decreased G,/M phase frac-
tion.?8-%% Furthermore, we found a weak positive correlation be-
tween CCNE2 or CDK2 and OXTR mRNA expression and moderate
positive correlations between CDK1 or AURKA and OXTR mRNA
expression in 87 MM cases in the TCGA dataset (Figure 3D). These
results indicate that downstream signals from OXTR could promote
MM cell proliferation through cell cycle regulation. Moreover,
we investigated the role of OXTR in MM colony formation ability
and found that OXTR knockdown significantly suppressed colony
formation in cell lines with high OXTR expression (Figure 4A). In
addition, wound-healing assay showed that OXTR knockdown sig-
nificantly decreased the migration of MM cells with high OXTR ex-
pression (Figure 4B), suggesting that increased OXTR expression in
MM could facilitate tumor progression. To assess the suppressive
effect involved in MM progression by OXTR knockdown in vivo,
we injected NCI-H2052/NCI-H2373 cells transfected with shOXTR
lentivirus or empty lentivirus into the subcutaneous space of nude
mice. Four weeks after transplantation, the tumor weights of both
OXTR knockdown groups were significantly reduced compared
with the control groups (NCI-H2052: 37.0 vs. 14.0 mg, P = .001;
NCI-H2373: 63.3 vs. 14.3 mg, P = .004) (Figure 4C). These results
indicate that OXTR knockdown dramatically suppresses MM tumor
progression and that OXTR could be a new promising therapeutic
target in MM.

3.3 | OXTR antagonists inhibit MM progression

Our results led us to hypothesize that OXTR antagonists could have
antitumor effects against MM cells with high OXTR expression. We
used four OXTR antagonists (Table S4) to examine whether they
could suppress MM cell proliferation in NCI-H2052, Y-MESO-27, and
NCI-H2373 MM cell lines with high OXTR expression. All four OXTR
antagonists showed inhibitory effects against MM cell proliferation
(Figure 5A). Interestingly, the IC,, of the antagonists for the three
MM cell lines showed a tendency toward a positive correlation with
their inhibition constant (Ki) for OXTR (Figure 5A and Table S4). We

selected two OXTR antagonists, atosiban (Ki for OXTR = 397 nM)
and cligosiban (Ki for OXTR = 9.5 nM), to further investigate the cy-
tostatic activity of OXTR antagonists. The IC50s of both OXTR an-
tagonists were analyzed in MeT-5A cells, five MM cell lines with low
OXTR expression, and five MM cell lines with high OXTR expression.
As expected, cligosiban showed stronger cytostatic activity for MM
cell lines than atosiban, and the average IC,, for the five MM cell
lines with high OXTR expression was significantly lower than that of
the five MM cell lines with low OXTR expression (30.2 vs. 63.1 pM,;
P = .008, Mann-Whitney U test) (Figure S3A, B, and Figure 5B). In
addition, the IC,, of cligosiban was the highest for MeT-5A com-
pared with all MM cell lines (Figure 5B). We examined the effect
of cligosiban combined with cisplatin (CDDP), which is a standard
chemotherapy agent in MM treatment. Cligosiban showed signifi-
cant additive effects in combination with CDDP in the three MM cell
lines with high OXTR expression, namely NCI-H2052, Y-MESO-27,
and NCI-H2373 (Figure 5C). The clinical efficacy of cligosiban with
oral administration was investigated in some clinical trials for men
with premature ejaculation, and the rate of serious adverse events
was extremely low.?13? Therefore, we further investigated the an-
titumor effects of orally administered cligosiban on MM using a
xenograft model of NCI-H2052 (Figure 5D). Interestingly, the tumor
weights after 10 doses of orally administered cligosiban were signifi-
cantly reduced compared with those of the control group (29.0 vs.
56.8 mg; P =.021) (Figure 5E). Additionally, to determine whether
cligosiban affected OXTR expression in MM cells, we repeated the
experiment and found that there was no difference of OXTR expres-
sion between the treated and control groups (Figure S4A and B),
suggesting that the antitumor effect of cligosiban is mainly exerted
through the blockade of OXT to OXTR, but the OXTR expression is
not affected. These results indicate that OXTR antagonists, which
have high selectivity for OXTR, inhibit MM tumor progression and

are new promising antitumor agents.

