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Abstract

Preeclampsia (PE) is known to be associated with reduced circulating levels of
estrogen. The effects of estrogen in PE are normally mediated by the classical
estrogen receptors (ERs). Intriguingly, a novel estrogen receptor, G-protein coupled
receptor 30 (GPR30), has been recently found to play an important role in several
estrogenic effects. However, the mechanisms by which GPR30 may mediate the
development of PE remain unknown. We observed that the expression of GPR30 in
placental trophoblast cells is lower in preeclamptic placentas compared with
normotensive controls. We then investigated the role of GPR30 in trophoblast cell
invasion by utilizing placental explants and the immortalized human trophoblast cell
line (HTR8/SVneo). The selective GPR30 agonist G1 and a general estrogen
receptors agonist 17-B-estradiol (E2), both improved trophoblast cells invasion by
up-regulating MMP9 expression and the PI3K-Akt signaling pathway. This effect was
abolished by a selective GPR30 inhibitor G15, implying that GPR30 may be involved
in regulating trophoblast invasion, and that deregulation of this receptor may result
in the development of PE. The present study suggests that GPR30 is a critical
regulator of trophoblast cell invasion, and as such may be a potential therapeutic
interventional target for PE and other pregnancy complications resulting from

impaired trophoblast invasion.
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Introduction

Preeclampsia (PE) is a severe pregnancy-associated disorder, which is characterized
by the development of hypertension and proteinuria after 20 weeks of gestation. It
complicates 2-7% of pregnancies globally and significantly contributes to maternal
and fetal mortality[1, 2]. Its etiology and pathogenesis, however, have not yet been

fully elucidated.

Previous studies have shown that defective trophoblast invasion results in shallow
placental implantation and inadequate remodeling of the uterine spiral arteries,
which in turn leads to hypoperfusion of the placenta and ultimately development of
PE and other complications[3-11]. It is clear, therefore, that the maintenance of
appropriate trophoblast cells invasion is critical for normal pregnancy. The

mechanisms regulating trophoblast invasion, however, are yet to be fully understood.

The G protein-coupled estrogen receptor GPER1, also known as GPR30, was first
defined as a novel receptor for estrogen in 2005. Although GPR30 is known to be
involved in pathways that are mediated by the classic ERs, its role in mediating rapid
estrogen responses in a wide variety of cell types distinguishes it from the other
ERs[11, 12].

GPR30 has been intensively studied in estrogen associated cancers, such as breast
cancer, endometrial cancer and chorionic carcinoma. Accumulating evidence suggests
that GPR30 mediates the effects of estrogen in promoting cancer cell proliferation
and invasion[13-17].

Given that trophoblast cells in early pregnancy display a highly invasive phenotype,
which is similar to cancer cells[18, 19], and that circulating estrogen levels are
significantly elevated during pregnancy, it is possible that estrogen plays a role in
regulating trophoblast cell invasion, and that these effects may be mediated by

GPR30. These questions, however, are yet to be addressed.

In this study, we firstly aimed to determine the expression patterns of GPR30 in
placentas from normal and PE complicated pregnancies. We then aimed to study the
role of GPR30 in trophoblast cells invasion, as well as, the underlying molecular

mechanisms, both of which could offer an insight into the pathogenesis of PE.

Materials and Methods



This study was approved by the Ethics Committee of Human Experimentation of the
First Affiliated Hospital of Chongging Medical University. Informed consent was

received from all subjects.
Study populations

A total of 41 singleton pregnant women participated in this study. Human placental
tissue from first trimester (6 and 10 weeks of gestation, n=5 in each group) was
obtained from 10 healthy women undergoing pregnancy interruption by nonmedical
reasons. Fresh term placental tissue was collected from women with preeclampsia
(PE group: n=21) and gestational matched controls (GMCs: normotensive
pregnancies without other complications, n=20); all women were scheduled to
undergo caesarean section at the Department of Gynecology and Obstetrics in The
First Affiliated Hospital of Chongqing Medical University between January 2013 and
May 2014 due to medical need or personal request. The diagnostic criteria of PE
was defined according to the guideline of American College of Obstetrics and
Gynecology[20]. Namely, systolic blood pressure =140 mm Hg or diastolic blood
pressure 290 mm Hg, with proteinuria (>300mg protein in 24 hours or a random
dip-stick urine which measured >1+protein). All cases of chronic medical disorders
such as diabetes mellitus, cardiovascular disease, collagen disorder, chronic renal
disease, chronic hypertension, and metabolic diseases were excluded. Subject

