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Abstract

Follicle stimulating hormone receptor (FSHR) and luteinizing hormone receptor (LHCGR) were demonstrated to impact
upon survival of patients suffering from epithelial ovarian cancer (EOC). Though structure wise the G-protein coupled
estrogen receptor (GPER/GPR30) is related to FSHR/LHCGR, its prognostic impact in EOC remains controversial. We recently
found that FSHR negative patients represent a specific EOC subgroup that may behave differently in respect to both
treatment response and prognosis. Hence, the current study aimed to analyze how GPER may interact with the FSHR/LHCGR
system in EOC and whether the prognostic significance of GPER in EOC cases (n=151) may be dependent on the FSHR/
LHCGR immunophenotype of the tumor. Ovarian cancer cell lines were used to study how FSH and LH regulate GPER and
whether GPER activation differentially affects in vitro cell proliferation in presence/absence of activated FSHR/LHCGR. In
EOC tissue, GPER correlated with FSHR/LHCGR and was related to prolonged overall survival only in FSHR/LHCGR negative
patients. Although GPER was found to be specifically induced by LH/FSH, GPER agonists (4-Hydroxy-Tamoxifen, G1) reduced
EOC cell proliferation only in case of LH/FSH unstimulated pathways. To the same direction, only patients characterized as
LHCGR/FSHR negative seem to gain from GPER in terms of survival. Our combined tissue and in vitro results support thus
the hypothesis that GPER activation could be of therapeutic benefit in LHCGR/FSHR negative EOC patients. Further studies
are needed to evaluate the impact of GPER activation on a clinical scheme.
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Introduction implicated to also influence proliferation and survival of ovarian
cancer cells [7-9], they have emerged to be promising targets in

Targeting the estrogen receptor (ER) system s a widely ovarian cancer treatment [10]. A former study of our group

accepted strategy in a couple of gynecological malignancies like revealed that EOC patients -positive for either FSHR or LHCGR-
breast or endometrial cancer. In contrast, in epithelial ovarian show opposing outcomes in respect to their overall survival [11].
cancer the clinical impact of blocking ERs or interacting with FSHR-expressing EOC patients have been related to worse
estrogen (E2) synthesis is still controversial [1-3]. As therapies prognosis compared to FSHR non-expressing EOC cases, while
modulating the classical (DNA-binding) estrogen receptors are of LHCGR was found to be a positive prognosticator for EOC
minor  clinical importance in EOC, research on alternative survival [11]. In addition since FSHR positivity has recently been
receptor systems like the G-protein coupled receptors (GPCRs) is hypothesized to determine the prognostic significance of Her2 in
rather up-rising. EOC patients [12], FSHR expression may be of significance in

GPCRs are membrane receptors that via heterotrimeric G- EOC pathophysiology.
proteins regulate a wide range of downstream effects including
kinase activation and calcium release [4-6]. Follicle stimulating
hormone and luteinizing hormone receptors (FSHR, LHCGR) are
GPCRs that, being predominantly expressed in ovarian granulosa

Gonadotropin releasing hormone, being the physiological
trigger for LH/FSH secretion, has been highlighted to be down-
regulated by estrogen on mRNA level [13]. Since we recently
discovered that gonadotropins might regulate the G protein-
and theca cells, play fundamental roles in reproductive physiology. coupled estrogen receptor (GPER/GPR30) [14] a complex
In response to activation by their respective gonadotropins (FSH, interaction of gonadotropin and estrogen mediated regulation is
LH, hCG) these gonadotropin receptors (GnRs) regulate follicle hypothesized. GPER, formerly known as GPR30, is a GPCR that
recruitment, maturation and growth. Since GnRs have been recognizes estrogen as a ligand and mediates rapid estrogen
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signaling. So far a wide range of human tissues both of healthy and
of neoplastic origin was found to be positive for GPER [15-18].
We previously reported GPER to be differentially expressed in
healthy ovaries as well as in benign ovarian diseases [18].
However, the prognostic impact of GPER in ovarian carcinoma
patients remains at least controversial [19,20].

Postmenopausal women are characterized by high serum
concentrations of LH and FSH both signaling via their
corresponding receptor. As the latter were shown to be highly
predictive in EOC prognosis, possible correlations among GPER
and FSHR/LHCGR were assessed. Being aware of the fact that
GPER turned out to might be regulated by LH and at least to
some extend by FSH in a primary human granulosa cell model
[14], a crosstalk of the GnR system and GPER in EOC was
hypothesized. Hence in the current study GPER immunoreactivity
was assessed in EOC patients and analyzed in respect to
clinicopathological variables, the patient’s GnR immunopheno-
type and prognosis. To further elucidate a possible crosstalk of the
GPER and GnR system we studied the prognostic role of GPER
in EOC patients that had been stratified according to their GnR
immunophenotype and investigated gonadotropin mediated reg-
ulation of GPER in an ovarian cancer cell model.

Patients and Methods

Patients

Formalin-fixed paraffin-embedded tissue sections of 151
patients (Table 1) who had undergone surgery for EOC from
1990 to 2002 in our department were included in this study.
Histological characterization (serous (n=106), mucinous (n=12),
endometriod (n=21) or clear cell (n=12)) and histological tumor
grade according to the WHO criteria were performed by a
gynecological pathologist (D.M.). Data regarding clinical stage and
survival were retrieved from patients’ charts and from the Munich
Cancer Registry, respectively. Most patients (70.9%) presented
with advanced stage disease (FIGO III and FIGO IV), 5.9% were
staged as FIGO II and 23.2% had early disease (FIGO I). All
patients that were staged as FIGO II-1V received carboplatin and
paclitaxel as adjuvant chemotherapy. EOC was graded as WHO
grade 3 (G3) in 36.0% of cases, while 35.4% were classified as G2
and the remaining 28.6% as GIl. Mean overall survival was
7.33%0.6 years; 100 deaths were documented.

