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Huang B, Zhu W, Chang J, Dai X, Yu G, Huang C, Wang E, Li
Z, Lin L, Wang B, Chen J, Xiao T, Niu J, Zhang J. Role of G
protein-coupled receptor 1 in choriocarcinoma progression. Am J
Physiol Cell Physiol 317: C556—C565, 2019. First published June 26,
2019; doi:10.1152/ajpcell.00059.2019.—Choriocarcinoma is charac-
terized by malignant proliferation and transformation of trophoblasts
and is currently treated with systemic chemotherapeutic agents. The
lack of specific targets for chemotherapeutic agents results in indis-
criminate drug distribution. In our study, we aimed to delineate the
mechanism by which G protein-coupled receptor 1 (GPR1) regulates
the development of choriocarcinoma and thus investigated GPR1 as a
prospective chemotherapeutic target. In this study, GPR1 expression
levels were examined in several trophoblast cell lines. We found
significantly higher GPR1 expression in choriocarcinoma cells (JEG3
and BeWo) than in normal trophoblast cells (HTR-8/SVneo). Addi-
tionally, we studied the role of GPR1 in choriocarcinoma in vitro and
in vivo. GPR1 knockdown suppressed proliferation, invasion, and Akt
and ERK phosphorylation in vitro and slowed tumor growth in vivo.
Interestingly, GPR1 overexpression promoted increased proliferation,
invasion, and Akt and ERK phosphorylation in vitro. Furthermore, we
identified a specific GPR1-binding seven-amino acid peptide, LRH7-
G3, that might also suppress choriocarcinoma in vitro and in vivo
through phage display. Our study is the first to report that GPR1 may
play a role in regulating choriocarcinoma progression through the Akt
and ERK pathways. GPR1 could be a promising potential pharma-
ceutical target for choriocarcinoma.
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INTRODUCTION

Choriocarcinoma is the most common epithelial cancer
derived from fetal trophoblastic tissues and results from ab-
normal cellular proliferation of trophoblasts during normal or
abnormal pregnancy (27, 29). Choriocarcinoma exhibits ma-
lignant growth, widespread metastasis, and abnormal invasion
that is distinct from the invasive property of trophoblasts (32).
Choriocarcinoma causes morbidity worldwide, affecting two to
seven in 100,000 pregnancies in North America and Europe, 5
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to 202 in 100,000 pregnancies in Asia, and at an incidence of
5.5% in Africa (2, 9, 32). Currently, chemotherapy is very
effective; the survival rate reaches 90% for patients with
nonmetastatic choriocarcinoma (3, 14, 27, 32). However, for
patients with metastatic choriocarcinoma, complete elimina-
tion of cancer cells through chemotherapy treatment proves
difficult due to mestastasis of choriocarcinomic cells to other
organs (except lung tissue). Compounding this problem, pa-
tients are very likely to develop chemoresistance after chemo-
therapy, leading to chemotherapy failures (25, 28). Therefore,
it is critical to understand the mechanism of choriocarcinoma
development and discover novel pharmaceutical targets for
choriocarcinoma.

Chemerin has been shown to bind to its receptors, chemo-
kine-like receptor 1 (CMKLR1), chemokine (C-C motif) re-
ceptor-like 2 (CCRL2), and G protein-coupled receptor 1
(GPR1) (5, 39), to play a role in carbohydrate metabolism,
adipocyte differentiation, inflammation, and immune responses
(4, 26, 30). Recently, a report has indicated that GPR1 can bind
to FAM19A1, a new ligand, to regulate proliferation and
differentiation in neural stem cells (40). It was previously
reported that circulating chemerin was markedly increased in
obese patients (8) and gestational diabetes mellitus (GDM)
patients, and obesity was positively associated with the risk of
GDM in the first trimester (37). In addition, GPR1 is highly
expressed in adipose tissue and skeletal muscle. Reports have
indicated that GPR1 has a few functions, including a role in
glucose homeostasis in obese and pregnant mice (17, 26) and
direct or indirect control of progesterone levels by regulating
corpus luteum formation (38). With respect to tumors, chemerin
promotes squamous cell carcinoma migration via CCRL2 and
GPRI1, proteins that regulate the MAPK signaling pathway
(12). However, the detailed role of GPR1 in choriocarcinoma
remains unclear.

