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Abstract: Implantation consists of a complex process based on coordinated crosstalk between the
endometrium and trophoblast. Furthermore, it is known that the microenvironment of this fetal—
maternal interface plays an important role in the development of extravillous trophoblast cells. This
is mainly due to the fact that tissues mediate embryonic signaling biologicals, among other mole-
cules, prostaglandins. Prostaglandins influence tissue through several cell processes including dif-
ferentiation, proliferation, and promotion of maternal immune tolerance. The aim of this study is to
investigate the potential pathological mechanism of the prostaglandin E2 receptor 4 (EP4) in mod-
ulating extravillous trophoblast cells (EVTs) in unexplained recurrent marriage (uURM). Our results
indicated that the expression of EP4 in EVTs was decreased in women experiencing uRM. Further-
more, silencing of EP4 showed an inhibition of the proliferation and induced apoptosis in vitro. In
addition, our results demonstrated reductions in - human chorionic gonadotropin (hCG), proges-
terone, and interleukin (IL)-6, which is likely a result from the activation of the cyclic adenosine
monophosphate (cAMP)- cAMP-dependent protein kinase A (PKA)-phosphorylating CREB
(pCREB) pathway. Our data might provide insight into the mechanisms of EP4 linked to trophoblast
function. These findings help build a more comprehensive understanding of the effects of EP4 on
the trophoblast at the fetal-maternal interface in the first trimester of pregnancy.

Keywords: unexplained recurrent miscarriage (uRM); prostaglandin E2 receptor 4 (EP4); extravil-
lous trophoblast cells (EVTs); phosphorylating CREB (pCREB)
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1. Introduction

The European Society of Human Reproduction and Embryology (ESHRE) guidelines
define the concept of recurrent miscarriage (RM) as two or more consecutive failed clinical
pregnancies confirmed by histopathology or ultrasound before the first 20 weeks of ges-
tation [1]. The classification of RM etiology consists of the following factors: inherited/ge-
netic factors, endocrine, immunological, antiphospholipid syndrome (APS) and environ-
mental factors [1]. RM represents the most challenging and complex area of reproductive
research. However, the reasons for approximately 50% of RM cases remain idiopathic,
known as unexplained uRM [1].

Trophoblast cells represent the primary cells which play an essential role in implan-
tation and human placental formation, and can compromise embryonic growth and de-
velopment [2]. Considering the complex situation of the placenta in fetal-maternal com-
munication, it is easy to understand its diverse function at different stages [3]. Within the
first weeks of pregnancy, the human placenta generates trophoblasts with diverse biolog-
ical functions including attachment of the conceptus to the uterine wall, establishment of
early nutrition and adaption of the maternal uterine vasculature [2,4]. Trophoblast de-
rived from the trophectoderm (cytotrophoblasts) are progenitors and differentiate into
extravillous trophoblasts (EVTs) and syncytiotrophoblasts (STBs), from which multiple
functions develop [5]. Current research sustains that disfunction of the extravillous troph-
oblasts (EVTs) might lead to early and late uRM [6].

Prostaglandin E2 (PGE2) activates four plasma membrane G-protein-coupled EP re-
ceptors (EP1-EP4) which subsequently lead to activation of several signaling pathways,
three nuclear receptors, and peroxisome-proliferator-activated receptors (PPARa,
PPARf/d, PPARY) which stimulate gene transcription in target tissues [7,8]. In regard to
the role of PGE2 in reproductive medicine, there are different studies which highlight its
role in ovulation, embryonic development, and early implantation failure [9-11]. The
trophoblast and decidual cells synthesize PGE2 within the first trimester of pregnancy
[12,13].

Despite the impressive amount of research investigating the role of PGE2 in the fe-
male reproductive system, there are still intriguing questions which have not been an-
swered. Our group conducted some primary research to examine the level of PGE2 recep-
tors (EP1, EP2, EP3, and EP4) within the maternal-fetal interface in uRM patients and
normal pregnancy. Our previous studies demonstrated that EP3 expression was increased
in STBs, which led to upregulation of the inflammatory microenvironment, extracellular
matrix remodeling, and hormone production within the fetal-maternal interface of uRM
patients [14]. Moreover, it was found that EP2 and EP4 expression was much lower at
both syncytium and decidual level in samples obtained from patients who experienced a
uRM [15]. In addition, the same work demonstrated that EP2 inhibition significantly im-
pacted the regulation of inflammatory cytokines, proliferation, and secretion of hormone
production in HTR-8/SVneo. Furthermore, other research indicated PPARY decreased
within the trophoblasts, and PPARYy is involved in M2 polarization in decidual macro-
phages in uRM, thus suggesting that downregulation of PPARy modulated the microen-
vironment at the maternal-fetal interface in recurrent miscarriage [16]. Our group’s pre-
vious work found that the expression of EP4 was decreased in the syncytiotrophoblasts
(STBs) within the first trimester of pregnancy in the uRM group compared to healthy con-
trols. Nonetheless, its expression and potential function in regulating EVTs remains rele-
vant for future studies, and the its molecular pathological mechanism in trophoblast func-
tion is still unknown.

The main aim of our study is to identify the molecular mechanism involved in EP4
signaling and its impact on trophoblast phenotype. Additionally, we will examine the po-
tential effects of EP4 modulation of trophoblast cell functions like secretion, invasion,
apoptosis, proliferation, and viability. Finally, we will analyze the expression of the ex-
pression of EP4 in the EVTs of the decidua in uRM and healthy pregnancy. We summarize
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the novelty of this study as follows: (1) as far as we know, this is the first study to investi-
gate the staining of EP4 in the maternal—fetal interface in uRM and healthy pregnancy; (2)
we proposed an effective way to identify the functions of EP4 in trophoblast cells in vitro;
(3) we found the molecular mechanism of EP4 which modulates the functions of tropho-
blasts and established the role of effective gene markers for precision treatment for uRM.

2. Results
2.1. Demographic and Clinical Presentation of the Patients

The demographic and clinical data of 38 patients enrolled in our study are illustrated
in Table 1. The patients were divided into two groups: uRM and normal pregnancies. Both
maternal (37.76 + 4.88 vs. 35.78 + 5.88, p=0.41) and gestational age (37.76 + 4.88 vs. 35.78 +
5.88, p=0.66) showed no significant differences between the two groups. Similarly, gravid-
ity (3.42 £ 1.90 vs. 3.11 + 1.08, p=0.78) and parity had no significant differences (0.94 + 0.94
vs. 1.63 + 1.12, p=0.06).

Table 1. Demographic and clinical characteristics of the study population.

Characteristic Normarll I=’r1eggnancy :I:l;/; p Value
maternal age (years) 35.78 + 5.88 (25-46) 37.76 + 4.88 (30-44) 0.41
gestational age (weeks) 9.71 +1.88 (6-13) 9.09 +£2.17 (4-12) 0.66
gravidity 3.42 +1.90 (1-7) 3.11 £1.08 (2-5) 0.78
parity 1.63 +1.12 (0-4) 0.94 +0.94 (0-3) 0.06

2.2. EP4 is Downregulated in the Syncytium and EVTs in First Trimester Human Placentas
with uRM

We first assessed PGE2 receptor (EP1, EP2, EP3, and EP4) expression across our two
groups of patients via immunohistochemistry[14,15]. The staining of the EP4 was primar-
ily distributed through the cytoplasm of the chorionic villous tissue and decidual cells.
Interestingly, our analysis showed a significant decrease in EP4 in the syncytium and de-
cidua of the uRM group compared to the healthy control group.

To further describe these findings, double immunofluorescence staining for human
leukocyte antigen G (HLA-G) and EP4 was performed. The analysis showed that EP4 was
co-expressed with HLA-G, mainly located in the cytoplasm of EVTs. In addition, intense
staining for EP4 was observed in invasive EVTs in the HC group’s maternal decidua com-
pared with that of the uRM group (Figure 1B, E). Subsequently, the percentage of HLA-
G+ EP4+/HLA-G+ cells was calculated with nine slides from the uRM group and healthy
controls, respectively. The rate of doubled stained cells significantly declined in the uRM
group than the HC group (80.11 + 5.21% vs. 73.53% + 2.97%, p = 0.014, Figure 1G). These
results suggest that the downregulation of EP4 expression in EVTs might affect the inva-
sion of EVTs into a maternal decidual layer in patients with uRM. Furthermore, this de-
crease might affect trophoblast functions such as proliferation, apoptosis, invasion, and
secretion as well.
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Figure 1. Double immunofluorescence analyses of EP4 and HLAG shown in the decidua of uRM
patients and healthy controls. EP4 is co-expressed with HLAG in the cytoplasm of extravillous
trophoblast cells (A,B,C,D,EF). The percentage of double staining cells were counted in HLAG*
EP4*/HLAG" cells over nine slides. The expression of EP4 in EVTs was decreased in uRM patients
compared to healthy controls (G). HLAG is specific marker for extravillous trophoblast cells (EVTs).
The picture is shown in its original magnification of 40x. * p < 0.05.

