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strogen/GPR30 Signaling
ontributes to the Malignant
otentials of ER-Negative Cervical
denocarcinoma via Regulation of
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Abstract
Cervical adenocarcinomas are believed to lose estrogen response on the basis of no expression of a nuclear estrogen
receptor such as ERα in clinical pathology. Here, we demonstrated that cervical adenocarcinoma cells respond to a
physiological concentration of estrogen to upregulate claudin-1, a cell surface molecule highly expressed in cervical
adenocarcinomas. Knockout of claudin-1 induced apoptosis and significantly inhibited proliferation, migration, and
invasion of cervical adenocarcinoma cells and tumorigenicity in vivo. Importantly, all of the cervical adenocarcinoma cell
lines examined expressed a membrane-bound type estrogen receptor, G protein–coupled receptor 30 (GPR30/GPER1),
but not ERα. Estrogen-dependent inductionof claudin-1 expressionwasmediatedbyGPR30viaERKand/orAkt signaling.
In surgical specimens, therewasapositive correlationbetweenclaudin-1 expression andGPR30expression.Doublehigh
expression of claudin-1 and GPR30 predicts poor prognosis in patients with cervical adenocarcinomas. Mechanism-
based targeting of estrogen/GPR30 signaling and claudin-1 may be effective for cervical adenocarcinoma therapy.
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troduction
he incidence of uterine cervical adenocarcinoma has been increasing
orldwide, predominantly in young women, despite the fact that the
cidence of squamous cell carcinoma (SCC) has been decreasing [1,2].
has been shown that adenocarcinoma has a worse prognosis than that
SCCat the same stage andwith the same tumor size. Themain reasons
r the worse prognosis are a higher rate of metastases [3] and resistance
radiotherapy and chemotherapy [4]. Therefore, a new treatment

rategy is needed to improve the outcome of cervical adenocarcinoma.
Estrogen is an important steroid hormone that plays a key role in
velopment and function of the female reproductive tract. Estrogen
nds to its receptor to activate downstream signaling pathways [5].
strogen receptors (ERs) include ERα, ERβ, and G protein-coupled
ceptor 30 (GPR30). Classical types ERα and ERβ act as nuclear
ceptors for estrogen, whereas GPR30 localizes at the cell surface
embrane for a rapid response to estrogen [6].
In the uterine cervix, non-neoplastic columnar epithelial cells are
sitive for classical ERs, whereas their expression is almost absent in
enocarcinomas [7–10]. Based on the negative or weak immuno-
activity of ERs, cervical adenocarcinomas are distinguished from
R-positive endometrioid adenocarcinomas in the uterine corpus in
inical pathology. Furthermore, several studies demonstrated that
assical ER expression was not associated with the prognosis or
inicopathological parameters of uterine cervical cancers [11,12].
herefore, cervical adenocarcinomas have been believed to be
trogen-insensitive neoplasms, and estrogen signaling has not been
nsidered in the context of cervical adenocarcinomas.
We recently revealed that cervical adenocarcinomas highly express
audin-1 [13]. Claudin-1 is a tight junction protein that shows an
tered expression pattern and is associated with proliferation,
igration, and invasion in several cancers [14,15]. Since little is
own about the regulatory mechanism of its expression, we tried to
ucidate the mechanism and found that estrogen stimulus clearly
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duced claudin-1 expression in cervical adenocarcinoma cells,
ntrary to the popular belief of their estrogen insensitivity.
In this study, we demonstrated that the membrane-bound type
trogen receptor GPR30 is highly expressed in cervical adenocarci-
ma cell lines and surgical specimens of patients with cervical
enocarcinoma. In addition, we found that estrogen/GPR30
gnaling contributed to malignant potentials of cervical adenocarci-
ma by induction of a tumor-promoting claudin-1. We also found a
sitive correlation between GPR30 expression and claudin-1
pression in human surgical specimens. Our findings provide an
sight into a new therapeutic strategy for cervical adenocarcinoma.