The molecular mechanism underlying the carcinogenesis of
choriocarcinoma is unclear. Although previous reports found
upregulation of some genes and molecules, including metasta-
sis-associated lung adenocarcinoma transcript 1 [MALATI
(28)], pS3, mouse double minute 2 [MDM2 (15)], epidermal
growth factor receptor [EGFR (33)], and c-Rel (27), and
downregulation of others, including E-cadherin, hypermethy-
lated in cancer 1 protein (HIC-1), tumor suppressor protein
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pl6, tissue inhibitor of metalloproteinase-3 [TIMP3 (36)], and
microRNA (miR)-519d-3p (10), in choriocarcinoma compared
with normal placenta tissue and in choriocarcinoma cell lines
compared with normal trophoblast cells (10, 27, 29).

In this study, we investigated GPR1 in choriocarcinoma. We
examined the upregulated expression of GPRI in choriocarci-
noma cell lines compared with normal trophoblast cells. Ad-
ditionally, we established stable transfection of GPR1-knock-
down and GPR1-overexpressing choriocarcinoma cell lines to
study the role of GPR1 in choriocarcinoma in vitro and in vivo.
At present, our results indicate that GPR1 modulates chorio-
carcinoma cell proliferation and invasion and choriocarcinoma
tumor growth via the Akt and ERK pathways.

MATERIALS AND METHODS

Cell culture. JEG3 cells were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China), BeWo cells were
provided by Stanford University (Stanford, CA), HTR-8/SVneo cells
were provided by Dr. Charles H. Graham, Queen’s University (Kings-
ton, ON, Canada) and cultured in DMEM-F12 (Gibco, Grand Island,
NY) supplemented with 10% fetal bovine serum (FBS; Gibco). Cells
were cultured as previously described. Stable knockdown and over-
expression of GPR1 in JEG3 cells were established using the Lipo-
fectamine 2000 transfection reagent (Invitrogen). The targeted GPR1
short hairpin RNA (shRNA) vector (sense CACTCTCTGATTGT-
CATTATAT, anti-sense ATATAATGACAATCAGAGAGTG; Open
Biosystems, Shanghai, China) contained a puromycin resistance gene
(Invitrogen), and the human GPR1 (NM_001098199.1) expression
vector (Stanford University, Palo Alto, CA) contained a G418 (Ge-
neticin) resistance gene. Transfection with pPSM2C-GPR1-shRNA or
an empty vector and with pcDNA3.0-GPR1 or an empty vector was
carried out according to the manufacturer’s protocol, and cells were
selected via growth in medium containing 2 pg/mL puromycin and
500 pwg/mL G418 for 2-3 wk. The colonized cells were isolated,
amplified, and used for subsequent experiments.

MTT assay. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium] assay was used to evaluate cell proliferation and
viability. To determine the effect of GPR1 on choriocarcinoma cell
proliferation, 5 X 10° stably transfected JEG3 cells per well were
seeded into 96-well culture plates in DMEM-F12 with 10% FBS at
37°C for 24 h. Then, the proliferation ability of JEG3 cells was
measured using MTT at four time points (day 0, 24, 48, and 72 h,
Sigma, St. Louis, MO). MTT (20 p.L, 5 mg/mL) was added to the cells
and incubated for 4 h. Then, the medium containing MTT was
removed, 150 pL of DMSO (Sigma) was added to dissolve the
formazan product, and the absorbance was measured as the OD at 490
nm after 30 min.

To study the effect of the specific binding between GPR1 and
LRH7-G3 (ChinaPeptides, Shanghai, China) on cell viability, 5 X 10°
wild-type JEG3 cells/well seeded into 96-well culture plates in
DMEM-F12 with 10% FBS at 37°C for 24 h. Then, the cells were
starved for 24 h and treated with different concentrations of the
GPRI1-binding seven-amino acid peptide LRH7-G3 (0, 0.01, 0.1, 1,
10, and 100 wM) in the medium with 0.1% FBS for 37°C, and cell
viability was measured using the MTT assay at 24 and 48 h.