2.3. Phosphorylation CREB (pCREB) is Involved in the Pathogenesis of uRM

The Genecards website (https://www.genecards.org/cgi-
bin/carddisp.pl?gene=PTGER4#transcripts, accessed on 1 July 2021) was used to predict a
transcription factor that could bind with the EP4 promoter. Our search identified several
binding sites of the PTGER4 gene promoter: AP-2a, C/EBPa, CREB, PPAR-v1, and PPAR-
Y2. Among those, we selected PPAR-y, CREB, and pCREB and performed immunohisto-
chemical analysis on samples obtained from first trimester human placentas.

We observed expression of pCREB at the nuclear level both in the syncytium and
decidual cells. More specifically, significantly decreased pCREB expression was detected
in the syncytium in uRM samples (IRS 6.705 + 2.65 vs. 4.85 + 2.07, p = 0.0278, Figure 2A, B,
E). Similarly, pCREB staining was significantly lower in the decidua of uRM samples (IRS
6.411 + 2.76 vs. 4.523 + 2.129, p = 0.0194, Figure 2 C, D, F). Our group’s previous work
found PPARY present in the cell’s nucleus and cytoplasm and significantly lower tropho-
blast expression within the uRM group [16]. In contrast, at the decidual level, a significant
difference of PPARY expression was not observed (IRS59.24 +0.93 vs. 8.63 £ 1.02; p = 0.434).
There was no significant difference of CREB staining in the syncytium and decidua be-
tween the uRM group and the control group (IRS 8 +2.36 vs. 7.75 + 2.51, p = 0.634, Figure
2 G, H, K; IRS 8.07 + 1.75 vs. 7.63 + 1.82; p=0.396, Figure 2 I, G, K, respectively). Further-
more, the Spearman correlation analysis of EP4 and pCREB according to IRS scores in 38
patients indicated that pCREB in syncytium and decidual cells was significantly positively
correlated with EP4 expression (r = 0;708, p = 0.003, Figure 2M; r = 0.593, p = 0.004, Figure
2N, respectively). There was no statistically significant correlation between PPARy and
EP4 expression in the syncytium and decidua (r = 0.273; p = 0.429; r = 0.362; p = 0.291,
respectively), nor for CREB and EP4 (r=-0.19; p=0.723; r =-0.41; p = 0.1788, respectively).

Triple immunofluorescence staining was applied to co-localize EP4 and pCREB ex-
pression in decidual EVTs in the first trimester placentas. EP4 was present in the cyto-
plasm (P, E), while pCREB was positive at both the nuclear and cytoplasm levels (Q, V) in
EVTs (O, T) in the decidua of the first trimester placenta in healthy controls and uRM.
Both EP4 and pCREB were co-expressed with HLA-G, especially in the healthy group
compared to uRM patients (S, X). Together, our results showed that EP4 is downregulated
in the EVT of uRM patients, and its expression is positively correlated with pCREB.
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Figure 2. Inmunohistochemical analysis of pCREB and CREB expression in placentae of uRM patients and healthy con-
trols from the first trimester were assessed via IRS score. Expression of pCREB and CREB was identified in the nuclear of
cells in the syncytium (A, B and G, H) and in decidual (C, D and I, J) of first-trimester placentas in both healthy control
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and uRM. The expression of pCREB is decreased in both the syncytium and decidual cells (E, F) were measured via IRS
score. EP4 is significantly positively correlated with pCREB in both the syncytium and decidua (M, N). Confocal micros-
copy imaging showed that EP4 (red) (P, E) co-expresses and co-localizes with p-CREB (green) (Q, V) in extravillous troph-
oblasts (EVTs) (O, T) of uRM patients (S) and health controls (X). HLAG is specific marker for EVTs. The picture was
shown in its original magnification of 40x.

2.4. EP4 Downregulation Inhibits Proliferation and Induces Cell Apoptosis

We further investigated the effect of EP4 knockdown on the viability and prolifera-
tion of trophoblast cells in vitro. First, we assessed EP4 expression levels in three tropho-
blast cell lines, HTR-8/5Vneo, JEG-3, and BeWo, by Western blot. EP4 protein expression
was higher in HTR-8 and JEG-3 than BeWo (Figure 3A). We subsequently transfected both
HTR-8/SVneo and JEG-3 cells with a specific small interfering RNA (siEP4). The efficiency
of EP4 siRNA was confirmed by qRT-PCR which showed that the EP4 mRNA level was
decreased by 71.7% in HTR-8/SVneo cells with EP4si RNA3 and by 73.4% in JEG-3 cells
with EP4si RNA1 compared to the negative control, respectively (Figure 3B, C).

Next, we performed a viability assay using MTT that indicated that EP4 siRNA3 sig-
nificant inhibited the viability rate at different time points: after 24 h (0.795 + 0.004 vs.
0.851 + 0.004, p = 0.011), after 48 h (1.211 + 0.04 vs. 1.321 + 0.015, p = 0.042) and after 72 h
(1.270 £ 0.026 vs. 1.531 = 0.049, p = 0.009) compared with the negative control group in
HTR-8/SVneo cells (Figure 3D). There was a significant decrease in the viability curve of
EP4 siRNA 1 at 48 h (1.304 + 0.051 vs. 1.448 + 0.034, p = 0.049) and 72 h (1.501 + 0.037 vs.
1.798 + 0.044, p = 0.019) compared with the negative group in JEG-3 cells (Figure 3E).

Similarly, we observed a strong effect on proliferation in HTR-8/SVneo cells after in-
cubation for 48 h (1.152 + 0.119 vs. 0.955 + 0.05, p=0.023; 1.152 £ 0.119 vs. 0.944 + 0.048, p =
0.058, Figure 3F) and decreased proliferation of JEG-3 cells after incubation at 72 h accord-
ing to the BrdU assay (1.142 + 0.076 vs. 0.971 + 0.037, p = 0.011; 1.142 + 0.076 vs. 0.969 =+
0.081, p = 0.028, Figure 3G). These results demonstrated that EP4 potently promotes troph-
oblast cell proliferation.

Finally, to investigate whether EP4 participates in trophoblast cell apoptosis, we per-
formed cell death detection ELISA assays, which quantitatively determine apoptosis
through detection of cytoplasmic nucleosomes. The cells were transfected with siRNA for
24 h and incubated with 8-Bromo-cAMP (PKA agonist) for 8 h. EP4 knockdown increased
apoptosis in HTR-8/SVneo (6.82 + 0.426 vs. 4.15+ 0.252, p=0.029, Figure 3H) and JEG-3 cells
(3.62 £ 0.19 vs. 2.53 + 0.120, p = 0.028, Figure 3I) compared to the negative control group
after 48 h incubation. The promoting effect was reversed when adding 8-Bromo-cAMP to
HTR-8/SVneo (4.83 +0.329 vs. 6.82 + 0.426, p = 0.029, Figure 3 H), although the result was
not demonstrated in JEG-3 cells (3.09 = 0.29 vs. 3.62 + 0.19, p = 0.143, Figure 3I).
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Figure 3. EP4 knockdown inhibits proliferation and induced apoptosis in vitro. (A). The expression
protein EP4 is higher in HTR-8/S5Vneo and JEG-3 cells than BEWO. (B). The mRNA expression of
EP4 in HTR-8/SVneo after knockdown with siRNA was detected by RT-PCR. (C) The mMRNA mRNA
of EP4 in JEG-3 after knockdown with siRNA was detected by RT-PCR. (D) MTT assays indicated
that downregulated EP4 decreased the viability of HTR-8/SVneo compared to the negative control.
(E) The MTT assay indicated that downregulated EP4 decreased the viability of JEG-3 compared to
the negative control. (F) BrdU assay suggested that the proliferation of HTR-8/SVneo is inhibited by
EP4 knockdown compared to the negative control. (G) BrdU assay suggested that the proliferation
of JGE-3 is inhibited by EP4 knockdown compared to negative control. (H) The apoptosis test
showed that the apoptosis of HTR-8/SVneo with EP4 siRNA is improved compared to the negative
control and the effect was reversed by 8-Bromo-cAMP. (I) The apoptosis test showed that the apop-
tosis of JGE-3 with EP4 siRNA is reduced compared to the negative control. * p <0.05.