characteristics are shown in Table 1.
Tissue preparation

Sample collection was carried out as described previously[21]. First trimester villous
and placental (maternal side) tissues were harvested within 1 hour of delivery. After
collection, tissues taken from villous and placenta were frozen and stored at -80°C or
fixed in formaldehyde (4%) and then embedded in paraffin for
immunohistochemistry (IHC) studies. Fresh first trimester villous were rinsed in PBS

prior to explant culture.
Reagents

17-B-estradiol (E2) was purchased from Abcam (Cambridge, MA, USA), G1 and G15
were purchased from Sigma ( St. Louis, MO, USA).

Cell culture and treatments



The immortalized human trophoblast cell line HTR8/SVneo was kindly provided by Dr.
C. H. Graham (Queen's University, Kingston, ON, Canada). The cells were cultured
in Medium-1640 (GIBCO, Invitrogen, Carlsbad, CA, USA), supplemented with 10%
(v/v) fetal bovine serum (GIBCO, Australia) at 37°C in 5% CO; in air. HTR8/SVneo
were treated with E2 (0.1pM), G1 (0.01pM) and/or G15 (0.1uM), and then incubated
in 5% CO; incubator (Thermo Fisher Scientific, Basingstoke, UK) for 24 hours, 0.1%
DMSO was used as the control (CON).

Explant culture and treatments

The explant culture was performed as described previously[22] . In brief, 2-3 mm
placental villous tips were dissected from first trimester human placentas (6w—10w)
and cultured in 48-well culture dishes, which were pre-coated with phenol red-free
matrigel substrate (Becton Dickinson, Bedford, MA, USA). The explants were cultured
for 4 hours in 1640 medium supplemented with 20% FBS, 100 IU/ml penicillin and
100 mg/ml streptomycin. Once the explants anchored on matrigel and started to
outgrow, different treatments were administered, and explants incubated in 5% CO;
incubator. The distance EVT cells had migrated was assessed after 24 hours.

Immunohistochemistry (IHC)

IHC was performed as reported previously. Briefly, 5um thick paraffin embedded
tissue sections were deparaffinized in xylene, rehydrated in a serial gradient of
ethanol and then rinsed in PBS. Tissue sections were then quenched sequentially by
using 3% hydrogen peroxide for 15 min and incubated in 10% normal goat serum
(Sigma, St Louis, MO, USA) for 1 hour at room temperature. The slides were then
incubated at 4°C overnight with polyclonal rabbit anti-GPR30 antibody (1:300,
Abcam, ab39742) or polyclonal rabbit anti-cytokeratin7 (CK7) antibody (1:300,
Abcam, ab68459). The slides were then rinsed with PBS, and further incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG for 1 hour at 37°C. 3,3'-
diaminobenzidine (DAB; chromogenic reagent, ZSGB-BIO, China) was used as the
chromogen, and hematoxylin (Sigma) was used as a nuclear counterstain. Negative
controls were prepared by omitting primary antibodies. The Image-Pro Plus software
(version 6.0, NIH image) was used to measure the integrated optical density values;
5 view fields were randomly selected for each slide, and experiments were repeated

in triplicate.

Western blotting



Western blotting was performed according to the approach previously established in
our laboratory[21, 23]. After treatment, proteins were extracted from HTR8/SVneo
cells for Western blotting. The primary antibodies used were anti-GPR30 (1:2000,
Abcam, ab154069), anti-MMP9 (1:1000, CST, #3852), anti-p-PI3K (1:1000, CST,
#4228), anti-PI3K (1:1000, CST, #5405), anti-p-Akt (1:1000, CST, #9271), anti-Akt
(1:1000, CST, #9272) and anti-B-actin (1:1000, ZSGB-BIO, TA-09).