Invasion assay. Cell invasion was studied using Transwell cham-
bers containing Matrigel (24-well inserts; 8 pm pore size, 200 pg/mL
Matrigel, BD Biosciences). Stably transfected choriocarcinoma cells
(2 X 10%) were seeded into the upper chamber in FBS-free medium,
and 15% FBS was added to the lower chamber as a chemoattractant.
The plates containing chambers were incubated at 37°C in 5% CO»
for 16 h. Noninvading cells on the surface of the upper chambers were
then gently removed. The invading cells on the surface of the lower
chambers were fixed in methanol for 10 min, stained with 0.5%
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crystal violet for 10 min, and imaged in four randomly selected fields
of view using a light microscope.

Real-time qPCR. Real-time qPCR was performed as previously
described (18, 19). Total RNA was isolated from mouse tissues or
cells using RNA plus liquid kits (Takara, Shige, Japan) following the
manufacturer’s protocol. RNA (0.5 pg) was reverse transcribed into
cDNA using reverse transcription kits (Toyobo, Osaka, Japan). The
expression levels of several genes were determined by real-time
RT-PCR using a Roche LightCycler instrument (Roche, Switzerland)
with SYBR Green (Toyobo) detection according to the manufactur-
er’s protocol. Cycle conditions were 30 s at 95°C followed by 45
cycles at 95°C for 5 s, at 60°C for 10 s, and at 72°C for 10 s. /8srRNA
was the housekeeping gene. RT-PCR primers were as follows: human
primer sequence of /8srRNA (NG_055293: forward CGAAAGC-
ATTTGCCAAGAAT, reverse, AGTCGGCATCGTTTATGGTC, PCR
production 82 bp; Gprl (XM_005246471: forward AATGCCA-
TCGTCATTTGGTT, reverse CAACTGGGCAGTGAAGGAAT, PCR
production 192 bp).

Western blot analysis. Proteins were extracted from cells. Protein
lysates (30-50 wg) were added to SDS-PAGE gels and separated at a
constant voltage (90 V, 30 min; 120 V, 90 min). Then, proteins were
transferred to PVDF membranes at a constant current (250 mA, 2.5 h).
Primary antibodies, including (3-actin, GPR1, phosphorylated (p)Akt/
Akt (CST, Dallas, TX), pERK/ERK (CST), PCNA, and matrix met-
alloproteinase-9 (MMP9, CST) antibodies, and horseradish peroxi-
dase (HRP)-conjugated secondary antibody, including anti-mouse and
anti-rabbit, were used. The bands were detected using an ECL West-
ern Blot Kit (4A Biotech, Beijing, China).

Animal experiments and bioluminescence imaging. Virginal female
8-wk-old BALB/c-null mice were acclimated for 1 wk to their
housing conditions: fresh food and water ad libitum, temperature of
22.0 * 1°C, humidity of 40-60% and a 12:12-h light-dark cycle. To
determine the effect of GPR1 on choriocarcinoma tumor growth, the
mice were randomly divided into two groups. One group of mice
was inoculated subcutaneously with 1 X 10¢ JEG3 cells trans-
fected with the luciferase vector (JEG3-luc) and the control vector
(scramble) and the other with 1 X 10° JEG3-luc cells expressing
the shGPR1 vector. The tumor volume was measured and calculated
according to the formula (mm?®) = 1/2 X length (mm) X width
(mm) X width (mm) every day from day 8 to 17. After 17 days of
observation, the mice were euthanized, and tumors were collected.
Bioluminescence imaging was performed using an IVIS Spectrum
instrument (PerkinElmer) on days 6, 9, and 16. Before imaging,
animals were anaesthetized in 2% isoflurane. Luciferin (150 mg/mL,
10 nL/10 g body wt (Gold Biotechnology) was injected into the mice
15 min before imaging. After 17 days of observation, the mice were
euthanized, and tumors and other organs were collected.