2.5. EP4 Effects Secretion of Hormones and Cytokines

Human chorionic gonadotropin and progesterone are two essential hormones in
early pregnancy secreted from trophoblasts. We measured the secretion levels of these
two crucial hormones after culture with different concentration of PGE2, TCS 2510 (a se-
lective EP4 agonist), and L-161,982 (a selective EP4 antagonist) in supernatants of HTR-
8/SVneo and JEG-3 cells.

Our results showed that the level of 3-hCG was increased after 36 h incubation with
1uM PGE2 compared to the blank control (4.38 + 0-07 vs. 3.68 + 0-33 mIU/mL, p = 0.028,
Figure 4A) in HTR-8/SVneo cells. The levels of 3-hCG were raised compared to the con-
centration. After 36 h incubation with 1 uM and 10 uM of TCS 2510, the production of 3-
hCG was elevated compared to the blank control (4.35 + 0.19 vs. 3.68 + 0-33 mIU/mL, p =
0.032, 4.41 £0.15 vs. 3.68 £ 0-33 mIU/mL, p = 0.023, Figure 4A) in HTR-8/SVneo cells. How-
ever, L-161,982 did not alter 3-hCG expression in HTR-8/SVneo cells after 24 h and 36 h
incubation. The level of 3-hCG was also increased after 36 h incubation with 10 uM PGE2
compared to the blank control (5.07 + 0.13 vs. 4.39 + 0.448 mIU/mL, p =0.027, Figure 4B) in
JEG-3 cells. However, after incubation with 0.1, 1,10 uM of TCS 2510 did not change the
concentration of 3-hCG (p = 0.837, Figure 4 B) in JEG-3 cells. The expression of 3-hCG was
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only significant suppressed incubation with 0.1 uM of L-161,982 for 36 h compared with
the blank control (3.66 + 0.221 vs. 4.39 + 0.448 mIU/mL, p = 0.036, Figure 4 B) in JEG-3 cells.

Progesterone was not detected in the supernatants of PGE2, TCS 2510, and L-161,982
after 24 h and 36 h treated groups of HTR-8/SVneo cells. Progesterone expression was
only increased after 24 h incubation with 10 uM PGE2 compared with the blank control
(36.23 £ 1.11 vs. 31.7 + 1.89 ng/mL, p = 0.037, Figure 4 C). TCS 2510 raised the production
of progesterone in a concentration-dependent manner. Compared with the blank control,
0.1 and 10uM TCS 2510 significantly increased progesterone production (36.86 + 1.08 vs.
31.7 +1.89 ng/mL, p =0.039, 37 + 1.82 vs. 31.7 = 1.89 ng/mL, p = 0.035, Figure 4C) in JEG-3
cells. After incubation with 0.1, 1, 10uM of L-161,982 for 24 h and 36 h, there was no sig-
nificant effect on progesterone levels compared to controls in JEG-3 cells.

The levels of B-hCG attenuated significantly in the EP4 siRNA group compared to
those in the control siRNA group in both HTR-8/SVneo (3.89 + 0.378 vs. 3.05 + 0.367
mlU/mL, p = 0.028, Figure 4D) and JEG-3 cells (3.69 + 0.356 vs. 3.05 + 0.11 mIU/mL, p =
0.028, Figure 4D) after incubation for 24 h. Similarly, after incubation with EP4 siRNA,
progesterone was not detected in the supernatants of HTR-8/SVneo cells. The progester-
one level was also lower in the EP4 siRNA group than in the control siRNA group in JEG-
3 cells (31.75 + 1.82 vs. 28.18+ 0.54 ng/mL, p = 0.026, Figure 4E) after incubation for 48 h in
JEG-3 cells. The inhibiting effect was reversed when 8-Bromo-cAMP was added (31.38 +
0.621 vs. 35.5 +0.78 ng/mL, p = 0.028, Figure 4E).

We then examined whether the EP4 receptor affects the secretion of cytokines in
vitro. IL-6, IL-8, TNF-a, IL-1B, and PAI-1 were analyzed in the supernatants of HTR-
8/SVneo and JEG-3 cells which were transfected with EP4 siRNA. IL-6 secretion was sig-
nificantly reduced in HTR-8/SVneo and JEG-3 cells treated with EP4 siRNA after incuba-
tion for 48 h (3.69 + 0.356 vs. 3.05 + 0.110 mIU/mL, p = 0.028, Figure 4F). In contrast, the
secretion of other cytokines was not significantly changed after incubation for 48 h.

A HTR-8/SVneo B JEG-3 C JEG-3
W Control >
5 2 — 0.1uM
T T - M “ . Control
i T P2 10pM 0. 0.1uM
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Figure 4. The expression levels of 3-hCG, progesterone, and IL-6 in the supernatants of HTR-
8/SVneo and JEG-3 cells after incubation with PGE2, TCS 2510, L-161,982 and siRNA. (A). The se-
cretion of B-hCG was increased by 1 uM PGE2, 1 uM and 10 uM TCS 2510 in THR-8/SVneo. (B).
Table 10. uM PGE2 and inhibited by 0.1 uM L-161,982 in JEG-3. (C). The production of progesterone
in JEG-3 was increased by 10 uM PGE2, 1 uM and 10 uM TCS 2510. (D). -hCG levels in the super-
natants of HTR-8/SVneo and JEG-3 cells were dropped after slicing EP4 compared to negative con-
trol. (E). Progesterone levels were decreased in the supernatants of JEG-3 cells after slicing EP4 and
EP4 added 8-Bromo-cAMP compared to negative controls. (F). IL-6 levels were attenuated in the
supernatants of HTR-8/SVneo and JEG-3 cells after knockdown of EP4 compared to negative con-
trols. * p < 0.05.
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2.6. EP4 Modulates the Axis of cAMP-PKA-pCREB

We found that knockdown of EP4 inhibited the production of 3-hCG in the superna-
tants of both HTR-8/SVneo and JEG-3 cells. Phosphorylated CREB and ERK1/2 are known
as the downstream transcription factors of the cAMP and PKA pathways, mediating the
transcription of 3-hCG and progesterone.

We next analyzed whether EP4 expression affects cAMP, PKA, pCREB, and ERK1/2
which subsequently would participate in the underlying mechanisms of EP4 downregu-
lation in uRM. Therefore, we detected the content of cAMP in cell lysis via ELISA. Our
aim was to determine whether PGE2 affects cAMP production through EP4 signaling in
HTR-8/SVneo and JEG-3 cells. PGE2 stimulated cAMP in a concentration-dependent man-
ner in HTR-8/SVneo and JEG-3 cells (Figure 5A, C). Incubation with 10 uM PGE2 for 24 h
promoted cAMP expression levels compared with the blank control group (4.956 + 0.2
pg/mL vs. 3.488 + 0.338 pg/mL, p =0.029, Figure 5A) whereas 0.1, 1 uM PGE2 had no effect
on cAMP production in HTR-8/SVneo cells. The levels of cAMP increased significantly in
the 1 uM TCS 2510 group compared to those in the untreated group (5.742 + 0.169 pg/mL
vs. 3.488 + 0.338 pg/mL, p = 0.027, Figure 5B). When 1 uM TCS 2510 was added to the
medium before treatment with PGE2, the cAMP level was significantly increased com-
pared with untreated control group (4.956 + 0.2 pg/mL vs. 3.488 + 0.338 pg/mL, p = 0.008,
Figure 5B). When 0.1uM L-161,982 was added to 10 uM PGE2, the content of cAMP sig-
nificantly decreased compared with the 10 uM PGE2 group in HTR-8/SVneo (7.502 + 0.270
pg/mL vs. 3.348 + 0.305 pg/mL, p = 0.027, Figure 5B). The level of cAMP could be signifi-
cantly enhanced with 1 uM TCS 2510 (3.874 + 0.209 pg/mL vs. 2.471 + 0.418 pg/mL, p =
0.028, Figure 5D), to 4.237 + 0.448 pg/mL with PGE2 + TCS 2510 (p = 0.007, Figure 5D)
compared with the control after 36 h incubation in JEG-3 cells. In contrast, incubation with
PGE2 + TCS 2510 for 24 h significantly promoted the content of cAMP compared with the
control group, whereas PGE2 + L-161,982 did not significantly decrease cAMP production
compared with the PGE2 group in JEG-3 cells.