aterials and Methods

ntibodies and Reagents
The antibodies used are summarized in Table S1. Estradiol (E2)
as obtained from Sigma Aldrich Inc. (St. Louis, MO). PPT and
PN were from Cayman Chemical (Ann Arbor, MI). AG1478,
0126, and LY294002 were from Calbiochem-Novabiochem (San
iego, CA). G1 and G15 were from Tocris Bioscience (Bristol, UK).

ell Line Culture and Treatment
The human cervical adenocarcinoma cell lines Hela229, and OMC4
ere purchased fromRIKENBio-Resource Center (Tsukuba, Japan), and
CA1 was from JCRB cell bank (Osaka, Japan). The human cervical
enocarcinoma cell lines CAC-1 and TMCC1 were provided by our
lleague Dr. Hayakawa [16,17]. Cells were maintained in DMEM F-12
AM (OMC4), EMEM (HCA-1), or RPMI-1640 (CAC-1 and
MCC1) (Sigma-Aldrich, St. Louis, MO) supplemented with 20%
MC4) or 10% (the others) fetal bovine serum (FBS) (Thermo Fisher
ientific, Rockford, IL). The medium for all cell lines contained
0 U/ml penicillin and 100 μg/ml streptomycin. The medium for
MC4 also contained 50μg/ml amphotericin B. All cells were plated
collagen-coated 35- and 60-mm culture dishes and incubated in a
midified 5% CO2 incubator at 37°C. Cervical adenocarcinoma cells
ere treated with estradiol or G1 in medium without FBS. Some cells
ere pretreated with the inhibitors G15, AG1478, U0126, and
Y294002 for 30 minutes before treatment with estradiol or G1.

munocytochemistry of Cell Blocks and Immunofluorescence
icroscopy
Cell blocks were prepared by using the sodium alginate method [18].
riefly, cells were collected, washed with PBS, and fixed in 10%
rmalin solution for 12-24 hours at 4°C. The fixative was discarded
ter centrifugation, and aggregated cells were gently suspended in 1%
dium alginate solution (Wako Pure Chemical Industries, Ltd., Osaka,
pan). Then, 1 M CaCl2 was added to form a gel, and the fixed cell-
ntaining gel was embedded in paraffin. Thin sections (4 μm)were cut
om paraffin-embedded cell blocks and stained with hematoxylin and
sin (HE). Deparaffinized sections were immersed in 10 mmol/l
dium citrate buffer (pH 6.0) and autoclaved for antigen retrieval.
ndogenous peroxidase activity was blocked usingmethanol containing
03%H2O2. After incubation with a blocking buffer [0.01 mol/l PBS
ntaining 5% bovine serum albumin (Sigma)], the sections were
cubated with a rabbit polyclonal anti-Ki-67 (1:100, BioGenex) or
ti-cleaved caspase-3 antibody (1:100, Cell Signaling Technology) at
C. Immunocytochemical labeling was visualized using the EnVision
stem according to themanufacturer's protocol [19]. The sections were
unterstained with Meyer's hematoxylin. Immunofluorescence was
rformed as described previously [20].
NA Interference
Human GPR30-specific siRNA and siRNA universal negative
ntrol were purchased from Sigma. Sequences of GPR30-siRNA are
-CAAUACGUUAUUGGGCUUUUU-3′ and 5′-AAAGCCCAA
AACGUAUUGUU-3′. Transfection of siRNA was performed
ing RNAiMAX Transfection Reagent (Thermo Fisher Scientific)
cording to the manufacturer's instructions.