Ethics Statement

All samples were processed anonymously; the study was
approved by the Ethics Committee of the Ludwig-Maximilians-
University of Munich (approval number: 227-09) and was
conducted according to the principles expressed in the Declaration
of Helsinki (1975).

Cell Culture Conditions

The OVCAR-3, SKOV-3 and Caov-3 cell lines were obtained
from the American Tissue Culture Collection (ATCC, Wesel,
Germany); the Ishikawa cell line was bought from the European
Collection of Cell Cultures (ECACC, Salisbury, UK). All cell lines
were cultured in Dulbecco’s Modified Eagles Medium (DMEM)
containing 10% fetal bovine serum (FBS) without antibiotics/
antimycotics in a humidified atmosphere (37°C, 5% COy).

Immunochemistry

Formalin-fixed paraffin-embedded (FFPE) ovarian cancer tissue
sections were stained for GPER as previously described [18].
Sections incubated with rabbit IgG (supersensitive rabbit negative
control, BioGenex, Fremont, USA), instead of the primary
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Table 1. Clinicopathological features.
Clinicopathological features n (%)
Grade
G1 42 (28.6)
G2 52 (35.4)
G3 53 (36.0)
Staging
FIGO | 35 (23.2)
FIGO Il 9 (5.9)
FIGO IlI 104 (68.9)
FIGO IV 3 (2.0)
Histology
serous 106 (70.3)
clear cell 12 (7.9)
endometrioid 21 (13.9)
mucinous 12 (7.9)
Age (median) [years] 58.76
Deaths 100
doi:10.1371/journal.pone.0071791.t001

antibody, served as negative controls while breast cancer tissue
sections were used as positive controls as previously described [21].
The signal was quantified by using a semi quantitative method
(IR-score) [22] by two blinded examiners. In 14 cases (9.3%), the
evaluation of the two observers differed. These cases were re-
evaluated by consensus by both observers. After the re-evaluation,
both observers came to the same result. The concordance before
the re-evaluation was 90.7%.The IR-score is the product of
staining intensity (I =low, 2 =moderate, 3 = strong) multiplied by
the percentage of stained cells (0=no, 1=less than 10%,
2=10%-50%, 3=51%80%, 4=81%-100% stained cells).
Immunohistochemical data upon FSHR, LHCGR and ERs
regarding this panel were retrieved from the laboratory archive
as they had been previously published [11,23]. Median GPER
expression (IRS=8) was set to determine low (IRS=8) vs. high
(IRS>8) GPER expression. To analyze the influence of GPER
according to GnR positivity a cut off of IRS =3 was set to divide
the panel into FSHR, LHCGR positive (IRS>3) vs. negative
(IRS=3) [12].

Caov-3, SKOV-3 and OVCAR-3 cells were seeded on glass
slides, fixed in acetone for 5 minutes, washed in PBS and blocked
using 1.5% goat serum. Rabbit anti-GPER antibody (Lifespan
Biosciences, Seattle, WA) was diluted 1:300 in antibody diluent
(Dako, Hamburg, Germany) and incubated overnight at 4°C.. The
following day samples were processed using the anti-rabbit
Vectastain elite kit (Vector Laboratories, Burlingame, CA)
according to the manufacturer’s protocol. Finally slides were
stained by aminoethyl carbazole (Dako), counter-stained using
Mayers acidic hematoxyline and mounted in Aquatex (Merck-
Millipore, Darmstadt, Germany).

Gonadotropin Stimulation

On the day before stimulation, cells were seeded into 24 well
plates at a density of 7.5x10* cells per well in DMEM/10% FBS.
After cells had attached, their medium was changed to FBS-free
DMEM and cells were stimulated with rFSH (GonalF, MerckSer-
ono, Darmstadt, Germany) or LH (CellSciences, Canton, MA) at
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concentrations of 10* U/ and 10° U/I. To mimic pulsatile
gonadotropin secretion a second dose at the indicated concentra-
tion was added after 24 hours. Following another 24 hour period
of incubation cells samples were processed for western blot
analysis. In case of RNA experiments, OVCAR-3 and SKOV-3
cells were treated with FSH or LH at concentrations of 10 U/I,
10 U/1 and 10 U/1 for two hours before RNA isolation was
performed.

siRNA Mediated Silencing of Gonadotropin Receptors

For siRNA knockdown experiments cells were seeded at a
density of 1.0x10° cells per well or 4.0x10° cells per well in 24-
well (for protein preparation) or 12- well (for preparation of total
mRNA) culture dishes, respectively. According to the manufac-
turer’s protocol (Qiagen, Hilden, Germany) cells were transfected
at plating using a total of 75 ng (24-well) or 150 ng (12 well) of the
respective siRNAs mix: FSHR: Hs FSHR_3 (target sequence:
AAGAGCCAATATCACAACTAT) & Hs_FSHR_4 (target se-
quence: TGGCTGCTATATCCACATCTA); LHCGR:
Hs_LHCGR_4 (target sequence: AACGTCGGGCTGAACTT-
TATA) & Hs_LHCGR_5 (target sequence: ACGGCCGGTCT-
CACTCGACTA). Samples transfected with an equal amount of
scrambled siRNA (AllStars negative control) and samples treated
with the transfection reagent only (HighPerfect siRNA transfection
reagent) were included in each experiment. Both siRNAs and
transfection reagent were purchased from Qiagen. To verify a
successful knockdown on mRNA level, gonadotropins (LH
(10* U/1; SKOV-3), FSH (10° U/l; OVCAR-3)) were added to
each well in order to simulate FSH, LH stimulated conditions and
samples were simultaneously transfected with the respective
reagent-siRNA complexes for six hours before RNA extraction
was performed. In order to verify specificity of gonadotropin
mediated GPER stimulation on western blot, OVCAR-3 and
SKOV-3 cells were transfected as described above. Following a
seven hour incubation period the medium was changed to serum
free DMEM and new transfection complexes were added for 24
hours. At the same time gonadotropins (LH (10* U/l; SKOV-3),
FSH (10 U/l; OVCAR-3)) were added to the respective wells
until samples were further processed for western blot analysis.
Both a transfection reagent only control and a sample transfected
with a scrambled siRNA were included in each experiment.