The Western blot results revealed that EP4 knockdown suppressed PKA and pCREB
(phosphorylation s133) in both HTR-8/SVneo and JEG-3 cells (Figure 5E). EP4 expression
was decreased by 16.4% and 26.5% through EP4 siRNA compared to the control siRNA
(each p < 0.05, Figure 5F). PKA expression was downregulated by 25% and 50% after
EP4 siRNA compared to the negative control in HTR-8/SVneo and JEG-3 cells (eachp <
0.05, Figure 5G). The expression of p-CREB was inhibited by 41.8% and 59.7% induced by
EP4 downregulation compared to the vehicle group in HTR-8/S5Vneo and JEG-3 cells, re-
spectively (each p << 0.05, Figure 5I). In contrast, no alteration of CREB, p-ERK1/2, and
ERK1/2 expression was detected through EP4 siRNA in both HTR-8/5Vneo and JEG-3
cells.
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Figure 5. The expression levels of cAMP, EP4, PKA and p-CREB were changed by EP4 knockdown. (A) The secretion of
cAMP was increased by 10 uM PGE2 in HTR-8/SVneo.(B) The secretion of cAMP was increased by PGE2, TCS 2510, PGE2
+TCS 2510 and inhibited by PG2 + L-161,982 in HTR-8/SVneo. (C) The production of progesterone in JEG-3 was increased
by 1, 10 uM PGE2. (D) cAMP levels in the cell lysis of JEG-3 was increased by PGE2, TCS 2510, PGE2 + TCS 2510. (E)
Western blot analysis showed EP4, PKA, p-CREB, CREB in HTR-8/SVneo and JEG-3 cells after silencing the EP4 gene
compared with the negative control. (F) The density value of EP4 in HTR-8/SVneo and JEG-3 cells after knockdown of EP4
compared to negative control. (G) The density value of PKA in HTR-8/SVneo and JEG-3 cells after knockdown of EP4
compared to negative control. (H) The density value of PKA in HTR-8/SVneo and JEG-3 cells after knockdown of EP4
compared to negative control. * p <0.05; ** p <0.01.

3. Discussion

The main finding of our study is that the expression of EP4 is downregulated in the
EVTs of uRM groups and the expression of EP4 has a positive correlation with p-CREB.
Interestingly, EP4 demonstrated effects on proliferation and promoted the apoptosis of
trophoblast cells in vitro. Finally, downregulation of EP4 attenuated the secretion of {3-
hCG, progesterone, and IL-6, and activates cAMP-PKA-pCREB signaling pathway.

In our project, we explored the molecular mechanisms behind the regulation of the
PGE2 receptor EP4 in trophoblasts in first trimester placentas. Liu et al. suggested that
PGE2 modulates biochemical and morphological placental trophoblast differentiation
during implantation and placentation [17]. Previous research demonstrated that placental
hypoxia activated cAMP production, proliferation, and invasion by mediating cAMP-
PKA-pCREB signaling in trophoblast cells, predominantly through EP1 and EP4 [18,19].
Our findings are consistent with previous studies that showed that knockdown of EP4
decreased the proliferation and viability of HTR-8/5Vneo and JEG-3 cells in vitro by in-
hibiting cAMP levels. However, Biondi et al. reported that PGE2 suppressed proliferation
and migration through EP2 and EP4 by increasing intracellular cAMP in HTR-8/SVneo
cells. We consider that the actual role of PGE2 either stimulates or inhibits trophoblast cell
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proliferation depending on the concentration of PGE2 and EP receptor subtypes activated
in the first trimester of EVTs. In the adenylate cyclase pathway, increased cAMP levels
resulted in PKA activation and a transcriptional factor that binds to CREB transactivates
the transcription of specific primary response genes that initiate cell proliferation [20,21].
PGE2 has been shown to increase colon cancer cell proliferation and motility by activating
the PI3K/Akt pathway by EP4 receptor activation [22].

We found that EP4 downregulation promotes apoptosis, and PKA agonists can re-
verse this effect. Consistent with these data, previous studies reported that EP4 receptor
blockade hindered proliferation and induced apoptosis in cervical cancer cells via the EP4-
PKA-CREB pathway. Moreover, reduced PKA induced apoptosis through Bcl-2/Bax-in-
duced apoptosis [23] and activation of the caspase-8/9/11 pathway and pyroptosis [24,25].
The PKA inhibitor blocked PGE2 through EP2- and EP4-induced apoptosis, indicating
that the PKA pathway is mainly responsible for PGE2-mediated inhibition of apoptosis
[26].

At the initial stages in the first trimester of pregnancy, invasive extravillous tropho-
blasts (iEVTs) secrete 3-hCG, which stimulates trophoblast invasion, angiogenesis, and
placenta immune tolerance [27]. hCG might represent a serum marker of implantation
and early trophoblast invasion. Progesterone production by EVTs is crucial to fine-tune
vascular remodeling and escape immune attack in the maternal decidua [28]. In primary
human trophoblasts, human trophoblast derived choriocarcinoma cell line BeWo, demon-
strated that increasing intracellular cAMP levels activates PKA and exchanges protein di-
rectly activated by cAMP (EPAC), both of which induce the secretion of hCG and proges-
terone, resulting in trophoblast syncytialization and cell fusion [29-31]. cAMP-dependent
protein kinase A (PKA) is associated with activation of the transcription factor cAMP re-
sponse element-binding protein (CREB) [32]. An essential step for CREB activation and
dimerization is phosphorylation of the serine residue at position 133. It recruits the adap-
tor proteins CBP and p300, which act as co-activates for transcription of aHCG in villous
trophoblasts [33].

Furthermore, PKA can also inhibit AMP-activated protein kinase (AMPK) activity,
which is responsible for the inactivation of hormone-sensitive lipase, thereby reducing the
ability of LH or PGE2 to provide cholesterol for progesterone synthesis [34]. Waclawik et
al. reported that estradiol-173 and progesterone increase the production of PGE2 in re-
sponse to luteinizing hormone (LH) in endometrial stromal cells [35]. These findings sug-
gest that PGE2 may be involved in a positive feedback loop during the progesterone syn-
thesis in cells. Moreover, studies demonstrated that PGE2 improved endometrial recep-
tivity via EP2 and EP4, acts through autocrine or paracrine pathways in vivo, and is reg-
ulated by progesterone secretion through the cAMP/PKA pathway [36-38]. 3-hCG pro-
motes angiogenesis in uterine vasculature, promotes the fusion of cytotrophoblast cells
and differentiation to make syncytiotrophoblast cells, and causes the blockage of any im-
mune or macrophage action by the mother to foreign invading placental cells [39]. Gener-
ally, B-hCG and progesterone also promoted maternal immune tolerance to control EVT
functions and maintain embryonic-maternal communication. According to the above re-
sults, we suggest similarity and synergetic effects among PGE2 and -hCG and proges-
terone pathways in HTR-8/SVneo and JEG-3 cells, and they trigger the process via acti-
vating adenylate cyclase to increase cAMP concentrations. PGE2, through its nuclear re-
ceptor PPARY, effects trophoblast differentiation to activate downstream targets genes,
and this regulation process is mainly mediated through chorion-specific transcription fac-
tor-1 (GCM-1) and increased expression of 3-hCG [40,41].

It is reported that PGE2 induces cytokines and chemokine expression for trophoblast
apposition and adhesion to the decidua for implantation [42,43]. IL-6 is a cytokine known
to promote the differentiation of Th2 cells and subsequent suppression of Th1 cells [44].
The Th2-derived cytokines, IL-6, induce hCG release from trophoblasts, and hCG stimu-
lates progesterone production from the corpus luteum in pregnancy [45].
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Decreased expression of IL-1f3 and IL-6 mRNA expression has been detected in RM
patient endometrium compared to healthy controls [46,47]. Furthermore, elevated pro-
duction of Th1 cytokines (interferon-y, IL-2, IL-12, TNF-f) and low levels of Th2 cytokines
(IL-6) are found in samples obtained from RM women as well [48].