ene Targeting by the CRISPR/Cas-9 System
The guide RNA (gRNA) target site was searched for by using the free
ftware CRISPR direct [21]. The sequence of the target site for the
man claudin-1 locus is 5′-CAACAGCTGCAGCCCCGCGTTGG-
. A vector expressing noncoding gRNA, orange fluorescent protein
FP), and Cas9 nuclease was constructed by using a GeneArt CRISPR
uclease Vector Kit (Thermo Fisher Scientific) according to the
anufacturer's instructions. Cells were transfected with the vector by
ing Lipofectamine 3000 (Thermo Fisher Scientific). Two days after
ansfection, OFP-positive cells were sorted by FACS Aria (BD
iosciences, Franklin Lakes, NJ). Loss of claudin-1 protein expression
as screened by Western blotting using anti–claudin-1 antibody. After
reening, genomicDNAwas extracted from candidate clones by using a
Neasy Blood & Tissue Kit (QIAGEN, Hilden, Germany), and then
NA fragments around gRNA target site were amplified with PCR by
ing primers as follows: 5′-CAACCGCAGCTTCTAGTATCCAG-3′
orward) and 5′-CTCAGATTCAGCAAGGAGTCAAAG-3′ (reverse).
R products were cloned into pGEMT-easy vector (Promega) and then
alyzed by sequencing with the forward primer. In the screened clones,
lls expressing an amount of claudin-1 comparable to that in wild-type
lls were used as controls.

ell Proliferation Assay
BrdU incorporation assay was performed as described previously
9]. In the WST-8 assay, cells were seeded in 96-well plates, and
eir viability was assessed at 24 hours after incubation by using a
ell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan)
cording to the manufacturer's instructions. Absorbance at a
avelength of 450 nm was measured by using a Bio-Rad Model 680
icroplate reader (Bio-Rad, Hercules, CA). To determine the effect
claudin-1 knockout on cell proliferation, cells were seeded in 60-
m dishes at a density of 2 × 105 cells/dish and cultivated in a CO2

cubator at 37°C. At 48, 72, 96, and 144 hours after incubation,
lls were collected, and the total cell number was counted under an
verted microscope. Each experiment was independently repeated
ree times.

late Colony-Forming Assay
Cells were seeded in 6-well plates at a density of 1000 cells per well.
fter incubation for 10-14 days, the cells were fixed with methanol
r 15 minutes and stained with 0.04% crystal violet for 15 minutes
room temperature. The colony was defined as at least 50 cells.
isible colonies were counted. Each experiment was independently
peated six times.

ell Migration and Invasion Assay
The migration assay was performed using Transwell (Corning; 8-μm
re polycarbonate membrane insert) in 24-well dishes. Biocoat
atrigel (Corning; pore size, 8 μm) was used to evaluate cell invasion
tential. Briefly, cells (2 × 105 cells/well) were seeded in the upper
amber in a serum-free medium. The lower chamber contained a
ediumwith 10% FBS. The chambers were incubated for 12-24 hours
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37°C in 5% CO2, and then the cells were fixed and stained with
04% crystal violet in 2% ethanol for 5 minutes. Nonmigrating or
ninvading cells were removed from the upper side of the filters by
rubbing with cotton swabs, and the filters were washed with PBS.
ells that had migrated or invaded on the lower side of the filters were
amined and counted under a microscope. Each experiment was
dependently repeated three times.

ouse Xenograft Model
Claudin-1 knockout or control TMCC1 cells (1 × 106) were collected
100 μl of PBS and then mixed with 100 μl of Matrigel (Corning).
he cell/Matrigel mixture was subcutaneously injected into the flanks of
week-old BALB/c nude mice. Tumor growth was monitored by
easuring tumor volume (mm3) calculated as length × (width2/2). On
e final day, tumors were resected and their weights were measured. All
ocedures involving animals and their care were approved by the
stitutional Animal Care and Use Committee of our institute.