Western Blot

Wells were washed twice in ice-cold PBS and lysed in RIPA
buffer containing protease inhibitor (both Sigma Aldrich, St.
Louis, MO) for 30 min on ice on a shaker. Lysates were spun at
13.000 rpm for 15 min at 4°C and protein concentration of the
supernatant was determined by Bradford assay. The Mini-Protean
System (Biorad, Hercules, CA) was used for polyacrylamide gel
electrophoresis and blotting. PVDF membranes were blocked in
5% marvel in TBS-0.1%Tween20 (TBST) for one hour at room
temperature. Rabbit anti-GPER (Lifespan Biosciences; diluted
1:2000), mouse anti-beta-actin (Sigma-Aldrich; diluted 1:1000),
rabbit anti-FSHR (Abcam, Cambridge, UK; diluted 1:500) and
rabbit anti-LHCGR (Millipore, Billerica, MA; diluted 1:500) were
diluted in 2% marvel TBST and membranes were incubated
overnight. Since Ishikawa cells have been previously published to
produce GPER [24,25], they were used as positive controls (data
not shown). Membranes were processed using anti-rabbit or anti-
mouse Vectastain elite kits (Vector Laboratories, Burlingame, CA)
using a chromogenic substrate development protocol according to
the manufacturer’s instructions. Each experiment was repeated
three times under the same conditions achieving similar results.
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Blots were quantified by employing the QuantityOne analysis
software (Biorad).

Quantification of GPER, FSHR and LHCGR Gene
Transcription

RNA isolation was performed by using the NucleoSpin® RNA
II kit (Machery-Nagel, Diiren, Germany). RNA concentrations
were adjusted and cDNA synthesis was carried out as described
elsewhere [18]. Gene expression per sample was quantified by
TagMan® real time PCR (2 s at 95°C, 40 cycles of 3 s (95°C) plus
30 s (60°C) and finally 30 s at 60°C) employing the following
primers (all from Applied Biosystems, Carlsbad, CA): GPER
(Hs00173506_m1), ACTB (Hs99999903_m1), FSHR
(Hs00174865_m1), LHCGR (Hs00174885_m1). Expression of the
target gene was determined relative to ACTB as a housekeeping
gene. Assays were performed three times under the same
conditions. Differences in gene expression were calculated using
the Rest2009 software [26] and graphics were drawn from
Rest2009 output.

Bromide-deoxy-uridine Cell Proliferation ELISA

OVCAR-3, SKOV-3 and Caov-3 cell proliferation was assessed
by quantifying the amount of incorporated Bromide-deoxy-uridine
(BrdU) into newly amplified cellular DNA. The assay was
performed according to the manufacturer’s (Roche, Mannheim,
Germany) recommendations. Cells were seeded at a density of
0.8x10* cells per well into 96-well culture dishes and allowed to
attach for four hours. Then cells were stimulated with either 4-
Hydroxy-Tamoxifen (OHT), the specific GPER agonist G1 (both
Merck, Darmstadt, Germany), Estradiol (Sigma-Aldrich) or the
respective carrier solution (ethanol, DMSO) at the indicated
concentrations in phenol red-free/serum-free DMEM. Treatment
was performed either for 48 (G1, E2) or 24 (OHT) hours, each
including a 21-hour period for BrdU labeling. For gonadotropin
stimulation rFSH or LH (each at a concentration of 102 U/1) were
diluted into the culture media. Experiments were performed three
times.

Statistical Analysis

Data were analyzed employing the SPSS (v21, IBM, Armonk,
New York) statistic software. Gamma and Spearman coefficients
were employed to correlate data, while the Mann-Whitney U and
independent sample Student’s T-test were applied to test for
differences between groups. Kaplan-Meier curves were drawn to
compare survival times between groups. The chi-square statistic of
the log rank (Mantel-Cox) test was employed to test differences in
overall survival for significance. Statistical significance for all tests
was set as p<0.05 and data was expressed in terms of mean *
standard error (SEM).

Results

GPER Correlates with LHCGR and FSHR Expression in EOC

GPER was strongly expressed with a median immunoreactivity
of IRS=8 (Figure 1). Highest GPER immunoreactivity was
observed in mucinous carcinomas (mean IRS=9.9+1.0, median
IRS=12) while endometrioid tumors (IRS=6.6%0.7, median
IRS=6) were more weakly stained. Serous (IRS=28.3%0.3,
median IRS=8) and clear cell (IRS=8.1%0.9, median
IRS=8.5) EOCs were found to express GPER on a rather
moderate level.

GPER was observed to be closely correlated with FSHR
(rho=0.178, p=0.03) as well as LHCGR (rho=10.218, p=10.008)
immunoreactivity throughout the panel (Table 2). In serous EOC
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Figure 1. Representative microphotographs of GPER expression in ovarian cancer are presented. GPER showed a membrane as well as a
cytoplasmic staining pattern in serous (A, A’), clear cell (B, B’), endometrioid (C, C') and mucinous (D, D’) ovarian cancer specimens. In endometrioid
cancers GPER was significantly lower than in mucinous (p=0.01, *) or serous (p =0.03, #) ones. Scale bars equal 100 um and, box plots present GPER
in relation to histological subtype (E). Significant observations derived from relevant Mann-Whitney U-tests.

doi:10.1371/journal.pone.0071791.g001

cases GPER expression was still significantly associated with GnRs
(FSHR: rho =0.242, p=10.015; LHCGR: rho=10.255, p = 0.009).
Interestingly no relation of GPER and nuclear steroid hormone
receptors (ER alpha, ER beta) could be detected (Table 2). GPER
expression was significantly elevated in well-differentiated carci-
nomas as compared to poorly differentiated ones (gam-
ma = —0.325, p<<0.001) while a negative correlation of GPER
and clinical tumor stage was marginally not significant (gam-
ma= —0.197, p=0.06).