There is evidence that PGE2 induces IL-6 production mediated by intracellular cAMP
and PKA-pCREB in orbital fibroblasts [49]. Additionally, Hershko et al. reported that the
transcriptional regulation of the IL-6 gene is complex, and CREB is involved [50]. IL-6
stimulates primary trophoblast invasion and migration, utilizing the JAK/STAT and AKT
signaling pathway [51,52]. The study illustrated trophoblasts secreted IL-6 to facilitate M2
polarization of macrophages by binding to the IL-6 receptor (IL-6R) on macrophages
through the STATS3 signaling pathway. In that way, the activated macrophages enhance
the migration and invasion of trophoblast cells in a feedback manner at the maternal-fetal
interface in normal pregnancy [53]. Our data agree with these studies, which also demon-
strated that the decline of EP4 decreased secretion of IL-6 and activated the cAMP-PKA-
PCREB signaling pathway in HTR-8/SVneo and JGE-3 cells in vitro.

There are still some limitations in our manuscript. The main limitations of cell culture
cancer cell lines are phenotypic and molecular mechanisms research. We did not use pri-
mary trophoblast cells, but choriocarcinoma tumor cells. The lack of an animal model
which is closer to the microenvironment of the maternal-fetal interface is also a shortage
of this manuscript. How PGE2 exerts its effects seems highly dependent on its concentra-
tion levels and which G protein receptors are activated in trophoblast cells. Previous stud-
ies from our group demonstrated that EP2 regulated the proliferation, hormone produc-
tion and secretion of cytokines in trophoblast cells [15]. EP3 signaling plays a vital role in
the regulation of the inflammatory microenvironment, hormone production and extracel-
lular matrix remodeling in the maternal-fetal interface of uRM patients [14]. We deem
that more in-depth research is necessary to obtain a more accurate and comprehensive
understanding of the effects of PGE2 on trophoblasts.

4.. Materials and Methods
4.1. Ethics Approval and Sample Tissues

The Medical Faculty’s registered study got recognition from the ethics board under
the Ludwig Maximilian University of Munich (Approval Number: 337-06, 29 December
2006). Clinical sample data collected was utilized for statistical purposes once informed
consent was obtained. Tissue samples were taken from 19 participating patients with a
history of two or more successive miscarriages due to unexplained factors (uURM group)
and 19 healthy patients who had a lawful pregnancy termination (healthy control group)
who had surgery in Munich, Germany. Exclusion criteria for the uRM group included
infectious diseases, uterine anomalies, endocrinological dysfunctions, hyperprolac-
tinemia, hyperandrogenemia, thyroidal dysfunctions, autoimmunologic disorders, defi-
ciencies in coagulation factors, as well as fetal and parental chromosomal disorders.

4.2. Immunohistochemistry

Our team has previously described immunohistochemical (IHC) staining [15]. Baked
placentas were deparaffinized in xylol for 20 min, then incubated in methanol with H202
for another 20 min to block endogenous peroxidase reaction before being rehydrated in
an ethanol gradient. A pressure cooker saturated with sodium citrate (pH = 6.0) was used
for storing the slides. Elimination of unspecified indissoluble elements of the main anti-
bodies was carried out, with all slides going through a blocking treatment residue (Rea-
gent 1, Zytochem-Plus HRP-Polymer-Kit (mouse/rabbit), Berlin, Germany) about twenty
minutes after being washed in PBS. The main antibody was stored overnight at 4 °C on
each slide. Table 1 lists all antibodies utilized. Following the manufacturer’s guidelines,
the reagent from a detection kit, the Avidin-Biotin Complex (ABC) kit (Vector Lab; Burlin-
game; CA; USA), was used to measure reactivity after a 1 h immersion. Immunostaining
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was visualized with the substrate and the chromogen-3, 3'-diaminobenzidine (DAB; Dako;
Santa Clara; CA; USA) for chromogen for 1 min and hematoxylin for nuclear staining for
2 min. Distilled water was used to terminate the reaction. A semi-quantitative approach
was used for the immunoreactive score (IRS) procedure; all slides were read for interpre-
tation of saturation and allocation using a Leitz (Wetzlar, Germany) microscope. The IRS
computation was calculated through addition of the percentage of positively stained cells
(zero: zero pigmentation; one: mild pigmentation; two: intermediate pigmentation; three:
ranges higher than 50 percent but less than 80 percent pigmentation; four: higher than
eighty percent pigmentation by the saturation of cell pigmentation (0: none; 1: mild pig-
mentation; 2: medium pigmentation; 3: high pigmentation)).

4.3. Immunofluorescence Staining

The placenta specimens were filtered in xylol for twenty minutes before rinsing in
100%, 70%, 50%, and finally distilled water. A sodium citrate neutralizer (pH = 6.0) was
present in the pressurized pot. Slides were washed in PBS and probed for 15 min through
an agent (Ultra V Block, Lab Vision, Fremont, CA, USA). The positive control was incu-
bated for 4 h at 4 °C overnight. Table 2 lists all antibodies utilized. After rinsing, the slides
were stored in darkness for 30 min with secondary antibodies at ambient temperature.
The nucleus was stained with DAPI after the slides had been thoroughly rinsed. An Axi-
oskop fluorescent photomicroscope (Zeiss; Oberkochen, Germany) was utilized for dou-
ble immunofluorescence investigation of the extravillous trophoblasts of the placenta, and
pictures were captured with the Axiocam camera system (Zeiss CF20DXC). Similar par-
affin-embedded slides were used together with a triple for immunofluorescence staining
of EP4 and pCREB co-expression in the extravillous trophoblasts of the placenta. Micro-
scopic confocally laser scanned photos were captured using a Zeiss LSM 880 connected to
an Airyscan quality sample imaging with analysis using ZEN blue software.

4.4. Cell Culture

HTR-8/SVneo (ATCC CRL-3271, Manassas, VA, USA), an immortalized human first
trimester placental cell line, was derived by transfection of first trimester human tropho-
blasts with a gene encoding simian virus 40 large T antigen. Choriocarcinoma-derived
placenta trophoblast cell lines JEG-3 (ATCC HTB-36, Manassas, VA, USA) and BeWo cells
(ATCC CCL-98, Manassas, VA, USA). The three cells were grown on RPMI1640 medium
+ Gluta MAX (Gibco; McKinley Place NE; MN; USA) combined with 10% fetal bovine
serum (FBS, Gibco; McKinley Place NE; MN; USA). The cells were refined in a humid
incubator at 37 °C under 5% carbon dioxide. Replacement of the cultural mediums oc-
curred between 2 and 3 days. Cells were planted in each well of a 96-well, with saturation
of cell viability and multiplication studies. ELISA testing, hormone measurement, and
wound healing assays were all performed in 24-well plates. Cells were cultivated in 6-
properly saturations to aid in Western blotting and for real-time polymerase chain reac-
tion (RT-PCR).

4.5. Treatment with EP4 siRNAs

The method was previously described in full [54]. Cells were cultured in 6-well or 96-
well saturations in RPMI 1640 solution with 10% FBS, growth averaging 60% confluence,
and EP4 and controlling siRNAs were retrieved at a concentration of 20 nM through Ori-
Gene setup (CAT: SR321501, Rehovot, HaMerkaz, Israel), transferred utilizing Lipofec-
tamine 3000 connected at a final concentration of 50 nM with producer protocols (Invitro-
gen, Waltham, MA, USA). For all subsequent tests, cells were immersed in new solution
with or without solamargine for up to another 24 h after being cultured, adding up to 30
h.
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4.6. Real-Time Quantitative Extraction

Using a RNeasy Mini Kit, total RNA was extracted from cells (Qiagen, Hilden, Ger-
many). RNA was transformed into a first-strand cDNA manufacturing kit following the
producer’s protocol (Epicenter, Madison, WI, USA). With FastStart Essential DNA Probes
Master and gene-specific primers (Applied Biosystems, Hs00259261 CE for EP4), the ex-
pression of EP4 mRNA was measured using RT-PCR. Next, 1 pL TagMan® Gene Expres-
sion Assay (Thermo Fisher Scientific, Waltham, MA, USA) 20 x, 1uL cDNA, 8 uL H20
(DEPC-treated DI water), and 10 uL TagMan® Fast Universal PCR Master Mix 2 x were
combined in a 20 pL reaction mixture. Then, a 20 1 TagMan® Gene Expression Assay and
TagqMan® Fast Universal PCR Master Mix experiment was conducted on an Optical Fast
96-well plate with an optical sticky film over it, 2 uL cDNA template and 8 uL RNase-free
water were created in each probe. The temperature regimen was 95 °C for 20 s, 95 °C for
3 s, and 60 °C for 30 s, accompanied by 40 cycles of intensification. The housekeeping
genes [-actin (Nr. Hs99999903 m1) were employed as reference controls for expression
normalization, and the comparative CT technique was employed for computation.