munohistochemistry of Surgical Specimens
Specimens of 53 cases of cervical adenocarcinoma including
enocarcinoma in situ (AIS) obtained by surgical resections during
e period from 2004 to 2012 were retrieved from the pathology file of
pporo Medical University Hospital, Sapporo, Japan. As controls,
jacent non-neoplastic regions were examined as normal tissues
= 44). Clinicopathological features of the patients were described
eviously [13]. The protocol for human study was reviewed and
proved by the ethics committee of SapporoMedical University School
Medicine. Written informed consent was obtained from each patient
ho participated in the investigation. Immunohistochemistry was
rformed with anti–claudin-1 (1:100, Thermo Fisher Scientific) or
ti-GPR30 antibody (1:100, Thermo Fisher Scientific) as described
eviously [13]. The intensity of staining was assessed as strong (3),
oderate (2), weak (1), or negative (0). The proportions of positively
ained tumor cells were recorded as 0 (no staining), 1 (1%-10%), 2
1%-20%), 3 (21%-30%), 4 (31%-40%), 5 (41%-50%), 6 (51%-
%), 7 (61%-70%), 8 (71%-80%), 9 (81%-90%), and 10 (91%-
0%). We used an immunoreactive score (IRS) (i.e., intensity 3 ×
oportion 10 = IRS 30, scale of 0 to 30) for improvement in accuracy.
ll slides were independently evaluated by two pathologists (A. T. and
. M.). Discordant cases were discussed, and a consensus was reached.

atistical Analysis
The measured values are presented as means ± SD. Data were
alyzed and compared using the unpaired two-tailed Student's t test,
sher's exact test, and Kruskal-Wallis test. Survival rates were calculated
the Kaplan-Meier method and compared by the log-rank test.

atistical significance was accepted when P b .05. A single asterisk (*)
d a double asterisk (**) represent P b .05 and P b .01, respectively. All
atistical analyses were performed with EZR software [22].

esults

laudin-1 Is Overexpressed in Human Cervical Adenocarcinoma
ell Lines
We previously reported that claudin-1 expression was significantly
gher in cervical AIS and adenocarcinoma than in normal endocervical
ands in surgical specimens (Figure S1A and [13]). To understand the
gulatory mechanism of claudin-1 and its role in cervical adenocar-
nomas, we examined the human cervical adenocarcinoma cell lines
AC-1, TMCC1,Hela229, HCA1, and OMC4 (Figure S1B). At first,
e confirmed the expression patterns of claudin-1 and other tight
nctionmolecules in the cell lines because they have not been described
sewhere.Western blotting showed that the claudin-1 protein level was
gh in all of the tested cell lines, especially in the well-differentiated cell
e OMC4 (Figure S1C). Claudin-4, claudin-7, JAM-A, and occludin
oteins were detected, but these tight junction proteins were variously
pressed in cervical adenocarcinoma cells (Figure S1D). Claudin-1
RNA andmRNAs of the other tight junctionmolecules were detected
RT-PCR in all of the cell lines (Figure S1, C and D).

laudin-1 Contributes to Malignant Potentials of Cervical
denocarcinoma Cells
To determine whether claudin-1 expression has a role in malignant
tentials, we established human cervical adenocarcinoma cell lines
MC4 (well-differentiated cell line) and TMCC1 (poorly differentiated
ll line) with claudin-1 knockout (KO) by using the CRISPR-Cas9
stem. Claudin-1 KO cells were successfully identified byWestern blot
alysis using anti–claudin-1 antibody as cells without claudin-1 protein
pression (Figure 1A). In immunostaining, claudin-1 KO cells showed
significant staining with anti–claudin-1 antibody, whereas control