Transwell cell invasion assay

Transwell cell invasion assays were performed as reported previously[24]. In brief,
24-well plates were used as the outer chambers and polycarbonate filters (8-um
pores, Transwell chamber, Millipore) were used as the inner chambers. The inner
chambers were coated with 70ml of 10ug/ml matrigel for 2 hours at 37°C. 1.0x10°
HTR8/SVneo in 200ul serum-free media were inoculated into each of the inner
chambers and 700 pl medium supplemented with 10% FBS was added into the outer
chamber of each well. After 24 hours of incubation at 37°C, the cells on the upper
surface of the filter were completely removed by gently scraping with a cotton swab,
and the invasive cells were fixed with 90% methanol for 10 min and then stained
with 0.5% crystal violet. A light microscope (IX51; Olympus, Japan) was used to

count the number of migrated cells, and the experiment was performed in triplicate.
Immunofluorescence (IF)

The immunofluorescence staining of GPR30 in HTR8/SVneo was performed as
previously described[24]. After treatment, the cells were fixed with formaldehyde
(4%) and blocked with 10% normal goat serum (Sigma, St. Louis, MO, USA), then
incubated with anti-GPR30 antibody for 48 hours (1:250, Abcam, ab154069). A
fluorescein isothiocyanate-conjugated goat anti-rabbit antibody (1:50 Santa Cruz
Biotechnology, CA, USA) was then applied for 1 hour at room temperature.
Presidium iodide (3mg/mL) was used as a nuclear stain. Images were acquired by

confocal microscopy (FV10i; Olympus, Japan).
Statistical analysis

All the data are expressed as mean + standard deviation (SD). The statistical
analyses were performed with GraphPad Prism software (version 5.0). p<0.05 was

considered statistically significant.

Results



Clinical characteristics

Clinical data from all the subjects are summarized in Table 1. All the subjects were
similar in maternal age, body mass index (BMI), nulliparity, length of gestation and
all denied having a history of smoking. The women complicated with PE had
significantly higher mean arterial pressure (MAP), 24-hours proteinuria and

significantly lower neonatal birth weight and placental weight.

PE is associated with compromised placental GPR30 expression.

IHC staining of placental villi demonstrated that GPR30 is highly expressed in the
outer trim of villi of first trimester placentas (6 weeks and 10 weeks of conception).
Further investigation, using CK7 staining, identified these cells as extravillous
trophoblasts (Fig.1). GPR30 expression was then investigated in term placenta.
Intriguingly, semi-quantification of IHC staining demonstrated that GPR30 expression
was significantly higher in term placentas from the gestational matched control (GMC)
compared with the PE group (Fig.2, A, B). And this has been further confirmed by
western blot, which shows that GPR30 expression was reduced more than 35% in PE

placentas compare to GMC group. (Fig.2, C, D)

HTR8/SVneo cells invasion is altered by pharmacological modulations of
GPR30

Immunofluorescent staining was initially performed to determine GPR30 expression
in HTR8/SVneo cells. The result suggested that GPR30 was highly expressed in
HTR8/SVneo cells(Fig.3A); this was further confirmed by western blots (Fig.3B).

As show in Fig.4, the invasive capability of HTR8/SVneo cells was enhanced about 2
fold by the treatments of E2 or GPR30 specific activator G1, while the effects of E2
were totally blocked by the addition of G15, a specific GPR30 inhibitor.

GPR30 upregulates PI3K/Akt pathway and MMP9 expression in
HTR8/SVneo cells

Immunobloting demonstrated that basal GPR30 expression was very low in

HTR8/SVneo cells, but was gradually upregulated by extended incubation with E2.



The upregulation of GPR30 protein expression by E2 occurred in a time-dependent
manner, and the highest GPR30 expression was observed after 24 hours of E2
incubation (Fig.5A, B). Surprisingly, the changes in MMP9 expression in
HTR8/SVneo cells were similar to those observed with GPR30 in response to E2
treatment (Fig.5C). To further confirm the regulatory effects of GPR30 on MMP9
expression, E2, G1 and G15 were applied to HTR8/SVneo cells; both of E2 and G1
increased MMP9 expression, although G15 didn't show significant inhibitory
effects on MMP9 expression (Fig.6A).

In addition, treating HTR8/SVneo cells with E2 or G1 increases phosphorylation of
PI3K, and this effect was antagonized by treatment with G15 (Fig.6B). In consistent,
modulation of GPR30 demonstrated similar effects on PI3K downstream AKt

phosphorylation. (Fig.6C).