4.7. Western Blot Analysis

The cells were immersed in a 200 L catalyzing solution containing a 1:100 dilution of
protease inhibitor (Sigma-Aldrich, Merck Darmstadt, Germany) in RIPA buffer for 30 min
(Sigma Aldrich, R0278, Merck, Darmstadt, Germany). The lysate was centrifuged, and the
supernatant was subjected to a Bradford protein test. Protein separation occurred at 10%
SDS-PAGE, with transference into nitrocellulose cells according to their molecular
weights (Bio-Rad, Feldkirchen, Germany). Non-specific binding was prevented by incu-
bating the membrane for 1 h with 4% skim milk powder before incubating for 16 h at 4 °C
with the main antibodies (the antibodies utilized are listed in Table 1). The samples and
secondary antibodies are stored for 1 h at ambient temperature after being washed three
times for 10 min in TBS/Tween. Detection was performed with 5-bromo-4-chloro-3'-indol-
ylphosphate/nitro-blue tetrazolium (BCIP/NBT) chromogen substrate solution (Promega,
Walldorf, Germany). Western blots were scanned and quantified by densitometry, using
the GelScan V6.0 1D Analysis Software (SERVA, Electrophoresis GmbH, Heidelberg, Ger-
many).

Table 2. Antibodies used in this study.

Antibody Species Clone Dilution Company (Catalog#) Concentration (ug/mL)

EP4 rabbit polyclonal  1:100 Abcam. ab45295 400
CREB rabbit  monoclonal 1:500 Abcam. ab32515 166
pCREB rabbit ~ monoclonal 1:1000 Abcam. ab32096 150
PPAR-y mouse  monoclonal 1:500  Abnova. MAB8316 1000
HLA-G mouse  monoclonal 1:200 Novus. NBP1-43123 1000
HLA-Gbiotin  mouse  monoclonal 1:200  LSBio. LS-C204117 NA
Cy-2 goat polyclonal  1:500 Dianova. 115-225-146 1500
Cy-3 goat polyclonal  1:100 Dianova.115-167-003 1000
Cy-5 Streptavidin NA 1:200 Dianova.016-170-084 1000
PKA rabbit monoclonal 1:5000 Abcam, ab32514 200
pPKA rabbit polyclonal  1:500 Abcam, ab226754 300
[-actin mouse  monoclonal 1:1000 Sigma, A5441 200

NA= Not applicable.

4.8. Cell Viability Assays and Cell Proliferation

For 24 h, HTR-8/SVneo and JEG-3 cells were seeded in 96-well plates and transfected
with EP4 siRNA or control siRNA. Cell credibility was assessed using the MTT (3-(4, 5-
dimethylthiazol-2-yl) 2, 5-diphenyl tetrazolium bromide) test (Roche, Mannheim, Ger-
many). Under cultivation conditions, the MTT-labeled reagent was applied for complete
saturation of 0.5 mg/mL about 30 min. The optical density (OD) was measured using 595
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nm through an EIx800 universal Microplate Reader. HTR-8/SNveo and JEG-3 microorgan-
isms developed into 96-well sections for the proliferation test. The cells were then treated
with 0.1,1,10 nM PGE2, TCS 2510, and L-161,982 the following day. As a blank control,
DMSO was used. The manufacturer’s protocol was followed to measure cell proliferation
using the 5-Bromo-2"-Deoxyuridine (BrdU) incorporation assay (11647229001, Roche). An
EIx800 universal Microplate Reader was used to test color intensity of 450 nm. Each ex-
periment was carried out three times.

4.9. ELISA of cAMP Assay

The intracellular cAMP levels were determined using an enzyme-linked immuno-
sorbent test kit (R&D system, KGE012B, Minneapolis, MN, USA). The color development
was halted, and the absorbate were assessed at 450 nm. The cAMP concentration was cal-
culated using ng/mL. The cAMP measurement for each stimulation section was adjusted
to the control group cCAMP measurements.

4.10. Cell Death Detection ELISA

Using the Cell Death Determination ELISA Kit (Roche, cat# 11544675001), apoptotic
cell death was collected from HTR-8/SVneo and JEG-3 cells cultivated in triplicate with
four treatment groups. Using the manufacturer’s protocol, the kit quantifies cell death
using a colorimetric test that measures the proportion of cytoplasmic histone-associated
DNA fragments. An EIx800 universal Microplate Reader was utilized for measurement of
absorbance at 460 mm.

4.11. B-hCG and Progesterone Measurement

Supernatants were collected from 24-well plates of HTR-8/SVneo, JEG-3, and BeWo
cells that had been incubated in defined medium for 24 and 36 h, respectively, and re-
fluxed at 10,000x g for 10 min for filtration of cell sections. f-hCG and progesterone were
gauged using the recommended guidelines with an ADVIA Centaur XP auto analyzer
(Siemens Medical Solution Diagnostics, Erlangen, Germany), described in previous stud-
ies [17].

4.12. Detection of Cytokines by ELISA

After 24 h of transfection with si-EP4 or si-Control, the cells centrifuged at 1000x g for
10 min. The concentrations of IL-6, IL-8, TNF-a, PAI-1, and IL-1 in culture solution were
determined with ELISA kits (R&D Systems, Minneapolis, MN, USA) following the pro-
duction protocol. The absorbance readings were measured using an EIx800 universal Mi-
croplate Reader.

4.13. Statistic Analysis

The terms used are the mean + standard deviation (SD). To conduct analytical assess-
ments, the GraphPad Prism program (version 8.0, San Diego, CA, USA) was utilized. The
correlation between the two indicators was examined using Pearson’s correlation assess-
ment.

The Student’s t-test was used for the comparison of maternal age and gestational age
in uRM patients and healthy controls. A Mann-Whitney test was performed for gravidity
and parity in two groups. A Mann-Whitney test was applied for evaluating the IRS scores
of pCREB, CREB and PPARY expression and the percentage of double staining cells in the
placentas of the two groups. A Wilcoxon test was used for evaluation of the proliferation
rate, apoptosis rate, 3-hCG, progesterone, IL-6, IL-8, TNF-a, IL-1, cAMP and PAI-1 ex-
pression levels between vehicle and stimulation groups. A Wilcoxon test was also used
for analyzing the band intensities of EP4, PKA, p-CREB, CREB and -actin. At <p 0.05,
differences were considered statistically significant (*p 0.05; **p 0.01; ***p 0.005).
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5. Conclusions

In conclusion, our study demonstrated that EP4 is decreased in EVTs in uRM pa-
tients. Interestingly, knockdown of EP4 inhibited proliferation, promoted apoptosis, and
reduced the secretion of 3-hCG, progesterone, and IL-6 in in vitro trophoblast cell culture
models, which was associated with the cAMP-PKA-pCREB signaling pathway (Figure 6).
Our future in-depth mechanistic studies will address the issue of the role of PGE2 and its
specific EP receptor in immune cells (macrophages, dendritic cells, regulatory T cells, and
natural killer cells) and crosstalk between trophoblasts and immune cells in the decidua
during the first trimester placentas of uRM patients.

X

Figure 6. The possible role of EP4 in trophoblasts of unexplained recurrent miscarriage (uURM). In-
hibiting the EP4 signaling pathway reduces the activity of the cAMP-PKA-pCREB signaling path-
way, which can eventually lead to depressing the production of progesterone, -hCG and IL-6.
Downregulated of EP4 decreased proliferation and increased apoptosis in trophoblasts. These ab-
normal changes in trophoblasts may contribute to recurrent miscarriages.

Author Contributions: V.S., and U.]. conceived and supervised the project. L.P performed the IHC
staining and ELISA with the help of M.R. and. S.M. under supervision of U.]. H.I.-A. did the triple
immunofluorescence staining. L.P. performed most of the analysis and wrote the first draft of the
paper. AC.-R,Y.Y, V.vS, U], ZM. and H.Y. and contributed to manuscript writing and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: The study was funded by the medical faculty of the LMU Munich.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Ludwig Maximilian University of Munich (Approval Number: 337-06, 29 December 2006).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data can be made available by the corresponding author upon rea-
sonable request.