lls were strongly immunostained with the antibody predominantly in
ll-cell contacts (Figure S2). Loss of claudin-1 expression resulted from
rious gene editing around the translational start codon of the claudin-1
ne in claudin-1 KO cells (data not shown). KO of claudin-1 did not
fect the expression patterns of tight junction proteins, claudin-4,
audin-7, occludin, and JAM-A (data not shown).
Next, we evaluated the effect of claudin-1 KO in cervical
enocarcinoma cells. During the course of cell culture, we found that
audin-1 KO TMCC1 and OMC4 cells grew more slowly than did
ntrol cells (Figures 1B and S3A). In theWST-8 cell proliferation assay,
audin-1 KO significantly inhibited proliferation of TMCC1 cells (at 72
urs after seeding) (Figure 1C). In the colony formation assay, the
mber of colonies was significantly smaller for claudin-1 KO cells than
r control cells (Figures 1D and S3B). The percentage of Ki-67–positive
lls, an indicator of proliferating cells, was lower for claudin-1 KO cells
an for control cells (Figures 1E and S3C). In addition, the number of
eaved caspase-3–positive cells, an indicator of apoptosis, was larger for
audin-1 KO cells than for control cells (Figures 1F and S3D). These
sults indicated that claudin-1 KO inhibits cell proliferation, partially
e to increased apoptosis, in cervical adenocarcinoma cells.
In a migration assay using a Transwell membrane, the number of
audin-1 KO cells migrating through the membrane was significantly
aller than that of control cells (Figures 2A and S4A). In an invasion
say using a Matrigel matrix-coated chamber, the number of claudin-1
O cells penetrating through the matrix was significantly smaller than
at of control cells (Figures 2B and S4B). In a mouse xenograft model,
mors derived from claudin-1 KO cells developedmore slowly than did
mors derived from control cells (Figure 2C). Resected tumor weight at
y 77 was significantly smaller for tumors derived from claudin-1 KO
lls than for tumors derived from control cells (Figure 2D, P b .05).
hese results indicated that claudin-1 contributes to malignant
tentials of cervical adenocarcinoma cells including cell proliferation,
vasion, migration, and in vivo tumorigenesis.

strogen Induces Claudin-1 Expression in Cervical
denocarcinoma Cells
Next, we explored themolecularmechanisms responsible for claudin-1
erexpression in cervical adenocarcinoma cells. Surprisingly, we found
at claudin-1 expression was induced by a physiological concentration of
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Figure 1. Knockout of claudin-1 by the CRISPR-Cas9 system inhibits proliferation of cervical adenocarcinoma cells. (A) CLDN1 KO TMCC1
and OMC4 cells were established using the CRISPR-cas9 system. (B-E) CLDN1 KO significantly inhibited proliferation of TMCC1 cells in
multiple assays including cell count (B), WST-8 assay (C), colony formation assay (D), and immunostaining with anti–Ki-67 (proliferation
marker) antibody (E). (F) Immunostaining with anti–cleaved caspase 3 (apoptosis marker) antibody. (A) Western blotting. The relative
intensity of each band is shown over each immunoblot after normalization for the levels of actin. *P b .05, **P b .01. CLDN1: claudin-1.
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estrogen, E2, in most of the tested cell lines (Figures 3, A and B, and
). These results indicated that the cell lines are sensitive to estrogen
imulus, although cervical adenocarcinomas are generally believed to be
trogen-insensitive gynecological cancers without significant expression
classical ERs in pathological specimens [8,9].

PR30 Is a Key Estrogen Receptor for Estrogen-Dependent
laudin-1 Induction in Cervical Adenocarcinoma Cells
Consistent with the general pathological findings, none of the
sted cell lines expressed classical ERα (Figure 3C), but all of the cell
es expressed significant levels of the membrane-bound estrogen
ceptor GPR30 (Figures 3, C and D, and S6A). To determine
hether GPR30 mediates estrogen-dependent claudin-1 upregula-
on, the cells were exposed to agonists against three different estrogen
ceptor subtypes: ERα, ERβ, and GPR30. As expected from the
minant expression pattern of GPR30 subtype, G1 (GPR30-
lective agonist) markedly upregulated claudin-1 mRNA expression
d protein expression in all of the tested cell lines, whereas PPT
Rα-selective agonist) or DPN (ERβ-selective agonist) failed to
fectively induce claudin-1 expression (Figure 3E). Similar to E2
imulus, a low concentration of G1 (1 nM) was sufficient to induce
audin-1 expression (Figures 4A and S6B). Immunofluorescence also
nfirmed an increased level of claudin-1 after G1 stimulus at tight
nctions and throughout the basolateral membrane (Figures 4B and
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Figure 2. Knockout of claudin-1 inhibits migration, invasion, and in vivo tumorigenesis of cervical adenocarcinoma cells. (A) Transwell
migration assay. CLDN1 KO significantly inhibited migration of TMCC1 cells. (B) Matrigel invasion assay. CLDN1 KO significantly inhibited
invasion of TMCC1 cells. (C) Growth rate of subcutaneously injected TMCC1 cells was slowed by CLDN1 KO compared to that of control
cells in immune-suppressed mice. (D) Resected tumor weight was significantly smaller for tumors from CLDN1 KO cells than for tumors
from control cells. *P b .05. CLDN1: claudin-1.
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C). The E2- and G1-dependent claudin-1 induction was suppressed
the GPR30 selective antagonist G15 (Figures 4C and S6D).