GPER is of Prognostic Significance in Gonadotropin
Receptor Negative EOC

Kaplan-Meier analysis revealed no significant difference in
prognosis of EOC patients whose tumors did or did not express
GPER (Figure S1). In a previous work we demonstrated LHCGR
and FSHR to be independent prognostic markers in EOC and to
exert opposing roles on EOC patient survival [11]. This was
evident in the present sample as well (data not shown). When
FSHR negative cases were evaluated, GPER expression turned
out to be related to favorable prognosis (p = 0.045; Figure 2A); the
same positive GPER effect was also revealed in LHCGR negative
tumors (p =0.023; Figure 2B). Patients whose tumors presented
with a dual negative phenotype (FSH negative/ LHCGR negative)
- but on the contrary showed GPER positivity - had a significantly
prolonged overall survival (p=0.031; Figure 2C) as compared to
the respective GnR positive counterparts. Table S1 shows
crosstabulation of GPER, FSHR, LHCGR expression vs. major
clinicopathological variables. Crosstabulation of data regarding

Table 2. Hormone receptor correlations.

GPER LHCGR FSHR ERa ERP

Spear-  GPER cc 1.000 .178*  .218* 111 .086
man’s
rho

Sig. (2-tailed) - .030 .008 ns ns

Spearman correlation of receptor expression IR-scores revealed GPER to be
positively correlated with expression of FSHR (rho=0.178, p=0.030) as well as
LHCGR (rho=0.218, p=0.008). No relation of GPER and nuclear steroid
hormone receptors (ERa, ERP) could be detected. Stars (*) indicate significant
observations; cc = correlation coefficient, ns = not significant.
doi:10.1371/journal.pone.0071791.t002
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GPER expression vs. combined FSHR/LHCGR immunopheno-
type are presented in Table S2.

GPER is Induced by Gonadotropins in Ovarian Cancer
Cells

We performed in vitro stimulation assay in two out of three
GPER positive ovarian cancer cell lines expressing either FSHR or
LHCGR (Figure 3A, B). Cell lines were selected according to their
GnR expression as determined by western blot. TagMan real time
PCR analysis was employed to ensure receptor positivity on a gene
expression level. Caov-3 cells produced both FSHR and LHCGR
protein on a low to virtually undetectable level, while SKOV-3
was found to be positive for LHCGR but not FSHR protein.
OVCAR-3 cells presented with the opposite phenotype, being
positive for FSHR and negative for LHCGR protein (Figure 3A).
GPER transcription was significantly elevated (1.2-fold, p<<0.001;
Figure 3D) in FSHR-expressing OVCAR-3 cells when exposed to
FSH. The latter also up-regulated GPER by 1.7-fold (p=0.016)
on a protein level (Figure 3C). Exposure of the LHCGR positive
SKOV-3 cell line to LH resulted in a 1.9-fold (p<<0.001) induction
of GPER gene transcription in a concentration dependent manner
(Figure 3F). Further, GPER protein was increased up to 4.1-fold
(p=0.001) after 48 hours LH treatment (Figure 3E). In order to
prove the selective gonadotropin dependence of GPER stimula-
tion, siRNA-mediated silencing of GnRs was performed
(Figure 4A-D). Interestingly, FSH failed to up-regulate GPER in
cells that had been silenced for FSHR (Figure 4E) and the same
applied for LH when LHCGR was knocked down (Figure 4F).

GPER Activating Drugs Significantly Reduce Ovarian
Cancer Cell Proliferation in a Gonadotropin-Dependent

Manner

FSHR positive OVCAR-3, LHCGR positive SKOV-3 as well
as GnR negative Caov-3 cells were exposed to OHT, Gl or
estradiol in the presence or absence of FSH or LH. OHT and G1 -
being reported as GPER signaling activators [27] - emerged to
significantly inhibit proliferation as determined by bromide-deoxy-
uridine ELISA. Interestingly, in case of FSHR positive OVCAR-3
cells this inhibitory effect was only present in the absence of
external F'SH. In the IF'SH depleted setting both G1 and OHT
reduced OVCAR-3 cell proliferation by 19% (G1: p=0.001) and
33% (OHT: p<<0.001), respectively. Neither G1 nor OHT
emerged to significantly affect OVCAR-3 proliferation in the
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Figure 2. GPER predicts favorable outcome in gonadotropin receptor negative EOC. Prognostic significance of GPER was evaluated in
subgroups of patients with or without expression of FSHR or/and LHCGR. Survival of patients whose tumors expressed GPER at high levels (solid lines)
was compared to those with low GPER expression (dotted lines) by the log rank test and Kaplan-Meier survival plots were drawn. Remarkably, GPER
predicted significantly more favorable outcome in subgroups classified as FSHR negative (A) and LHCGR negative (B). Stratification of EOC patients
according the combined LH/FSH status revealed that only in case of a double negative immunophenotype GPER appears as a positive prognosticator

@.
doi:10.1371/journal.pone.0071791.g002

presence of I'SH. Caov-3 cells, being negative for GnRs, were
sensitive to addition of GPER inducers regardless the presence of
FSH, since both G1 and OHT significantly reduced Caov-3
replication rates (G1 - FSH stimulated: 18%, p=0.009; G1 - not
FSH stimulated: 28%, p=0.009; OHT - FSH stimulated: 42%,
p=0.001; OHT - not FSH stimulated: 40%, p<<0.001; Figure 5A).
LH turned out to produce an effect comparable to that of FSH
since both G1 and OHT failed to reduce proliferation of LHCGR
positive SKOV-3 cells in the presence of LH. In case of LH
unstimulated conditions, proliferation of SKOV-3 cells was
significantly reduced when either G1 (36%, p=0.001) or OHT
(17%, p=10.027) were added to the culture media. However, it
needs to be noted that the overall effect of OHT on SKOV-3 cells
appeared to be rather low. Doubling rates of LHCGR negative
Caov-3 cells were reduced by G1 (LH stimulated: 37%, p<<0.001;
not LH stimulated: 44%, p<<0.001) as well as by OHT (LH
stimulated: 55%, p<<0.001; not LH stimulated: 69%, p<<0.001)
regardless of the presence of LH (Figure 5B). Since estradiol is
assumed to be the biological agonist of GPER, its effects on
ovarian cancer cell proliferation in dependence of gonadotropins
were examined within this study. Yet we failed to demonstrate a
significant effect of estradiol on ovarian cancer cell proliferation
(Figure S2).