Estradiol induced outgrowth in placental extravillous explants is mediated
by GPR30

To validate our findings from the in vitro cell model, the effects of pharmacological

modulation of GPR30 on villous explant outgrowth have been further evaluated.

As shown in Fig.7 (A-E), treatment with either E2 or G1 resulted in an increase in
explant migration distance compared to controls. However, additional G15
counteracts E2 induced trophoblast migration, with notable disarrangement of
trophoblast cells at the rims of villous explants. GPR30 expression in the explants
was confirmed by IF staining; the expression pattern was similar to that seen in the

cell model (Fig.7a-e).

Discussion

PE is a life threatening pregnancy complication associated with multi-system
disorders[25]. Despite extensive research, the etiology and pathogenesis of PE have
not yet been fully elucidated. Accumulating evidence, however, has demonstrated
that compromised trophoblast invasion is associated with PE. It is known that
trophoblasts invade the uterus and maternal spiral arteries during the first trimester

of pregnancy, resulting in decidulization and remodeling of the spiral arteries, effects



that are critical for maintaining normal pregnancy. Insufficient invasion of trophoblast
cells into decidua contributes to shallow placental implantation and inadequate
conversion of the uterine spiral arteries[4, 7, 10, 11, 26], which in turn will lead to
poor perfusion of the placenta, and H/R injury in placenta cells, all of which have
been associated with the development of PE[3, 11, 27]. Trophoblast cells have been
compared with cancer cells, due to their similar invasive phenotype[18, 19]. There
are, however, some important differences. For instance, although trophoblast cells
are highly invasive in the early stage of pregnancy, this invasive phenotype gradually
declines to avoid excessive invasion of placental tissue in the uterus, as observed in

e.g. retained placenta. This differs to cancer cells, which has persistent invasiveness.

Various theories have been proposed regarding the possible changes to the
regulatory mechanism(s) of trophoblast cell invasion resulting in PE. These include
increased inflammation, a natural killer cell mediated immune response, and
nutritional imbalance[28-31]. However, the possible role of hormones in regulating
trophoblast cell invasion, and therefore their possible contribution to the

development of PE, has not been fully understood.

Steroid hormones are involved in regulating various cellular events by activating a
receptor family of transcription factors. The concentration of estrogens dramatically
increases following conception and reaches a peak at term, indicating it is vital for
gestation[32]. Estrogens influence gene expression, growth and cellular
differentiation in target tissues by activating estrogen receptors. Intriguingly, estriol
and estradiol concentrations are significantly lower in placental tissue from PE
complicated pregnancies[33]. A liquid chromatography mass spectrometry study
demonstrated that an aberrant plasma level of estrogen was associated with PE;
estradiol-173 was significantly lower in women with both mild PE (mPE) and severe
PE (sPE), while estriol was only lower in cases sPE [34]. In addition, the circulating
level of an estrogen metabolite, 2-Methoxyestradiol (2-ME) is significantly
upregulated in normal pregnancy when compared to the menstrual cycle. However,
plasma levels of 2-ME are significantly reduced in women with PE[35]. This is
consistent with animal studies that demonstrated that a deficiency in catechol-O-

methyl transferase, and a subsequent reduction in 2-ME concentration, resulted in



the development of PE-like symptoms[36]. Taken together, this evidence supports

the hypothesis that estrogens play an important role in PE development.

Estrogens trigger numerous transduction signaling pathways through its classical
receptors ER « and ER B . It has been reported that elevated ER « mRNA and protein
levels are associated with sPE [37], and ER B is also significantly elevated in
trophoblast cells of placentas from women with PE [38]. A novel estrogen receptor,
GPR30 has been shown to play a significant role in mediating estrogen-induced
invasion in various cancer cells[15, 39, 40]. In particular, it has been noted that
GPR30 mediates 17-B-estradiol induced migration and invasion of breast cancer
cells[41, 42]. Therefore, it has been proposed that GPR30 is involved in regulating
trophoblast invasion by mediating the effects of estrogen or its metabolites[19].
However, solid evidence demonstrating the ability of GPR30 to modulate placental

trophoblast cell invasion remains elusive.

In the present study, we are the first to report GPR30 expression in placenta,
specifically in trophoblast cells, through out the entire course of pregnancy. This
indicates that GPR30 could play a very important role in maintaining normal
pregnancies, and the predominant localization of GPR30 in trophoblast cells implies it
may be critical for trophoblast function.