To study the role of LRH7-G3, a specific GPR1-binding seven-
amino acid peptide identified by phage display, in choriocarcinoma
tumor growth, all mice were inoculated subcutaneously with 1 X 10°
wild-type JEG-luc cells, and the mice were randomly divided into four
groups and injected intraperitoneally with different concentrations of
LRH7-G3 (0, 0.3, 3 and 30 mg/kg body wt) daily. The tumor volume
was measured. Bioluminescence imaging was performed at weeks 1
and 2 using the IVIS Spectrum instrument (PerkinElmer). After 17
days of observation, the mice were euthanized, and tumors and other
organs were collected. All animal experiments were approved by the
Committee on the Use of Live Animals for Teaching and Research,
Shenzhen Institutes of Advanced Technology, Chinese Academy of
Sciences. In addition, all animal experimental methods were con-
ducted in accordance with the approved guidelines and regulations.

Confocal microscopy. Colocalization of GPR1 and LRH7-G3 was
determined by confocal microscopy as previously described (7). JEG3
cells were incubated with rabbit anti-GPR1 primary antibody to GPR1
(Wuhan Booute Biotechnology, Wuhan, China) and then incubated
with goat anti-rabbit IgG Alexa 568 (Invitrogen) and LRH7-G3-FITC
(ChinaPeptides).
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Statistical analysis. All data are presented as means = SE. Statis-
tically significant differences were analyzed using Student’s t-test or
one-way ANOVA with GraphPad Prism, trial version 7 (GraphPad
Software, La Jolla, CA). P < 0.05 was determined to be statistically
significant.

RESULTS

Expression of GPRI is significantly upregulated in tropho-
blastic tumor cell lines. To determine the effect of GPR1 on
trophoblast cells, GPR1 expression levels were first measured
by RT-PCR in three trophoblast cell lines. As shown in Fig.
1A, GPR1 expression was significantly upregulated in two
choriocarcinoma cell lines, JEG3 and BeWo, in comparison to
the normal human trophoblast cell line HTR-8/SVneo. Addi-
tionally, Western blotting showed that the translated protein
GPRI1 was also dramatically increased in the choriocarcinoma
cell line (Fig. 1, B and C). These results showed that GPR1
expression was increased in choriocarcinoma cell lines, sug-
gesting its potential involvement in choriocarcinoma progres-
sion.

GPRI knockdown inhibited Akt and ERK phosphorylation in
choriocarcinoma trophoblast cells. To study GPR1-mediated
signal transduction pathways in choriocarcinoma in this study,
we first generated stable knockdown and overexpression of
GPRI in choriocarcinoma cell lines. The expression of GPR1
was significantly decreased in the GPR1 knockdown cell line
(Fig. 2, A, B, and E, a) and significantly increased in the
GPR1-overexpressing cell line (Fig. 2, C, D, and F, a) at both
the mRNA and protein levels. Overall, both Akt and ERK
phosphorylation showed a positive relationship with GPR1
expression. Loss of GPRI resulted in a reduction in Akt and
ERK phosphorylation in the choriocarcinoma cell line (Fig. 2,
B and E, b and ¢). In contrast, Akt and ERK phosphorylation
was visibly increased in the GPR1-overexpressing choriocar-
cinoma cells (Fig. 2, D and F, b and c). These results indicated
that GPR1 could activate both Akt and ERK phosphorylation
in choriocarcinoma cells. Additionally, the Western blot results
displayed that MMP9, proteins marking invasion, were re-
duced in GPR1-knockdown cells (Fig. 2, B, and E, d) and
increased in GPR1-overexpressing cells (Fig. 2, D and F, d).
GPR1 knockdown exhibited reduced PCNA protein expression
(Fig. 2, B and E, e), while GPR1 overexpression increased
(Fig. 2, D and F, e) PCNA protein expression in choriocarci-
noma cells. These results indicate that GPR1 downregulation
inhibited the proliferation and invasion of choriocarcinoma
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cells at molecular levels, suggestive of the role that GPR1
plays in choriocarcinoma progression.