Discussion

Numerous studies report LHCGR and FSHR expression in
EOC, though the percentage of receptor positive cases is highly
variable [11,28,29]. This may at least partly be attributed to the
different detection methods used and to the different scoring
systems employed. On the other hand, there are only few studies
examining GPER in EOC tissue [19,20,30]. Despite the different
detection strategies applied, they report GPER to be present in at
least half of EOC cases. Additionally, Kolkova et al [19] published
GPER mRNA to be expressed in a range of ovarian carcinoma
cell lines. The current study, using Ishikawa cells as positive
controls [24] (data not shown), also revealed GPER to be present
in ovarian carcinoma cells on both mRNA and protein level.
OVCAR-3 [31] and SKOV-3 [32] cells have already been shown
to express FSHR or LHCGR, respectively, while Caov-3 cells
produced FSHR on a much lower level [32]. Interestingly though,
classical ERs are reported to be rarely found in mucinous EOC
[33] three studies have reported GPER positivity in more than half
of all EOC samples [19,20,30], hence further strengthening a
unique role of GPER within the ER family.

The current work is the first to correlate GnR and GPER
expression in ovarian cancer. Strikingly, both a positive statistical
relation of GPER - GnR in EOC tissue samples and a specific
in vitro induction of GPER by gonadotropins was observed. There
are several lines of evidence that GPER may interact with the
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Figure 3. GPER is up-regulated by gonadotropins in ovarian cancer cells. (A) Screening of ovarian cancer cell lines for FSHR and LHCGR.
Caov-3 cells expressed gonadotropin receptors at very low to non-detectable levels, while SKOV-3 was LHCGR positive and OVCAR-3 expressed FSHR.
GPER was detected in all the three cell lines used in this study (A, B). OVCAR-3 cells were treated with FSH, which enhanced GPER protein expression
(C) and gene transcription (D). SKOV-3 cells were treated with LH, which induced both GPER protein (E) and gene transcription (F). c: control, asterisks
mark significant (p<<0.05) observations as calculated using independent samples Student’s T-test (C, E) and the Rest2009 algorithm for gene
transcription ratios (D, F). Scale bars in (B) equal 50 um.

doi:10.1371/journal.pone.0071791.g003
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Figure 4. GPER up-regulation is dependent on the respective gonadotropin receptor. siRNA mediated knockdown of FSHR (A, B) and
LHCGR (C, D) was performed in order to evaluate whether the up-regulation of GPER is due to an effect specifically attributed to FSH/LH and FSHR/
LHCGR. Gonadotropin treatment failed to up-regulate GPER in cells that had undergone FSHR (E) or LHCGR (F) silencing. c: control treated with the
transfection reagent only, scr: control treated with an off target, scrambled siRNA. Stars mark significant (p<<0.05) observations as calculated using
independent samples Student’s T-test (E, F) and the Rest2009 algorithm for gene transcription ratios (B, D).
doi:10.1371/journal.pone.0071791.9g004

GnR system. Firstly, GPER and GnRs share some sequence
features and are members of the same protein superfamily.
Secondly, in a recent study on healthy ovaries of pre-menopausal
women we identified GPER to be preferentially expressed in theca

inducing GPER in a model of cultured human granulosa cells
[14]. Now, the current analysis detected a gonadotropin-induced
GPER up-regulation in ovarian carcinoma cell lines and
demonstrated that this up-regulation is dependent on the presence

of the respective GnR.
Additionally, we have demonstrated that GPER activation -by
the well-established GPER inducers G1 or OHT [27]- was

and granulosa cells [18] commonly regarded as the most
prominent target of gonadotropins in premenopausal women.

Previously, we found that gonadotropins might be capable of
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Figure 5. GPER signaling activators inhibit proliferation of ovarian cancer cells lines in an FSH and LH dependent manner. FSHR
positive (OVCAR-3) and negative (Caov-3) cells were exposed to GPER agonists (G1; 4-Hydroxy-Tamoxifen (OHT)) in the presence vs. absence of
external FSH (A). In the FSH depleted setting G1 and OHT reduced OVCAR-3 cell proliferation by, respectively. Neither G1 nor OHT emerged to
significantly affect OVCAR-3 proliferation in the presence of FSH. Caov-3 cells, being negative for GnRs, were sensitive to addition of GPER inducers
regardless the presence of FSH, since both G1 and OHT significantly reduced median Caov-3 replication rates. Both G1 and OHT failed to reduce
proliferation of LHCGR positive SKOV-3 cells in the presence of LH (B). In LH non stimulated conditions proliferation of SKOV-3 cells was significantly
reduced when either G1 or OHT were added to the culture media. Doubling rates of LHCGR negative Caov-3 cells were reduced by G1 as well as by
OHT regardless the presence of LH. Independent samples Student’s T-test was employed to test for differences between groups and significant
(p<<0.05) changes are indicated by stars (*).

doi:10.1371/journal.pone.0071791.g005
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effective in reducing cell proliferation in case of inactive FSH/
FSHR or LH/LHCGR pathways. This inactivation was simulated
by culturing the cells in the absence of LH or FSH. Further
verification upon effective reduction of cell proliferation became
evident from the results produced from the Caov-3 cells, being
negative for both GnRs. Since the GPER mediated effect on cell
proliferation was abrogated in case of either an active FSH/FSHR
and/or LH/LHCGR system, it can be hypothesized that, in EOC,
apart from inducing GPER expression, LH/FSH signalling may
trigger alternative pathways that neutralize the GPER effect on
cell proliferation. In that context gonadotropins may exert
opposing effects on ovarian cancer cells aiming to maintain cell
proliferation.