Conflicts of Interest: The authors declare that the research was conduct in the absence of any po-
tential conflict of interest

Abbreviations
EP4 prostaglandin E2 receptor 4
EVTs extravillous trophoblast cells
uRM unexplained recurrent marriage
cAMP cyclic adenosine monophosphate

PKA cAMP-dependent protein kinase A
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HCG human chorionic gonadotropin
IL interleukin
pCREB phosphorylating CREB
ESHRE European Society of Human Reproduction and Embryology
APS antiphospholipid syndrome
PGE2 Prostaglandin E2
EP G-protein-coupled EP receptors
HLA-G human leukocyte antigen G
OD optical density
PPAR peroxisome proliferator-activated receptors
IHC immunohistochemical
ABC Avidin-Biotin Complex
IRS immunoreactive score
RT-PCR real-time polymerase chain reaction
iEVT invasive extravillous trophoblast
EPAC exchange protein directly activated by cAMP
PKA cAMP-dependent protein kinase A
CREB cAMP response element-binding protein
AMPK AMP-activated protein kinase
LH luteinizing hormone
GCM-1 chorion-specific transcription factor-1
References
1.  Bender Atik, R.; Christiansen, O.B.; Elson, J.; Kolte, A.M.; Lewis, S.; Middeldorp, S.; Nelen, W.; Peramo, B.; Quenby, S.; Ver-

10.

11.

12.

13.

14.

15.

meulen, N.; et al. ESHRE guideline: Recurrent pregnancy loss. Hum. Reprod. Open 2018, 2018, hoy(004.

Red-Horse, K.; Zhou, Y.; Genbacev, O.; Prakobphol, A.; Foulk, R.; McMaster, M.; Fisher, S.J. Trophoblast differentiation during
embryo implantation and formation of the maternal-fetal interface. J. Clin. Investig. 2004, 114, 744-754.

Burton, G.J.; Jauniaux, E.; Charnock-Jones, D.S. The influence of the intrauterine environment on human placental development.
Int. ]. Dev. Biol. 2010, 54, 303-312.

Okae, H.; Toh, H,; Sato, T.; Hiura, H.; Takahashi, S.; Shirane, K.; Kabayama, Y.; Suyama, M.; Sasaki, H.; Arima, T. Derivation of
Human Trophoblast Stem Cells. Cell Stem Cell 2018, 22, 50-63.e6.

Gamage, T.K,; Chamley, L.W.; James, J.L. Stem cell insights into human trophoblast lineage differentiation. Hum. Reprod. Update
2016, 23, 77-103.

Abbas, Y.; Turco, M.Y.; Burton, G.J.; Moffett, A. Investigation of human trophoblast invasion in vitro. Hum. Reprod. Update 2020,
26, 501-513.

Sokolowska, M.; Chen, L.Y.; Liu, Y.; Martinez-Anton, A.; Qi, H.Y.; Logun, C.; Alsaaty, S.; Park, Y.H.; Kastner, D.L.; Chae, ].].; et
al. Prostaglandin E2 Inhibits NLRP3 Inflammasome Activation through EP4 Receptor and Intracellular Cyclic AMP in Human
Macrophages. J. Immunol. 2015, 194, 5472-5487.

Bogacka, I.; Bogacki, M.; Gaglewska, M.; Kurzynska, A.; Wasielak, M. In vitro effect of peroxisome proliferator activated recep-
tor (PPAR) ligands on prostaglandin E2 synthesis and secretion by porcine endometrium during the estrous cycle and early
pregnancy. J. Physiol. Pharmacol. 2013, 64, 47-54.

Niringiyumukiza, ].D.; Cai, H.; Xiang, W. Prostaglandin E2 involvement in mammalian female fertility: Ovulation, fertilization,
embryo development and early implantation. Reprod. Biol. Endocrinol. 2018, 16, 43.

Vilella, F.; Ramirez, L.; Berlanga, O.; Martinez, S.; Alama, P.; Meseguer, M.; Pellicer, A.; Simén, C. PGE2 and PGF2a concentra-
tions in human endometrial fluid as biomarkers for embryonic implantation. J. Clin. Endocrinol. Metab. 2013, 98, 4123-4132.
Pakrasi, P.L.; Jain, A.K. Cyclooxygenase-2 derived PGE2 and PGI2 play an important role via EP2 and PPARdelta receptors in
early steps of oil induced decidualization in mice. Placenta 2008, 29, 523-530.

Waclawik, A.; Jabbour, H.N.; Blitek, A.; Ziecik, A.]. Estradiol-17beta, prostaglandin E2 (PGE2), and the PGE2 receptor are in-
volved in PGE2 positive feedback loop in the porcine endometrium. Endocrinology 2009, 150, 3823-3832.

Sato, T.A.; Keelan, J.A.; Mitchell, M.D. Critical paracrine interactions between TNF-alpha and IL-10 regulate lipopolysaccharide-
stimulated human choriodecidual cytokine and prostaglandin E2 production. J. Immunol. 2003, 170, 158-166.

Ye, Y.; Vattai, A,; Ditsch, N.; Kuhn, C.; Rahmeh, M.; Mahner, S.; Ripphahn, M.; Immler, R.; Sperandio, M.; Jeschke, U.; et al.
Prostaglandin E(2) receptor 3 signaling is induced in placentas with unexplained recurrent pregnancy losses. Endocr. Connect.
2018, 7, 749-761.

Peng, L.; Ye, Y.; Mullikin, H.; Lin, L.; Kuhn, C.; Rahmeh, M.; Mahner, S.; Jeschke, U.; von Schonfeldt, V. Expression of tropho-
blast derived prostaglandin E2 receptor 2 (EP2) is reduced in patients with recurrent miscarriage and EP2 regulates cell prolif-
eration and expression of inflammatory cytokines. J. Reprod. Immunol. 2020, 142, 103210.



Int. ]. Mol. Sci. 2021, 22, 9134 18 of 19

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kolben, T.M.; Rogatsch, E.; Vattai, A.; Hester, A.; Kuhn, C.; Schmoeckel, E.; Mahner, S.; Jeschke, U.; Kolben, T. PPARY Expres-
sion Is Diminished in Macrophages of Recurrent Miscarriage Placentas. Int. ]. Mol. Sci. 2018, 19, 1872.

Liu, F.; Rouault, C.; Guesnon, M.; Zhu, W.; Clément, K.; Degrelle, S.A.; Fournier, T. Comparative Study of PPARYy Targets in
Human Extravillous and Villous Cytotrophoblasts. PPAR Res. 2020, 2020, 9210748.

Darashchonak, N.; Koepsell, B.; Bogdanova, N.; von Versen-Hoynck, F. Adenosine A2B receptors induce proliferation, invasion
and activation of cAMP response element binding protein (CREB) in trophoblast cells. BMC Pregnancy Childbirth 2014, 14, 2.
Nicola, C.; Timoshenko, A.V.; Dixon, S.J.; Lala, P.K.; Chakraborty, C. EP1 receptor-mediated migration of the first trimester
human extravillous trophoblast: The role of intracellular calcium and calpain. . Clin. Endocrinol. Metab. 2005, 90, 4736-4746.
Dhanasekaran, N.; Tsim, S.T.; Dermott, ]. M.; Onesime, D. Regulation of cell proliferation by G proteins. Oncogene 1998, 17, 1383—
1394.

Sirotkin, A.V.; Ben, O.A.; Tandlmajerova, A.; Laukova, M.; Vasi Ek, D.; Laurin Ik, J.; Kornhauser, J.; Alwasel, S.; Harrath, A.H.
cAMP response element-binding protein 1 controls porcine ovarian cell proliferation, apoptosis, and FSH and insulin-like
growth factor 1 response. Reprod. Fertil. Dev. 2018, 30, 1145-1153.

Hsu, H.H.; Lin, Y.M.; Shen, C.Y.; Shibu, M.A,; Li, S.Y.; Chang, S.H.; Lin, C.C,; Chen, R].; Viswanadha, V.P.; Shih, H.N,; et al.
Prostaglandin E2-Induced COX-2 Expressions via EP2 and EP4 Signaling Pathways in Human LoVo Colon Cancer Cells. Int. ].
Mol. Sci. 2017, 18, 1132.

Parida, S.; Pal, I; Parekh, A.; Thakur, B.; Bharti, R.; Das, S.; Mandal, M. GW627368X inhibits proliferation and induces apoptosis
in cervical cancer by interfering with EP4/EGEFR interactive signaling. Cell Death Dis. 2016, 7, e2154.

Ye, J.; Zeng, B.; Zhong, M.; Li, H,; Xu, L.; Shu, J.; Wang, Y.; Yang, F.; Zhong, C.; Ye, X,; et al. Scutellarin inhibits caspase-11
activation and pyroptosis in macrophages via regulating PKA signaling. Acta Pharm. Sin. B 2021, 11, 112-126.