GPRI knockdown inhibited proliferation and invasion of
choriocarcinoma cells via Akt and ERK signaling pathways.
To explore the functions of GPR1 in choriocarcinoma cells, we
evaluated whether GPR1 affects invasion and proliferation,
which are two major characteristics of cancer cells. A transwell
assay was then performed to analyze choriocarcinoma cell
invasion. Compared with the control (scramble) group, the
group with downregulation of GPR1 presented with signifi-
cantly less invasion of choriocarcinoma cells, as shown in Fig.
3, A and C. Overexpression of GPR1, on the other hand,
significantly promoted increased invasion of choriocarcinoma
cells compared with that of the empty vector group (Fig. 3, B
and D). In addition, the transwell assay and Western blots
confirmed that MMPY, proteins marking invasion, were re-
duced in GPR1-knockdown cells (Fig. 3G) and increased in
GPRI1-overexpressing cells (Fig. 3H) compared with control
choriocarcinoma cells. Cell proliferation was significantly re-
duced in GPR1-knockdown (Fig. 3F) and increased in GPR1-
overexpressing (Fig. 3F) choriocarcinoma cells in the MTT
assay. Additionally, the Western blot results for the prolifera-
tion-related protein PCNA were also consistent with the MTT
assay. GPR1 knockdown exhibited reduced PCNA protein
expression (Fig. 3G), whereas GPR1 overexpression increased
(Fig. 3H) PCNA protein expression in choriocarcinoma cells.
These results indicate that GPR1 downregulation inhibited the
proliferation and invasion of choriocarcinoma cells at the
phenotypic level.

It has previously been reported that Akt and ERK play a role
in trophoblastic tumor cells (34). In this study, we have proven
that GPR1 regulates Akt and ERK phosphorylation (Fig. 2).
Thus, we hypothesized that GPR1 may regulate choriocarci-
noma progression through the Akt and ERK pathways. To
further corroborate these results, cells were pretreated with
selective inhibitors of both signaling pathways under condi-
tions of GPR1 knockdown and overexpression. Inhibition of
PI3K kinase by wortmannin (Wor) resulted in reduced Akt
phosphorylation (Fig. 3G). The regulation of MMP9 by GPR1
(Fig. 2) was evaluated. The results indicated that MMP9 was
decreased in GPR1-knockdown choriocarcinoma cells treated
with Wor; U0126, an inhibitor of ERK phosphorylation, re-
duced ERK phosphorylation (Fig. 3H). Interestingly, U0126
reduced MMP9 phosphorylation in choriocarcinoma cells.
Combining this information with the results shown in Figs. 2
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Fig. 2. G protein-coupled receptor 1 (GPR1) regulates Akt and ERK signaling pathways in choriocarcinoma trophoblast cell line JEG3. A and C: quantitative
real-time PCR analysis of GPR1 mRNA expression in choriocarcinoma cells with GPR1 knockdown (A) and GPR1 overexpression (C). B and D: Western
blotting analysis of GPR1, ERK/phosphorylated (p)ERK, and Akt/pAkt protein expression in choriocarcinoma cells with GPR1 knockdown (B) and GPR1
overexpression line (D). MMP9, matrix metalloproteinase-9. E, a—e: quantification of protein expression from B. F, a—e: quantification of protein expression
from D. Three independent experiments were performed. Results are expressed as means = SE. **P < 0.01, ***P < 0.001.

and 3 indicated that GPR1 knockdown suppressesed the inva-
sion and expression of matrix metalloproteinases (MMPs) (Fig.
3, C, E, and G). These results suggest that GPR1’s role in
invasion involves its regulation of invasion-related proteins
through the ERK pathway but not the Akt pathway. MTT
assays were used to evaluate the effect of the Akt and ERK

pathways on proliferation. The results showed that de-
creased Akt phosphorylation resulted in a decrease in the
proliferation rate. As shown in Fig. 3, E and I, the prolif-
eration rate was significantly decreased both in GPRI-
knockdown choriocarcinoma cells compared with control
(scramble) cells and in control (scramble) choriocarcinoma
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analysis of proliferation in choriocarcinoma cells with GPR1 knockdown (E)