The presented findings on the GPER mediated action on cell
proliferation are in line with observations made in breast cancer
studies, where both G1 and OHT have already been reported to
inhibit proliferation of breast cancer cells in a GPER dependent
manner [27]. In contrast to these results, a recent report
hypothesized that G1 may potentiate cell viability of transiently
GPER transfected Caov-3 cells, without though showing data on
Caov-3 cells expressing only the endogenous GPER [30]. An
additional important difference between our study and the one
presented by Fujiwara et al [30] was the method applied for cell
proliferation assessment. Herein we used bromide-deoxy-uridine
labeling to directly quantify DNA amplification, which is
inseparably linked to cell proliferation, rather than employing
dye based assays that allow estimating the amount of viable cells
rather than of proliferation activity.

In the aim of minimizing a possible confounding effect of
nuclear ERs (ERalpha, ERbeta) all proliferation assays were
carried out in phenol red free and estrogen free conditions in order
to reduce baseline activity of ERs. However, it could be argued
that a weakness of our proliferation experiment was the lack of
demonstrating an effect of estradiol on cell proliferation. This may
be possibly interpreted by the complex crosstalk of multiple
pathways being initiated by estradiol, via the different ERs
mediating opposing signals regarding cell proliferation [34,35] as
well as via non-genomic actions involving a rapid, membrane -
mediated activation of ERKI1/2 [36]. Moreover, correlation
analysis in the EOC patient cohort studied herein demonstrated
a significant positive correlation of GnRs and GPER though no
such association was observed in respect to GnRs and ER alpha or
ER beta.

Prognostic markers that may assist to establish more individu-
alized therapies for EOC patients are rather scarce. Gonadotro-
pins, being abundant in menopause, are suggested to contribute to
EOC tumorigenesis [8,9]. GnRs have been implicated in directly
regulating EOC survival [11] and proliferation of ovarian cancer
cell lines [8,9]. Further evidence from three former studies suggests
that GnRs exert opposing roles in ovarian cancer [7,11,37] with
LHCGR being linked to favorable prognosis and FSHR being
associated to shorter overall survival. Despite the initial enthusiasm
driven by projects referring to prostate or breast cancer [38,39],
the response rates to therapies targeting the hypothalamus-
pituitary-ovary axis in EOC turned out to be rather low [10].
This may be explained by the fact that such approaches may have
simultaneously negative results on LH and FSH receptor
signalling, thus cancelling a negative and a positive prognostica-
tors’ effect in EOC.

ER blocking strategies - by interfering with aromatase enzyme
action or by directly antagonizing ERs - have been previously
assessed [2,40,41]. Though some studies do report that ER based
interventions might have positive effects on EOC patients
[1,40,42] others failed to show such an effect [2]. Hence despite
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the fact that blocking the classical ER is a widely accepted strategy
in breast cancer patients [43], the prognostic impact of blocking
estrogen receptors in EOC is at least controversial. However,
therapeutic efficacy was difficult to assess since most participants
suffered from refractory or platinum-resistant disease, not to
mention that properly powered studies were rather rare [3].

The effect of GPER on patients’ prognosis is even less studied.
Though initially Smith et al. published that patients highly
expressing GPER have significantly poorer prognosis [20], it is
now speculated that GPER may not be related to patients’ overall
survival at all [19]. Our results also reveal that GPER was not
significantly associated with patients’ prognosis when the study
cohort was screened without prior stratification according to GnR
positivity.

Recently, FSHR was reported to determine the prognostic
significance of Her2 in EOC [12], hence strengthening the
hypothesis that FSHR negative patients may represent a specific
EOC subgroup that might behave differently in respect to both
treatment response and prognosis. Hypothesizing that GnR
negative patients could indeed represent a special group, the
current study found GPER to correlate with more favorable
prognosis only in patients that did not express FSHR/LHCGR.
The neutralizing effect of LH/FSH signalling on GPER-mediated
impact on survival was supported by our tissue culture data:
ovarian cancer cell proliferation was profoundly reduced when
GPER was activated in case of inactivated LH/LHCGR or FSH/
FSHR pathways. The current results, support GPER activation
interventions only in case of LHCGR negative/FSHR negative
EOC. Further properly powered studies will clarify the exact
impact of such interventions.

Conclusion

In conclusion, in this work it has been shown that, in EOC,
GPER expression can be significantly induced by gonadotropins.
GPER was found to correlate with GnRs in tumor samples and
more importantly to be a positive prognosticator in EOC patients
characterized as LHCGR/FSHR negative. This GPER’s impact
on survival, combined with the in vitro data demonstrating that
GPER activation reduces ovarian cancer cell proliferation in the
absence of LH/FSH signaling in vitro, could formulate the
hypothesis that GPER activation by e.g. tamoxifen could be of
therapeutic benefit in LHCGR/FSHR negative EOC patients.
Further studies are needed to evaluate the impact of GPER
activation on a clinical scheme.

Supporting Information

Figure S1 Effect of GPER expression on EOC patients’
survival. Kaplan Meier curve presenting the effect of GPER on
EOC patients’ survival is shown. GPER-expressing cases do not
differ significantly from the non-expressing ones in terms of overall
survival.

(TIF)

Figure S2 Estradiol does not significantly affect prolif-
eration of ovarian cancer cell lines in the chose setting.
Though both OHT and Gl turned out to slow down cell
proliferation in a gonadotropin dependent manner, estradiol (E2)
did not reveal a significant effect on cell proliferation in our hands
regardless the presence of gonadotropins.