4 | DISCUSSION

To the best of our knowledge, this is the first study to show that
OXTR expression is remarkably upregulated in MM compared with
other tumor types and cases with high expression have worse

clinical outcomes. OXTR knockdown dramatically suppressed cell
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FIGURE 3 Oxytocin receptor (OXTR) knockdown disturbs tumor cell cycle in malignant mesothelioma (MM) cell lines with high OXTR
expression. A, Cell proliferation analyses in MM cell lines with high OXTR expression (NCI-H2052, Y-MESO-27, and NCI-H2373) transfected
with OXTR-knockdown lentivirus or control. *P < .05 (shOXTR vs. control). B, Flow cytometric analyses in NCI-H2052, Y-MESO-27, and
NCI-H2373 cells 5 d after transfection with OXTR-knockdown lentivirus or control. C, gRT-PCR analyses of cell cycle-related genes in

three MM cell lines after infection with OXTR-knockdown lentivirus or control. GAPDH expression was used as a control. D, Correlation of
mRNA expression levels of OXTR and cell cycle-related genes (CDK1, CDK2, CCNE1, CCNE2, and AURKA) in 87 MM tissues from The Cancer
Genome Atlas (TCGA) datasets. Pearson correlation coefficient and P-values were calculated. All statistical tests were two-sided. A and C,
Data represent mean and standard deviation of triplicate samples from a representative experiment. All P-values were calculated using two-
sided unpaired t-test
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FIGURE 4 Oxytocin receptor (OXTR) knockdown suppresses malignant mesothelioma (MM) tumor progression. A, Colony formation assay
in NCI-H2052, Y-MESO-27, and NCI-H2373 cells after infection with OXTR-knockdown lentivirus or control. Columns indicate the average
of triplicate samples from a representative experiment, and bars indicate standard deviation. B, Cell migration abilities after persistent OXTR
knockdown in NCI-H2052, Y-MESO- 27, and NCI-H2373 cells were analyzed by scratch wound-healing assay. Columns indicate the average
of three different parts from a representative experiment, and bars indicate standard deviation. C, shScramble or shOXTR #1 NCI-H2052/
NCI-H2373 cells (1.5 x 10° cells/200 uL) were injected subcutaneously into BALB/c nude mice (shScramble group, n = 4; shOXTR #1 group,

n = 4). After 28 d, the tumor weights of the shScramble and shOXTR #1 groups were measured. Horizontal lines indicate average and
standard deviation. All P-values were calculated by two-sided unpaired t-test

proliferation of MM cell lines with high OXTR expression through
disturbance of tumor cell cycle. OXTR antagonists significantly in-
hibited the growth of MM cell lines, and oral administration of the
OXTR antagonist, cligosiban, suppressed MM tumor progression.
OXTR could be a promising therapeutic target and a new prognostic
indicator in MM.

In normal tissue, OXTR is predominantly expressed in the mam-
mary gland and uterine myometrium at the end of pregnancy and
plays important roles in the induction of milk ejection and uterine
contraction.?? OXTR is also present in the central nervous system
and modulates various behaviors.33%* Thus, OXT secretion levels
are known to be important in men and women.> At the end of
pregnancy, OXTR expression is strikingly increased in the uterine
myometrium for contraction, while OXT secretion levels do not
significantly change.20 Similarly, our analysis showed that OXTR
expression was significantly increased in MM, while endogenous
OXT expression in MM was not higher than that in other cancer
types (Figure S5A-C). Thus, we hypothesized that OXTR upregula-

tion plays crucial roles in MM progression without increasing OXT

secretion. Several studies have reported that OXTR was associated
with tumor progression in some cancer types, such as small cell lung
carcinoma and prostate cancer.®®%” However, the molecular mech-
anism of OXTR downstream in tumor promotion is not well under-
stood. We showed that OXTR knockdown significantly suppressed
proliferation of MM cell lines through an increase in the G, phase
of the cell cycle. Furthermore, cell cycle arrest was caused by de-
creased expression levels of cyclin, cyclin-dependent kinases, and
serine/threonine protein kinases, such as CCNE2, CDK1, CDK2, and
AURKA. In particular, CDK1 and AURKA were previously reported as
potential therapeutic target genes in MM.38% To further support
this, expression levels of the four genes were positively correlated
with OXTR expression in the TCGA dataset. These results indicate
that OXTR upregulation promotes MM progression through cell
cycle acceleration, although further studies are required to identify
the mechanism involved in the downregulation of the four genes
caused by OXTR knockdown.