and GPRI1 overexpression line (F), respectively. Western blotting analysis of

expression of phosphorylated (p)Akt/Akt, pPERK/ ERK, and the invasion-related protein matrix metalloproteinase-9 (MMP9) in choriocarcinoma cells with GPR1
knockdown that were treated with a pAkt inhibitor [wortmannin (Wor); G] and a pERK inhibitor (U0126; H). MTT assay analysis of proliferation in the
GPR1-knockdown choriocarcinoma cells treated with a pAkt inhibitor (Wor; /) and a pERK inhibitor (U0126; J) and in the GPRI-overexpressing
choriocarcinoma cells treated with a pAkt inhibitor (Wor; K) and a pERK inhibitor (U0126; L). Three independent experiments were performed. Results are

expressed as means = SE. *P < 0.05, **P < 0.01,***P < 0.001.

cells treated with Wor compared with control cells treated
with DMSO for 24 h. The proliferation rate was signifi-
cantly decreased in both scramble and GPRI1-knockdown
choriocarcinoma cells treated with Wor compared with
corresponding cells treated with DMSO for 48 h. Overall,
proliferation was significantly increased in GPRI-overex-
pressing cells compared with empty vector-transfected cho-

riocarcinoma cells (Fig. 3F). Inhibition of Akt phosphory-
lation limited the proliferation of GPRI-overexpressing
choriocarcinoma cells treated with Wor compared with that
of cells treated with DMSO for the 24- and 48-h time points
(Fig. 3K). However, significant differences in proliferation
were not observed in treatments with U0126, an inhibitor of
ERK phosphorylation (Fig. 3, J and L). These results indi-
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cated that GPR1 regulated proliferation via the Akt signal-
ing pathway but not ERK in choriocarcinoma cells.

GPRI1 knockdown suppressed choriocarcinoma tumor growth.
To investigate whether GPR1 plays a role in choriocarcinoma,
tumor models were generated by subcutaneous inoculation of
either JEG3-luc cells expressing the control vector (scramble)
or 1 X 10° JEG3-luc cells expressing the shGPR1 vector.
Tumor volumes and weights were measured. The tumor vol-
umes (Fig. 4, A and B) and weights (Fig. 4D) were significantly
decreased after GPR1 knockdown. GPR1 knockdown sup-
pressed choriocarcinoma tumor growth (Fig. 4, C and E); this
result was further confirmed using in vivo imaging at 6, 9, and
16 days after injection. Quantification of the results in mice
showed that GPR1 knockdown decreased the intensity of the
quantified region of interest (ROI) and that there was a
statistically significant difference at day 16, as shown in Fig.
4F. These results indicated that the knockdown of GPRI
could slow the tumor growth of choriocarcinoma in a mouse
model.

LRH7-G3, a specific GPRI-binding peptide, suppressed
choriocarcinoma tumor growth. The results above indicate that
GPR1 is involved in regulating choriocarcinoma progression in
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vitro and in vivo. We also explored the potential of GPR1 as a
pharmaceutical target for choriocarcinoma. LRH7-G3, a spe-
cific seven-amino acid peptide binding to GPR1, was identified
via phage display technology by our laboratory (7). Confocal
microscopy was performed to observe the specific binding of
LRH7-G3 to GPR1 in choriocarcinoma cells. As shown in Fig.
5A, the GPR1 staining (red) was stronger in the choriocarci-
noma cells than in the similar cells with GPR1 knockdown. In
addition, GPR1 and LRH7-G3 (FITC) were colocalized in the
choriocarcinoma cells, and the LRH7-G3 staining (green) was
consistent with the GPR1 staining in choriocarcinoma cells.
Then, MTT assays were used to evaluate the proliferation
ability of choriocarcinoma cells treated with the different
concentrations of LRH-G3 (0, 0.01, 0.1, 1, 10, and 100 pM).
Choriocarcinoma cells treated with the highest concentration
(100 wM) dispayed significantly lower rates of proliferation
compared with cells treated with the lower concentrations of
LRH-G3 for 24 and 48 h (Fig. 5B). In addition, LRH7-G3
could also inhibit Akt/pAkt (Fig. 5, C—G) and ERK/pERK,
PCNA, and MMP9 protein in wild-type JEG3 cells, which
were consisted with in GPR1-knockdown JEG3. These data
suggest that LRH7-G3 may specifically bind to GPR1 and