nockdown of GPR30 expression also inhibited G1-induced claudin-1
regulation (Figure 4,D and E). These results indicated that estrogen-
duced claudin-1 upregulation is achieved through GPR30 in cervical
enocarcinoma cells.

strogen/GPR30 Signaling Increases Claudin-1 Expression and
ell Proliferation via MAPK/ERK and Phosphoinositide 3-Kinase
I3K)/Akt Signaling Pathways in Cervical Adenocarcinoma Cells
As previously reported in breast cancer cell lines [23,24], estrogen
imulus activated EGFR/MAPK/ERK signaling in cervical adeno-
rcinoma cell lines (Figures 4F and S7, A and B). Both E2 and G1
pidly increased phosphorylation levels of EGFR and ERK at
minutes after treatment and phosphorylation of Akt at 10 minutes
igures 4F and S7, A and B), indicating that estrogen stimulus turns
proliferation-related signaling in cervical adenocarcinoma cells.

ctually, G1 treatment significantly increased proliferation of cervical
enocarcinoma cells. In the WST-8 cell proliferation assay, the
rcentage of proliferative cells was significantly increased by G1
eatment (Figure 5, A and B). In BrdU labeling analysis, the ratio of
rdU-positive cells was significantly increased by G1 treatment
igure 5, C and D).These results indicated that activation of GPR30
creased proliferation of cervical adenocarcinoma cells.
To elucidate the molecular linkage between estrogen/GPR30 signaling
d claudin-1 induction, we used inhibitors of signaling pathways. As
own in Figures 4G and S7C, E2- and G1-induced upregulation of
audin-1 was inhibited by pretreatment with U0126 (ERK activation
hibitor) and LY294002 (PI3K inhibitor) but not by AG1478 (EGFR
hibitor), indicating that activation of ERK and/or Akt contributes to
trogen-induced claudin-1 upregulation (Figures 4G and S7C).

o-Expression of GPR30 and Claudin-1 Correlates with
oor Prognosis in Surgical Specimens of Human
ervical Adenocarcinoma
Finally, we examined surgical specimens from cervical adeno-
rcinoma patients by immunohistochemistry using anti–claudin-
and anti-GPR30 antibodies. As expected from the results in the
ll lines, adenocarcinoma lesions in surgical specimens were
rongly stained with anti-GPR30 antibody (Figure 6A) together
ith anti–claudin-1 antibody (Figure S1A). IRSs of GPR30 and
audin-1 were significantly higher in cervical adenocarcinomas
an in normal endocervical glands in surgical specimens (Figure
). Furthermore, the percentage of cases with high claudin-1
pression was significantly higher in the high–GPR30 expression
oup (16/18, 89%) than in the low–GPR30 expression group (17/
, 49%, Figure 6C, P b .01), indicating a positive correlation
tween claudin-1 expression and GPR30 expression in cervical