Tao, J.L.; Zhang, X.; Zhou, ].Q.; Li, C.Y.; Yang, M.H.; Liu, Z.].; Zhang, L.L.; Deng, S.L.; Zhang, L.; Shen, M.; et al. Melatonin
Alleviates Hypoxia-Induced Apoptosis of Granulosa Cells by Reducing ROS and Activating MTNR1B-PKA-Caspase8/9 Path-
way. Antioxidants 2021, 10, 184.

Hoshino, T.; Tsutsumi, S.; Tomisato, W.; Hwang, H.J.; Tsuchiya, T.; Mizushima, T. Prostaglandin E2 protects gastric mucosal
cells from apoptosis via EP2 and EP4 receptor activation. J. Biol. Chem. 2003, 278, 12752-12758.

Fournier, T. Human chorionic gonadotropin: Different glycoforms and biological activity depending on its source of produc-
tion. Ann. Endocrinol. 2016, 77, 75-81.

Vondra, S.; Kunihs, V.; Eberhart, T.; Eigner, K.; Bauer, R.; Haslinger, P.; Haider, S.; Windsperger, K.; Klambauer, G.; Schiitz, B.;
et al. Metabolism of cholesterol and progesterone is differentially regulated in primary trophoblastic subtypes and might be
disturbed in recurrent miscarriages. J. Lipid Res. 2019, 60, 1922-1934.

Kusama, K.; Bai, R.; Imakawa, K. Regulation of human trophoblast cell syncytialization by transcription factors STAT5B and
NR4A3. J. Cell Biochem. 2018, 119, 4918-4927.

Sullivan, M.H. Endocrine cell lines from the placenta. Mol. Cell Endocrinol. 2004, 228, 103-119.

Tuckey, R.C. Progesterone synthesis by the human placenta. Placenta 2005, 26, 273-281.

Mayr, B.; Montminy, M. Transcriptional regulation by the phosphorylation-dependent factor CREB. Nat. Rev. Mol. Cell Biol.
2001, 2, 599-609.

Knofler, M.; Saleh, L.; Strohmer, H.; Husslein, P.; Wolschek, M.F. Cyclic AMP- and differentiation-dependent regulation of the
proximal alphaHCG gene promoter in term villous trophoblasts. Mol. Hum. Reprod. 1999, 5, 573-580.

Gawriluk, T.R.; Ko, C.; Hong, X.; Christenson, L.K.; Rucker, E.B., 3rd. Beclin-1 deficiency in the murine ovary results in the
reduction of progesterone production to promote preterm labor. Proc. Natl. Acad. Sci. USA 2014, 111, E4194-203.

Waclawik, A.; Kaczmarek, M.M.; Blitek, A.; Kaczynski, P.; Ziecik, A.J. Embryo-maternal dialogue during pregnancy establish-
ment and implantation in the pig. Mol. Reprod. Dev. 2017, 84, 842-855.

Ziecik, A.].; Waclawik, A.; Kaczmarek, M.M.; Blitek, A.; Jalali, B.M.; Andronowska, A. Mechanisms for the establishment of
pregnancy in the pig. Reprod. Domest. Anim. 2011, 46, 31-41.

Waclawik, A.; Kaczynski, P.; Jabbour, H.N. Autocrine and paracrine mechanisms of prostaglandin E; action on trophoblast/con-
ceptus cells through the prostaglandin E, receptor (PTGER2) during implantation. Endocrinology 2013, 154, 3864-3876.
Kowalewski, M.P.; Fox, B.; Gram, A.; Boos, A.; Reichler, I. Prostaglandin E2 functions as a luteotrophic factor in the dog. Repro-
duction 2013, 145, 213-226.

Cole, L.A. Biological functions of hCG and hCG-related molecules. Reprod. Biol. Endocrinol. 2010, 8, 102.

Tarrade, A.; Schoonjans, K.; Guibourdenche, J.; Bidart, ].M.; Vidaud, M.; Auwerx, J.; Rochette-Egly, C.; Evain-Brion, D. PPAR
gamma/RXR alpha heterodimers are involved in human CG beta synthesis and human trophoblast differentiation. Endocrinol-
ogy 2001, 142, 4504-4514.

Peng, L.; Yang, H.; Ye, Y.; Ma, Z.; Kuhn, C.; Rahmeh, M.; Mahner, S.; Makrigiannakis, A.; Jeschke, U.; von Schonfeldt, V. Role
of Peroxisome Proliferator-Activated Receptors (PPARs) in Trophoblast Functions. Int. . Mol. Sci. 2021, 22, 433.

Mitsunari, M.; Yoshida, S.; Shoji, T.; Tsukihara, S.; Iwabe, T.; Harada, T.; Terakawa, N. Macrophage-activating lipopeptide-2
induces cyclooxygenase-2 and prostaglandin E(2) via toll-like receptor 2 in human placental trophoblast cells. ]. Reprod. Immu-
nol. 2006, 72, 46-59.

Loch-Caruso, R.; Korte, C.S.; Hogan, K.A.; Liao, S.; Harris, C. Tert-Butyl Hydroperoxide Stimulated Apoptosis Independent of
Prostaglandin E(2) and IL-6 in the HTR-8/SVneo Human Placental Cell Line. Reprod. Sci. 2020, 27, 2104-2114.

Diehl, S.; Rincén, M. The two faces of IL-6 on Th1/Th2 differentiation. Mol. Immunol. 2002, 39, 531-536.



Int. ]. Mol. Sci. 2021, 22, 9134 19 of 19

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

Saito, S. Cytokine network at the feto-maternal interface. J. Reprod. Immunol. 2000, 47, 87-103.

Von Wolff, M.; Thaler, C.J.; Strowitzki, T.; Broome, J.; Stolz, W.; Tabibzadeh, S. Regulated expression of cytokines in human
endometrium throughout the menstrual cycle: Dysregulation in habitual abortion. Mol. Hum. Reprod. 2000, 6, 627-634.
Koumantaki, Y.; Matalliotakis, I.; Sifakis, S.; Kyriakou, D.; Neonaki, M.; Goymenou, A.; Koumantakis, E. Detection of interleu-
kin-6, interleukin-8, and interleukin-11 in plasma from women with spontaneous abortion. Eur. ]. Obstet. Gynecol. Reprod. Biol.
2001, 98, 66-71.

Lim, K.J.; Odukoya, O.A.; Ajjan, R.A.; Li, T.C.; Weetman, A.P.; Cooke, I.D. The role of T-helper cytokines in human reproduc-
tion. Fertil Steril 2000, 73, 136-142.

Raychaudhuri, N.; Douglas, R.S.; Smith, T.J. PGE2 induces IL-6 in orbital fibroblasts through EP2 receptors and increased gene
promoter activity: Implications to thyroid-associated ophthalmopathy. PLoS ONE 2010, 5, e15296.

Hershko, D.D.; Robb, B.W.; Luo, G.; Hasselgren, P.O. Multiple transcription factors regulating the IL-6 gene are activated by
cAMP in cultured Caco-2 cells. Am. ]. Physiol. Regul. Integr. Comp. Physiol. 2002, 283, R1140-1148.

Jovanovi¢, M.; Vicovac, L. Interleukin-6 stimulates cell migration, invasion and integrin expression in HTR-8/SVneo cell line.
Placenta 2009, 30, 320-328.

Suman, P.; Gupta, S.K. STAT3 and ERK1/2 cross-talk in leukaemia inhibitory factor mediated trophoblastic JEG-3 cell invasion
and expression of mucin 1 and Fos. Am. |. Reprod. Immunol. 2014, 72, 65-74.

Ding, J.; Yang, C.; Cheng, Y.; Wang, J.; Zhang, S.; Yan, S.; He, F.; Yin, T.; Yang, ]. Trophoblast-derived IL-6 serves as an important
factor for normal pregnancy by activating Stat3-mediated M2 macrophages polarization. Int. Immunopharmacol. 2021, 90, 106788.
Ye, Y.; Peng, L.; Vattai, A.; Deuster, E.; Kuhn, C.; Dannecker, C.; Mahner, S.; Jeschke, U.; von Schonfeldt, V.; Heidegger, H. H.,
Prostaglandin E2 receptor 3 (EP3) signaling promotes migration of cervical cancer via urokinase-type plasminogen activator
receptor (uPAR). J. Cancer. Res. Clin. Oncol. 2020, 146, 2189-2203.