Scramble shGPR1

Fig. 4. G protein-coupled receptor 1 (GPR1)-
* related choriocarcinoma tumor growth. A and B:
tumor volumes were measured (A) and area under
the curve (AUC; B) was calculated from A. C:
representative images of the whole resected tu-
mor are shown. D: tumor weight was measured at
day 16. E: tumor sites were evaluated via in vivo
images of mice with an IVIS Spectrum optical
imaging system. F: fluorescence signals of tumors
were quantitated from E. ROI, region of interest.
Results are expressed as means = SE. *P < 0.05,
#*p < 0.01, ***P < 0.001.
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(MMP9) protein expression in JEG3 treatment with different concentrations of LRH7-G3. D-G: quantification of protein expression from C. Three independent
experiments were performed. Results are expressed as means * SE. *P < 0.05, **P < 0.01, and ***P < 0.001.

subsequently limit choriocarcinoma cell proliferation through
GPRI1 signaling. Additionally, animal experiments were per-
formed to obtain further evidence proving the suitability of
GPR1 as a pharmaceutical target for choriocarcinoma. Tumor
models were generated by subcutaneous inoculation of 1 X 10°
JEG3-luc cells treated with concentrations of LRH7-G3 (0, 0.3,
3, and 30 mg/kg) by intraperitoneal injection daily. Tumor
volumes were measured, and the volumes were quantified
according to the areas under the curve (AUCs). As shown in
Fig. 6, A and B, compared with the control, groups treated with
LRH7-G3 presented with significantly decreased choriocarci-
noma tumor growth. The tumors in these groups also appeared
to shrink compared with those of the controls, as found in the
mice that were euthanized 17 days after injection (Fig. 6C).
Tumor weights were also significantly decreased in the mice
treated with the different concentrations of LRH7-G3 com-
pared with the control mice (Fig. 6E), which was also con-
firmed by in vivo imaging. Quantification of mice showed that
GPR1 knockdown decreased the intensity of the quantified
ROI by a statistically significant difference (Fig. 6F). Addi-
tionally, tumor and kidney morphologies in groups treated with
different concentrations of LRH7-G3 were analyzed by hema-
toxylin and eosin (HE) staining. Apoptosis was identified

according to recently recommended morphological features
(11, 21). Apoptotic cells with cytoplasmic and nuclear conden-
sation and nuclear fragmentation (arrows) were observed in the
LRH7-G3 groups (Fig. 6G). A drug toxicity test was performed
by evaluating the kidney. According to HE staining, compared
with the controls, LRH7-G3 did not significantly alter the
morphology of the glomeruli (Fig. 6G). These results indicated
that LRH7-G3, a specific GPR1-binding peptide, suppressed
choriocarcinoma progression and that GPR1 may be a potential
pharmaceutical target for choriocarcinoma.

DISCUSSION

In this study, we evaluated the expression of GPRI in
several trophoblastic cells, including normal and choriocarci-
noma cell lines, due to the lack of clinical samples. We first
found choriocarcinoma cell lines, BeWo and JEG3, that ex-
pressed higher levels of GPR1 than that of a normal cell line,
HTRS8/SVneo. BeWo and JEG3 are derived from choriocarci-
noma, and HTR8/SVneo was developed from first trimester
extravillous trophoblasts infected with simian virus 40 large T
antigen (1, 13, 16). We found that loss of GPR1 function
resulted in supressed choriocarcinoma cell proliferation in vitro
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and in vivo, decreased invasion in these lines, and decreased
Akt and ERK pathway phosphorylation. Our study provides
the first evidence for a mechanism by which GPR1 regulates
choriocarcinoma progression.

In a previous study, GPR1 was detected in adipose tissue,
muscle, pancreas, and neural stem cells (30). Additionally, it
has been reported that GPR1 plays a role in lipid metabolism
(20), glucose homeostasis (26), and stem cell differentiation
and proliferation (40). However, GPR1 has not previously been
shown to play a role in trophoblast physiology. Although
chemotherapy provides high cure rates for most patients with
choriocarcinoma, patients are very likely to develop chemore-
sistance after chemotherapy, leading to chemotherapy failures.