Figure 3. Estrogen induces claudin-1 expression in cervical adenocarcinoma cells. (A) CLDN1 expression was induced by E2 treatment
(24 hours) in CAC-1, Hela229, and HCA1 cells. (B) Immunofluorescence of CLDN1 (green) was induced by E2 treatment (10 nM, 24 hours)
in HCA1 and Hela229 cells. (C) Expression profile of GPR30 (membrane-bound estrogen receptor) and ERα (classical estrogen receptor) in
cervical adenocarcinoma cells. MCF7 cells (breast cancer cells) were used as a positive control for ERα expression. Western blotting. (D)
Immunofluorescence of GPR30 (green) in cervical adenocarcinoma cells. (E) CLDN1 expression was induced by G1 (GPR30 selective
agonist), but not by PPT (ERα selective agonist) or DPN (ERβ selective agonist), treatment (10 nM, 24 hours) in cervical adenocarcinoma
cells. The relative intensity of each band is shown over each immunoblot after normalization for the levels of actin. CLDN1: claudin-1.
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Figure 4. GPR30 mediates induction of claudin-1 expression in cervical adenocarcinoma cells. (A) CLDN1 expression was induced by G1
treatment (24 hours) in CAC-1, Hela229, and HCA1 cells. (B) Immunofluorescence of CLDN1was induced by G1 treatment (10 nM, 24 hours)
in Hela229 and HCA1 cells. (C) G1-induced CLDN1 expression was inhibited by pretreatment with G15 (GPR30 selective antagonist) for
24 hours in CAC-1 and Hela229 cells. (D) GPR30 expression was knocked down by GPR30-specific siRNA in HCA1 cells. (E) G1-induced
CLDN1 expression was inhibited by knockdown of GPR30 expression with GRP30-specific siRNA in HCA1 cells. (F) G1 treatment (10 nM)
increased phosphorylation of ERK and Akt in Hela229 cells. (G) G1-induced CLDN1 expression was inhibited by pretreatment with U0126
(10 μM) and LY294002 (10 μM) in CAC-1 and Hela229 cells. (A, C-G) Western blotting and (B) confocal microscopy. The relative intensity of
each band is shown over each immunoblot after normalization for the levels of actin. CLDN1: claudin-1.
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enocarcinomas. Kaplan-Meier curve analysis revealed that patients
ith double high expression (both of claudin-1 and GPR30) had a
gnificantly shorter overall survival than did patients with single high
pression (either claudin-1 or GPR30) or patients with low
pression of both molecules (P = .0303; Figure 6D). Multivariate
alysis would have been helpful for evaluation here, but it was
fficult to perform properly due to an insufficient number of events
10).
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Figure 5. GPR30-specific agonist increases proliferation of cervical adenocarcinoma cells. (A-B) WST-8 assay. Cell proliferation was
increased by G1 treatment in CAC-1 (A) and HCA1 (B) cells. (C-D) Bromodeoxyuridine (BrdU) incorporation (red) was increased by G1
treatment (10 nM, 24 hours) in CAC-1 (C) and HCA1 (D) cells. Bar graphs show the percentage of BrdU-positive cells. *P b .05.
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iscussion
he most important finding of this study is that cervical adenocarci-
ma cells can respond to estrogen stimulus via the membrane-bound
trogen receptorGPR30. This is the first study to provide evidence that
PR30 is the key receptor for estrogen signaling in cervical
enocarcinoma. The estrogen/GPR30 signaling upregulated tumor-
omoting claudin-1 expression, and there was a positive correlation
tween GPR30 expression and claudin-1 expression in surgical
ecimens. Furthermore, patients with double high expression of
audin-1 and GPR30 had significantly shorter overall survival.
The sensitivity of the cells to estrogen was an unexpected result because
rvical adenocarcinomas are generally believed to lose estrogen response
the basis of negative (or very weak) expression of classical nuclear ERs
–9]. However, our results clearly demonstrated that all of the tested
rvical adenocarcinoma cells were sensitive to estrogen stimulus at a
ysiological concentration together with high GPR30 expression and
ithout classical nuclear ER (ERα) expression (Figure 3, A-C).
The existence of estrogen sensitivity and high GPR30 expression are
ry important to understand etiology of cervical adenocarcinoma.
igh level of serum estrogen may become a risk factor of cervical
enocarcinoma as reported for several cancers including breast,
dometrial, ovarian, and gastric cancers [25–28]. There is a growing
dy of evidence supporting that estrogenicGPR30 signaling is strongly
sociated with cancer proliferation, migration, invasion, metastasis,
d prognosis [29–35]. Our finding of GPR30 expression in cervical
enocarcinoma could connect estrogen and the disease progression. At
ast, we observed that a GPR30-specific agonist, G1, enhances
oliferation of cervical adenocarcinoma cells (Figure 5). In addition,
e side effects of hormonal therapy should be reexamined in the aspect
cervical adenocarcinoma development because treatment with