(TIF)

Table S1 Crosstabulation of data and major clinico-
pathological variables. Total numbers and percentages of
receptor positive vs. negative cases in each subgroup are shown.
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Receptor positivity was defined as follows: GPER low - IRS=8,
GPER high - IRS>8; FF'SHR negative - IRS=3, FSHR positive -
IRS>3; LHCGR negative - IRS=3, LHCGR positive - IRS>3.
(DOCX)

Table S2 Crosstabulation of GPER and Gonadotropin
receptor positivity.

(DOCX)

References

1.

20.

21.

Karagol H, Saip P, Uygun K, Caloglu M, Eralp Y, et al. (2007) The efficacy of
tamoxifen in patients with advanced epithelial ovarian cancer. Med Oncol 24:

39-43.

. Wagner U, du Bois A, Pfisterer J, Huober J, Loibl S, et al. (2007) Gefitinib in

combination with tamoxifen in patients with ovarian cancer refractory or
resistant to platinum-taxane based therapy—a phase II trial of the AGO Ovarian
Cancer Study Group (AGO-OVAR 2.6). Gynecol Oncol 105: 132-137.

. Williams C, Simera I, Bryant A (2010) Tamoxifen for relapse of ovarian cancer.

Cochrane Database Syst Rev: CD001034.

. Crespo P, Xu N, Simonds WF, Gutkind JS (1994) Ras-dependent activation of

MAP kinase pathway mediated by G-protein beta gamma subunits. Nature 369:
418-420.

. Koch WJ, Hawes BE, Allen LF, Lefkowitz RJ (1994) Direct evidence that Gi-

coupled receptor stimulation of mitogen-activated protein kinase is mediated by
G beta gamma activation of p2lras. Proc Natl Acad Sci U S A 91: 12706~
12710.

. Kostenis E (2002) Potentiation of GPCR-signaling via membrane targeting of G

protein alpha subunits. J Recept Signal Transduct Res 22: 267-281.

. Zheng W, Lu JJ, Luo F, Zheng Y, Feng Y, et al. (2000) Ovarian epithelial tumor

growth promotion by follicle-stimulating hormone and inhibition of the effect by
luteinizing hormone. Gynecol Oncol 76: 80-88.

. Ji Q, Liu PI, Chen PK, Aoyama C (2004) Follicle stimulating hormone-induced

growth promotion and gene expression profiles on ovarian surface epithelial
cells. Int J Cancer 112: 803-814.

. Li Y, Ganta S, Cheng C, Craig R, Ganta RR, et al. (2007) FSH stimulates

ovarian cancer cell growth by action on growth factor variant receptor. Mol Cell

Endocrinol 267: 26-37.

. Levine D, Park K, Juretzka M, Esch J, Hensley M, et al. (2007) A phase II

evaluation of goserelin and bicalutamide in patients with ovarian cancer in
second or higher complete clinical disease remission. Cancer 110: 2448-2456.

. Lenhard M, Lennerova T, Ditsch N, Kahlert S, Friese K, et al. (2011) Opposed

roles of follicle-stimulating hormone and luteinizing hormone receptors in
ovarian cancer survival. Histopathology 58: 990-994.

. Heublein S, Vrekoussis T, Mayr D, Friese K, Lenhard M, et al. (2013) Her-2/

neu expression is a negative prognosticator in ovarian cancer cases that do not
express the follicle stimulating hormone receptor (FSHR). J Ovarian Res 6: 6.

. Ng Y, Wolfe A, Novaira HJ, Radovick S (2009) Estrogen regulation of gene

expression in GnRH neurons. Mol Cell Endocrinol 303: 25-33.

. Pavlik R, Wypior G, Hecht S, Papadopoulos P, Kupka M, et al. (2011)

Induction of G protein-coupled estrogen receptor (GPER) and nuclear steroid
hormone receptors by gonadotropins in human granulosa cells. Histochem Cell
Biol 136: 289-299.

. Jala VR, Radde BN, Haribabu B, Klinge CM (2012) Enhanced expression of G-

protein coupled estrogen receptor (GPER/GPR30) in lung cancer. BMC
Cancer 12: 624.

. Ignatov A, Ignatov T, Weissenborn C, Eggemann H, Bischofl'J, et al. (2011) G-

protein-coupled estrogen receptor GPR30 and tamoxifen resistance in breast
cancer. Breast Cancer Res Treat 128: 457-466.

. Almey A, Filardo EJ, Milner TA, Brake WG (2012) Estrogen receptors are found

in glia and at extranuclear neuronal sites in the dorsal striatum of female rats:
evidence for cholinergic but not dopaminergic colocalization. Endocrinology
153: 5373-5383.

. Heublein S, Lenhard M, Vrekoussis T, Schoepfer J, Kuhn C, et al. (2012) The

G-Protein-Coupled Estrogen Receptor (GPER) is Expressed in Normal Human
Opvaries and is Upregulated in Ovarian Endometriosis and Pelvic Inflammatory

Disease Involving the Ovary. Reprod Sci 19: 1197-1204.

. Kolkova Z, Casslen V, Henic E, Ahmadi S, Ehinger A, et al. (2012) The G

protein-coupled estrogen receptor 1 (GPER/GPR30) does not predict survival in
patients with ovarian cancer. J Ovarian Res 5: 9.

Smith HO, Arias-Pulido H, Kuo DY, Howard T, Qualls CR, et al. (2009)
GPR30 predicts poor survival for ovarian cancer. Gynecol Oncol 114: 465-471.
Filardo EJ, Graeber CT, Quinn JA, Resnick MB, Giri D, et al. (2006)
Distribution of GPR30, a seven membrane-spanning estrogen receptor, in
primary breast cancer and its association with clinicopathologic determinants of
tumor progression. Clin Cancer Res 12: 6359-6366.

. Remmele W, Stegner HE (1987) [Recommendation for uniform definition of an

immunoreactive score (IRS) for immunohistochemical estrogen receptor
detection (ER-ICA) in breast cancer tissue|. Pathologe 8: 138-140.