Hence, it is urgent that novel pharmaceutical targets for cho-
riocarcinoma are found and developed for use.

First, our experiments showed that proliferation was signif-
icantly decreased in GPR1-knockdown JEG3 cells and in-
creased in GPR1-overexpressing JEG3 cells. Western blotting
analysis showed a PCNA decrease in GPR1-knockdown cells
and a PCNA increase in GPR1-overexpressing cells. PCNA is
a cell proliferation marker; it is present only during active
phases of the cell cycle (6) and is a member of the DNA sliding
clamp family of proteins involved in DNA replication and
repair. PCNA can also form complexes with cyclin-CDK
complexes, whose phosphorylation is stimulated, leading to
control of cell cycle progression (23). As shown by our results,
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choriocarcinoma cell line proliferation may be regulated by the
Akt pathway (32, 34). Akt phosphorylation was downregulated
in GPR1-knockdown JEG3 cells and upregulated in GPRI1-
overexpressing JEG3 cells. Further supporting our results, it
has previously been reported that GPR1 could be involved in
progesterone secretion through the phosphoinositide 3-kinase
(PI3K)-Akt pathway (38). Additionally, in GPR1-overexpress-
ing JEG3 cells, we observed a reduction in proliferation after
treatment with a PI3K inhibitor. This result demonstrates that
GPRI regulates choriocarcinoma cell proliferation through the
PI3K-Akt pathway.

Second, GPR1 is a key factor in choriocarcinoma cells and
a strong activator of their invasion. Invasion was significantly
suppressed by GPRI1 knockdown and promoted by GPRI1
overexpression in JEG3 cells. We not only found that both Akt
and ERK phosphorylation were different in stably transfected
JEG3 cells, but we also showed that GPR1 regulates invasion
and invasion-related molecules, including MMP9. According
to previous studies, the ERK pathway is regarded as the main
signaling pathway involved in breast cancer (24). Collectively,
we observed a reduction in MMP9 in stably transfected JEG3
cells treated with the ERK1/2 inhibitor U0126. Therefore, our
results indicate that GPR1 regulates choriocarcinoma cell in-
vasion through the ERK pathway. The gelatinase MMP9 is
expressed on trophoblast cells and has already been reported to
be a key enzyme in the choriocarcinoma invasion process (35).

Additionally, we also showed that tumor growth was slowed
after reducing GPR1 in vivo by a tumorigenesis model. These
results indicate that GPR1 may be a potential pharmaceutical
target for choriocarcinoma. Therefore, we used phage display
to identify a peptide that specifically binds to GPR1 to treat
choriocarcinoma tumors in vivo by phage display, as previ-
ously described (22). In our study, we used a phage-displayed
heptapeptide library to identify GPR1 antagonists, and we
successfully isolated the seven-amino acid peptide named
LRH7-G3. Thus far, we have not found any related antago-
nists for GPR1. Choriocarcinoma tumorigenesis showed that
LRH7-G3 had high effectiveness in suppressing tumor growth.
At present, there are some reports showing that some mole-
cules and genes, including MALAT1, p53, MDM2, EGFR, and
c-Rel or E-cadherin, HIC-1, p16, TIMP3, and MiR-519d-3p,
affect choriocarcinoma progression. However, these studies
remain in the laboratory stage and we did not use tools to
isolate drugs or chemical reagents as treatment targets. Al-
though we evaluated cells with GPR1 downregulation and
knockdown in our study, we have no clinical samples to
confirm whether GPR1 is highly expressed in choriocarci-
noma.

In summary, our findings support our hypothesis that GPR1
is a key regulator for choriocarcinoma. However, future studies
will be needed to further this investigation on GPR1 signaling.
In conclusion, we have successfully identified an antagonist
that is highly effective in treating tumors in vivo. Therefore,
our study has discerned a promising potential pharmaceutical
target for treating choriocarcinoma in a safer and less toxic
manner than multiagent chemotherapies. The GPR1 antagonist
LRH7-G3 was identified to have an effect in a variety of
cancers characterized by the upregulation of GPRI.
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