moxifen, a hormone drug for breast cancer, is a well-known risk
ctor for endometrial cancers, and tamoxifen has been reported to act as
GPR30 agonist [30,36–38].
Our result seems to imply that cervical epithelia switch their
trogen receptor subtype, from classical nuclear ERs to membrane-
und GPR30, during cancer development. This kind of subtype
itch might enable the cells to respond rapidly to estrogen stimulus
the cell surface. We believe that detailed profiling of the receptor
btype in surgical specimens could provide a new insight into
rvical adenocarcinoma, and this investigation is now in progress.
We found that estrogen/GPR30 signaling induces claudin-1
pression, a potential biomarker for cervical adenocarcinoma [13],
a activation of ERK and/or Akt. We also observed that claudin-1
ays a pivotal role in proliferation, migration, invasion, and
morigenesis of cervical adenocarcinoma cells, as previously reported
several tumors [39,40], including breast cancer [15]. Considering
ese results, we hypothesize that estrogen/GPR30 signaling induces
audin-1 expression and contributes to cervical adenocarcinoma
velopment and progression in vivo (Figure 6E). The positive
rrelation between claudin-1 expression and GPR30 expression in
rgical specimens supports this idea. We also found that patients
ith double high expression of claudin-1 and GPR30 had
gnificantly shorter overall survival. To gain a better understanding
cervical adenocarcinoma, the molecular mechanisms of the action
claudin-1 should be investigated in future studies. Our findings
dicate the possibility of a new therapeutic strategy targeting cell
rface molecules GPR30 and claudin-1 in cervical adenocarcinomas.
particular, hormonal therapy using GPR30-specific antagonists

ay have efficacy in cervical adenocarcinomas, like tamoxifen in ER-
sitive breast cancers. Of note, estrogen/GPR30 signaling has the
tential to induce molecules other than CLDN1 in cervical
enocarcinoma as in the case of estrogen/ER signaling in other
mors [5]. It would be very interesting to explore other downstream
olecules responsible for tumorigenesis of cervical adenocarcinoma.
e will conduct further studies to analyze estrogen/GPR30 signaling
cervical adenocarcinoma.



Figure 6. Positive correlation of overexpression of GPR30 and claudin-1 in surgical specimens of human cervical adenocarcinoma.
(A) Immunohistochemistry of GPR30 in a surgical specimen of human cervical adenocarcinoma. GPR30 was strongly expressed in
adenocarcinoma (cases 1 and 2), whereas itwas undetectable in non-neoplastic glands (Non-T). (B) IRSs ofGPR30 andCLDN1were significantly
higher in cervical adenocarcinoma (ADC,n=53) than innormal endocervical glands (non-T,n=44) in surgical specimens (Pb .001). (C) Summary
of the expressionprofile ofCLDN1andGPR30 in surgical specimens. Thepercentageof highCLDN1expression caseswas significantly higher in
thehigh–GPR30expressiongroup than in the low–GPR30expressiongroup (Pb .01). (D) Kaplan-Meier curveanalysis. Thegroupwithdoublehigh
expression of CLDN1 andGPR30 (both high expression) showed significantly shorter overall survival time (P= .0303). (C-D) The high-expression
group has IRS ofmore than 10, and the low-expression group has IRS of 10 or less. (E) The illustration shows that GPR30, but not classical ERs,
contributes to malignant potentials of cervical adenocarcinoma cells as a key receptor for estrogen (E2). CLDN1: claudin-1.
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onclusion
strogen/GPR30 signaling could contribute to malignant potentials of
rvical adenocarcinoma by induction of tumor-promoting claudin-1.
ouble high expression ofGPR30 and claudin-1 predicts poor prognosis
cervical adenocarcinomas. Mechanism-based targeting of estrogen/
PR30 signaling and claudin-1 may be effective for cervical
enocarcinoma therapy.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2018.08.010.
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