In addition, placentas collected at term from pregnancies complicated by PE
demonstrated a dramatic reduction in GPR30 expression, suggesting this might be a
causative factor in the pathogenesis of PE, although larger sample size and
additional ethnical groups should be included for further validating this finding. The
mechanisms that underlying the reduction of GPR30 in PE placenta haven't been fully
elucidated by this study, however, the most recent work has shown that the rate-
limiting enzyme of estrogen production from androgen, aromatase, is compromised
in PE placenta[43], which is consistent with previous finding that estradiol expression
is repressed in PE [37]. In the present study, we demonstrated that GPR30
expression could be induced by estradiol treatment in trophoblast (Fig5A, B). Taken
together, this information implies that the down-regulation of placental GPR30 in PE
could be attribute to aberrant estrogen synthesis.



Considering that trophoblast invasion is dramatically reduced in term placenta
compared to first trimester, and that shallow trophoblast invasion primarily occurs in
early pregnancy, term placenta is not ideal for studying trophoblast invasion. Thus,
in this study we utilized an immortalized human trophoblast cell line and primary first

trimester villi explants to investigate the effects of GPR30 on trophoblast invasion.

Pharmacological manipulations of GPR30 activity have been applied to a number of
/n vitro models including primary placental explants and an immortalized human
trophoblast cell line (HTR8/SVneo), both of which are well established models used
to study trophoblast invasion[44]. Our data demonstrated that the invasive capacity
of explants and HTR8/SVneo cells could be significantly up-regulated by both the
selective GPR30 agonist G1 and a general estrogen receptor agonist E2. The effects
of G1 and E2 can be subsequently abolished by co-incubation with the selective
GPR30 inhibitor G15. These results strongly support the hypothesis that GPR30,
rather than the classical ERs, plays a major role in mediating estrogen-regulated
trophoblast invasion. However, G15 treatment alone failed to result in a significant
reduction in trophoblast invasion compared with control; this may be due to
relatively low basal activity of GPR30 in HTR8/SVone cells. Alternatively, the adaptive
signaling pathways that are also involved in regulating trophoblast invasion may

have compensated for the loss of GPR30 function.

It is well known that migratory trophoblast cells express MMPs, cathepsins, and
urokinase plasminogen activator, which are able to degrade extracellular matrix
(ECM) of uterus tissue, and thus facilitate extravillous trophoblast (EVT) invasion [45,
46]. To further elucidate the mechanisms that underlie GPR30-mediated trophoblast
invasion, we investigated the effects of GPR30 on the expression of MMPs. We found
that treatment with both E2 and Gl was able to induce MMP9 expression in
HTR8/SVone cells, but that co-incubation with G15 dramatically inhibited MM9
protein expression. These data support the proposal that MMP9 is a downstream
effector of GPR30.

Numerous cancer studies have shown that the PI3K/Akt pathway promotes cancer

cell invasion and tumor metastasis by upregulating the expression of MMPs[47-49].



To further validate whether the effects of GPR30 on trophoblast invasion were
mediated by PI3K/Akt-MMP9, we determined the effect of GPR30 agonists on the
PI3K/Akt signaling pathway. Our data elucidated that both E2 and G1 treatment
significantly augmented the phosphorylation levels of both PI3K and Akt, while such
activation of PI3K/Akt pathway was attenuated by G15 treatment. The response of
PI3K/Akt to GPR30 modulation is in accordance with increased MMP9 expression,
suggesting PI3K/Akt could be coupled with MMP9 expression in trophoblast cells to

mediate GPR30-regulated cell invasion.

In conclusion, the present study demonstrates that GPR30 is expressed in human
trophoblast cells and its expression is significantly impaired in PE. Moreover,
pharmacological modulation of GPR30 is able to regulate HTR8 invasion /in vitro, and
such effects may be mediated by the PI3K/Akt-MMP9 signaling axis. Therefore,
modulation of GPR30 could be promising for benefiting PE and other pregnancy

complications associated with impaired trophoblast invasion.
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Table 1

Clinical characteristics of the two groups

Category Preeclampsia group Normotensive group
Number 21 20

Age (years) 28.04+3.05 27.69+ 3.12
Length of gestation (weeks) 35.48 + 1.65 37.92 £0.98
Nulliparity (%) 64.66% 80%

MAP (mm Hg) 118.71 £5.14% 85.90 £3.60
24-Hour proteinuria (g) 2.09+0.56* 0.08+0.03
Smoking history None None

BMI (kg/m2) 24.01+2.60 24.70+2.34
Neonatal birth weight (g) 2493.04+246.19*  3016.49+320.98
Placental weight (g) 454.28+40.07** 542.45+53.72

*p<0.01, **p<0.05



Figure legends
Fig.1: GPR30 is expressed in first trimester human placental villi.