PLOS ONE | www.plosone.org

GPER in LH/FSH-R Negative Ovarian Cancer Prognosis

Acknowledgments

The authors thank Christina Kuhn for her excellent technical assistance
and Laurent Soussana for revising the manuscript.

Author Contributions

Conceived and designed the experiments: SH ML UJ KF. Performed the
experiments: SH. Analyzed the data: SH DM TV UJ. Contributed
reagents/materials/analysis tools: SSH. Wrote the paper: SH TV ML.

23. Lenhard M, Tereza L, Heublein S, Ditsch N, Himsl I, et al. (2012) Steroid
hormone receptor expression in ovarian cancer: Progesterone receptor B as
prognostic marker for patient survival. BMC Cancer 12: 553.

24. Du GQ, Zhou L, Chen XY, Wan XP, He YY (2012) The G protein-coupled
receptor GPR30 mediates the proliferative and invasive effects induced by
hydroxytamoxifen in endometrial cancer cells. Biochem Biophys Res Commun
420: 343-349.

25. Heublein S, Vrekoussis T, Kuhn C, Makrigiannakis A, Mayr D, et al. (2013)
Inducers of G-protein Coupled Estrogen Receptor (GPER) in Endometriosis:
Potential Implications for Macrophages and Follicle Maturation. Journal of
Reproductive Immunology 10.1016/j.jri.2012.10.013.

26. Pfaffl MW (2001) A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 29: e45.

27. Ariazi EA, Brailoiu E, Yerrum S, Shupp HA, Slifker MJ, et al. (2010) The G
protein-coupled receptor GPR30 inhibits proliferation of estrogen receptor-
positive breast cancer cells. Cancer Res 70: 1184-1194.

28. Lu JJ, Zheng Y, Kang X, Yuan JM, Lauchlan SC, et al. (2000) Decreased
luteinizing hormone receptor mRNA expression in human ovarian epithelial
cancer. Gynecol Oncol 79: 158-168.

29. Huhtaniemi I (2010) Are gonadotrophins tumorigenic—a critical review of
clinical and experimental data. Mol Cell Endocrinol 329: 56-61.

30. Fujiwara S, Terai Y, Kawaguchi H, Takai M, Yoo S, et al. (2012) GPR30
regulates the EGFR-Akt cascade and predicts lower survival in patients with
ovarian cancer. J Ovarian Res 5: 35.

31. Choi JH, Choi KC, Auersperg N, Leung PC (2004) Overexpression of follicle-
stimulating hormone receptor activates oncogenic pathways in preneoplastic
ovarian surface epithelial cells. J Clin Endocrinol Metab 89: 5508-5516.

32. Choi JH, Choi KC, Auersperg N, Leung PC (2006) Differential regulation of
two forms of gonadotropin-releasing hormone messenger ribonucleic acid by
gonadotropins in human immortalized ovarian surface epithelium and ovarian
cancer cells. Endocr Relat Cancer 13: 641-651.

33. Arias-Pulido H, Smith HO, Joste NE, Bocklage T, Qualls CR, et al. (2009)
Estrogen and progesterone receptor status and outcome in epithelial ovarian
cancers and low malignant potential tumors. Gynecol Oncol 114: 480-485.

34. O’Donnell AJ, Macleod KG, Burns DJ, Smyth JF, Langdon SP (2005) Estrogen
receptor-alpha mediates gene expression changes and growth response in
ovarian cancer cells exposed to estrogen. Endocr Relat Cancer 12: 851-866.

35. Treeck O, Pfeiler G, Mitter D, Lattrich C, Piendl G, et al. (2007) Estrogen
receptor {beta}1 exerts antitumoral effects on SK-OV-3 ovarian cancer cells.
J Endocrinol 193: 421-433.

36. Cheng W, Chen L, Yang S, Han J, Zhai D, et al. (2012) Puerarin suppresses
proliferation of endometriotic stromal cells partly via the MAPK signaling
pathway induced by 17ss-estradiol-BSA. PLoS One 7: €45529.

37. Lenhard M, Tsvilina A, Schumacher L, Kupka M, Ditsch N, et al. (2012)
Human chorionic gonadotropin and its relation to grade, stage and patient
survival in ovarian cancer. BMC Cancer 12: 2.

38. Bolla M, Gonzalez D, Warde P, Dubois JB, Mirimanoff RO, et al. (1997)
Improved survival in patients with locally advanced prostate cancer treated with
radiotherapy and goserelin. N Engl J] Med 337: 295-300.

39. Bartsch R, Bago-Horvath Z, Berghoff A, DeVries C, Pluschnig U, et al. (2012)
Ovarian function suppression and fulvestrant as endocrine therapy in
premenopausal women with metastatic breast cancer. Eur J Cancer 48: 1932—
1938.

40. Hasan J, Ton N, Mullamitha S, Clamp A, McNeilly A, et al. (2005) Phase II trial
of tamoxifen and goserelin in recurrent epithelial ovarian cancer. Br J Cancer
93: 647-651.

41. Bowman A, Gabra H, Langdon SP, Lessells A, Stewart M, et al. (2002) CA125
response is associated with estrogen receptor expression in a phase II trial of
letrozole in ovarian cancer: identification of an endocrine-sensitive subgroup.
Clin Cancer Res 8: 2233-2239.

42. Argenta PA, Thomas SG, Judson PL, Downs LS Jr, Geller MA, et al. (2009) A
phase II study of fulvestrant in the treatment of multiply-recurrent epithelial
ovarian cancer. Gynecol Oncol 113: 205-209.

43. Fisher B, Redmond C, Brown A, Wolmark N, Wittliff J, et al. (1981) Treatment
of primary breast cancer with chemotherapy and tamoxifen. N Engl ] Med 305:
1-6.

August 2013 | Volume 8 | Issue 8 | 71791