In this study, OXTR antagonists were shown to have antitumor

effects against MM cells with high OXTR expression, although the
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FIGURE 5 Oxytocin receptor (OXTR) antagonists inhibit malignant mesothelioma (MM) progression. A, WST-1 colorimetric assay in cell
lines with high OXTR expression (NCI-H2052, Y-MESO-27, and NCI-H2373) cultured with various concentrations of four OXTR antagonists
for 5 d. Data represent mean and standard deviation of triplicate samples from a representative experiment. B, IC,, of cligosiban for five
MM cell lines with low OXTR expression, five MM cell lines with high OXTR expression, and MeT-5A cells (immortalized mesothelial cell line).
P-values were calculated using two-sided Mann-Whitney U test (low vs. high OXTR expression in MM cell lines). Dashed line indicates the
IC, of cligosiban in MeT-5A cells. C, WST-1 colorimetric assay of MM cell lines with high OXTR expression (NCI-H2052, Y-MESO-27, and
NCI-H2373) 5 d after treatment with cisplatin (CDDP) and/or cligosiban. CDDP or cligosiban was used at the IC,, for the respective cell lines
as follows: NCI-H2052, 0.8 pM CDDP and 15 pM cligosiban; Y-MESO-27, 0.95 uM CDDP and 25 pM cligosiban; and NCI-H2373, 6 yM CDDP
and 45 pM cligosiban. Columns indicate the average of triplicate samples from a representative experiment, and bars indicate standard
deviation. D, Outline of the method used for the cligosiban oral administration experiment in a xenograft model. NCI-H2052 cells (5.0 x 10°
cells/200 pL) were inoculated subcutaneously into BALB/c nude mice. After transplantation, dimethyl sulfoxide (DMSO) or cligosiban

(60 mg/kg) was administered every other day via oral administration (control group, n = 4; cligosiban group: n = 4). DMSO or cligosiban were
administered 10 times in total. E, Tumor weights were measured 1 wk after the last administration of DMSO or cligosiban. Horizontal lines
indicate mean and standard deviation. C and E, All P-values were calculated by two-sided unpaired t-test

IC5, values of these drugs were relatively high. Atosiban has been
clinically used in European countries as a treatment for preterm
birth,® and its antitumor effects were reported in the human pros-
tate cancer cell line DU145* although the selectivity for OXTR was
relatively lower than the other antagonists (Table S4). Our analy-
sis showed that the IC,, values of OXTR antagonists for MM cell
lines tended to positively correlate with the Ki for OXTR. OXTR is
known to be structurally similar to vasopressin receptors;?° there-
fore, the selectivity for OXTR could be an important factor to use
OXTR antagonists as antitumor agents. Developing new agents with
a high selectivity for OXTR is essential to obtain OXTR antagonists
with high antitumor effects against MM. However, the selectivity
of cligosiban for OXTR is >100 times greater than for the vasopres-
sin receptor, and the Ki is less than one-fortieth that of atosiban
(Table S4). A phase IIb, randomized clinical trial using cligosiban was
recently conducted in men with premature ejaculation and reported
extremely low rate of adverse events.3%? Therefore, it may be
possible to further increase the dose when we will clinically use cli-
gosiban as an antitumor agent against MM. In our xenograft model,
a total of 10 doses of cligosiban (60 mg/kg) were administered orally
every other day and led to a significant reduction in tumor volume.
This dose of cligosiban could be acceptable from the perspective of
adverse events based on the findings of a previous clinical setting,
although the dose was equivalent to almost the maximum setting of
the trial.*? A rigid and deformable dose setting would be necessary
in a first clinical trial to examine the clinical efficacy of cligosiban
against MM.

Molecular mechanisms that increase OXTR expression in MM
were not completely identified in the present study. A previous
study indicated that OXTR is transcriptionally regulated by inter-
leukin (IL)-6 and IL-1B,*3 whereas administration of IL-6 or IL-1p in
MM cell lines with low OXTR expression did not significantly in-
crease OXTR mRNA expression (Figure S6). Analysis of driver gene
inactivation using MM cell lines and TCGA datasets revealed that
OXTR mRNA expression was statistically associated with NF2 inac-
tivation. Consistently, our experiment showed that NF2 knockdown
increased OXTR expression, indicating that NF2 may be involved in
negative regulation of the OXTR transcription. In this regard, NF2 is
involved in dysfunction of the Hippo signaling pathway, and inacti-

vation of the NF2-Hippo pathway leads to continual activation of the

transcriptional coactivator YAP1, which is a key molecule involved in
MM progression, by translocating YAP1 from the cytoplasm to the
nucleus.'® Based on these findings, we also conducted YAP1 knock-
down using several MM cell lines; however, OXTR expression levels
did not change remarkably (data not shown). Further studies are re-
quired to identify the regulatory mechanism involved in increased
OXTR expression in MM. Regarding the clinical relevance of OXTR
in MM, high OXTR expression was significantly associated with
poor overall survival. Therefore, OXTR expression levels could be a
promising molecular biomarker and could enable personalized treat-
ment against MM. Patient selection based on immunohistochemical
analysis or mRNA in situ hybridization is desirable to develop a new
therapeutic strategy targeting high OXTR expression, and further
analysis is necessary to establish the methods.

In conclusion, we identified high OXTR expression in MM, which
was associated with poor overall survival. OXTR knockdown and admin-
istration of OXTR antagonists in vitro and in vivo experiments showed
significant suppression of MM cell proliferation. These results indicate
that OXTR could be a promising therapeutic target and a prognostic

biomarker, enabling a personalized approach to treatment of MM.
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