(A) Immunohistochemistry (IHC) of GPR30 in first trimester villous tissue at different
gestational ages. Cytokeratin 7 (CK7) staining labels extravillous trophoblast cells.
Bars: 100pum. Insets: Higher magnification views. 5 view fields were randomly selected
from each sample (B) Quantification of GPR30 IHC staining of first trimester villous

tissue.



Fig.2: GPR30 is expressed in third trimester human placental tissue.

(A) Immunostaining of GPR30 in villi of term placenras, from pregnancies
complicated by PE and gestational matched control (GMC). CK7 staining
demonstrates extravillous trophoblast cells. Negative controls were prepared by
omitting the primary antibody. Bars: 100pm. Insets: Higher magnification views (B)
Semi-quantitative immunohistochemistry analysis of GPR30 expression in placental tissue,
5 view fields were randomly selected from each sample (*p<0.001, n=3). (C)
Representative Western blots of GPR30 in third trimester placental tissue from cases
of PE and GMC. B-actin was used as a loading control (here and after); (D) GPR 30

protein expression quantification of PE and GMC placentas (*p<0.01, n=3).



Fig.3: GPR30 expressed in HTR8/SVneo cells.

(A) Confocal microscopic images of GPR30 immunofluorescent staining in
HTR8/SVneo cells. The primary antibody was omitted in the negative control panel.
Bars: 75um, insets: higher magnification views. (B) Immunoblot of GPR30 in
HTR8/SVneo cells.



Fig.4: GPR30 activation promotes HTR8/SVneo cell invasion.

(A-E) Representative images of filters containing cells from the matrigel invasion
assay are shown (A) Controls; (B) E2 treatment; (C) G1 treatment; (D) G15
treatment; (E) E2+G15 treatment; (F) Quantification of transwell assay (*p<0.01 vs.

CON, #p<0.01 vs. E2); Experiment was repeated 3 times.



Fig.5: E2 treatment increases GPR30 and MMP9 expression in HTR8/SVneo

cells in a time-dependent manner.

(A) Representative Western blots of GPR30 and MMP9 in HTR8/SVneo cells in
response to a time course E2 treatment; (B) Densitometry analysis of GPR30
Western bands (*p<0. 001 vs.0h; #p<0.0001 vs.0h); (c) Densitometry analysis of
MMP9 Western bands (*p<0.05 vs.0h; #,p<0.001 vs.0h); Experiment was repeated 3

times.



Fig.6: MMP9 expression and PI3K/Akt activation is increased in response
to GPR30 modulation in HTR8/SVneo cells.

(A) Representative Western blots of MMP9 in response to E2, Gl and G15
treatments (*p<0.001 vs. CON; #p<0.001 vs. CON); (B) PI3K-phosphorylation in
response to E2, G1 and G15 treatments (* p< 0.05 vs. CON; #p < 0.01 vs. CON); (C)
Akt-phosphorylation in response to E2, G1 and G15 treatments (* p< 0.05 vs. CON;
#p< 0.01 vs. CON; § p <0.01 vs. E2). The densitometry analysis was normalized by

B-actin, experiment was repeated 3 times.



Fig.7: GPR30 on extravillous trophoblast outgrowth in vitro.

(A-E) Extravillous explants were cultured on matrigel, serial pictures of explants
incubated with different treatments were taken using a light microscope. Bars: 100
Mm. (a-e):Immunofluorescent staining of GPR30 in villous explants. Bars: 100 um. (A,
a) CON; (B, b) E2; (C, ¢) G1; (D, d) G15; (E, e) E2+G15; (F) Quantification of villous
explants migration distance (#p<0.05 vs. CON, #p<0.05 vs. E2). 5 view fields were

randomly selected from each treatment.
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