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EZH2 enhances proliferation and migration of trophoblast cell lines by blocking 
GADD45A-mediated p38/MAPK signaling pathway
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ABSTRACT
Impaired activity of the trophoblasts is a major contributor to the progression of pregnancy 
pathologies including preeclampsia (PE). This research probed the function of enhancer of 
zeste homolog 2 (EZH2) in activity of trophoblast cells and its correlation with growth arrest 
and DNA damage inducible alpha (GADD45A). EZH2 was predicted to be downregulated in 
placental tissues in PE according to a gene chip analysis, and reduced expression of EZH2 was 
detected in the placental tissues of patients with PE. Overexpression of EZH2 augmented 
proliferation and invasiveness of two trophoblast cell lines HTR-8/SVneo and JEG3 cells. EZH2 
catalyzed trimethylation of lysine 27 on histone 3 (H3K27me3) in GADD45A promoter to 
suppress its transcription. GADD45A silencing increased the activity of the trophoblast cell 
lines and inactivated the p38/mitogen-activated protein kinase (MAPK) signaling pathway. 
Rescue experiments confirmed that either inhibition of GADD45A or p38 restored the prolif-
eration, migration, and invasiveness of the trophoblast cell lines suppressed by EZH2 silencing. 
In conclusion, this work suggests that EZH2 enhances activity of trophoblast cell lines by 
suppressing GADD45A-mediated p38/MAPK signaling pathway.
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Highlights

● EZH2 expression is reduced in the placental 
tissues of patients with PE.

● EZH2 overexpression enhances proliferation 
and invasiveness of trophoblast cell lines.

● EZH2 modifies H3K27me3 in the GADD45A 
promoter to suppress its transcription.

● GADD45A silencing promotes activity of tro-
phoblast cell lines by suppressing MAPK.

● p38 inhibition blocks the suppressive role of 
sh-EZH2 in the activity of trophoblast cells.

Introduction

Preeclampsia (PE), mainly characterized by hyper-
tension and maternal proteinuria, has been the 
leading contributor to morbidity and mortality in 
mothers, fetus and neonates in the world [1–3]. 
The onset and progression of PE are unpredictable 
[4]. Specific nursing care adhered to care protocols 
based on scientific evidence is required for women 
with PE or eclampsia [5]. However, the care of 
women with PE is largely limited owing to the 
shortage in cost-effective screening tests and inter-
ventions that can effectively prevent or treat all 
variations in presentation, onset, and severity of 
PE [6]. Due to the elusive pathogenesis and patho-
physiology of PE and the limited effective clinical 
treatment strategies, the morbidity rate of PE is 
rising [7,8]. Averting adverse maternal outcome 
takes the first priority for PE management, includ-
ing prevention and treatment of eclampsia, control 
of severe hypertension, and timely diagnosis and 
management of pulmonary edema [9].

During pregnancy, trophoblasts proliferate, 
migrate to and invade the decidua to help establish 
the uteroplacental circulation [10]. Impairment in 
these processes is a major contributor to PE patho-
genesis [11]. Maintaining the activity of tropho-
blast cells is crucial to prevent development of 
abnormal placentation and PE, which is to date 
uncurable by medical interventions.

Histone modifications, which represent a major 
type of epigenetic mechanisms that modify gene 
function without changing the DNA sequence 
itself, are closely correlated with differentiation, 
migration and invasiveness of trophoblasts [12]. 

Histone modifications lead to active or repressive 
transcriptional states [13]. Trimethylation of lysine 
27 on histone 3 (H3K27me3), a marker of repres-
sive transcription, was found to be positive in most 
of insufficient extravillous trophoblasts in human 
placental villi via immunohistochemistry [14]. 
Enhancer of zeste homolog 2 (EZH2) is a lysine 
methyltransferase that suppresses expression of 
target genes by catalyzing H3K27me3 [15]. EZH2- 
mediated repression of angiopoietin like 4 has 
been correlated with increased migration and 
invasiveness of trophoblast cells [16]. However, 
the direct function of EZH2 in the activity of 
trophoblast cells requires more investigations.

Growth arrest and DNA damage inducible 
alpha (GADD45A) belongs to the GADD45 family 
of genes that are important sensors of physiologi-
cal and environmental stimuli such as genotoxic 
damage, oxidative stress, and hypoxia [17]. 
Activation of GADD45A upon PE-associated 
stresses has been linked to impaired activity of 
the trophoblasts and the disease progression 
through the activation of downstream p38/mito-
gen-activated protein kinase (MAPK) signaling 
pathway [17–19]. It has been reported that there 
is H3K27me3 modification site at the GADD45A 
promoter [20]. We therefore hypothesized that 
EZH2 possibly regulates GADD45A and the p38/ 
MAPK signaling through epigenetic regulation to 
mediate the activity of trophoblast cells. This study 
was carried out to validate the interaction between 
EZH2 and the GADD45A/p38/MAPK axis. 
Considering their convenience, reliability, stability, 
and frequent application in relevant researches 
[21,22], two commercially acquired trophoblast 
cell lines HTR-8/SVneo and JEG3were used in 
this work to analyze the role of the GADD45A/ 
p38/MAPK axis in proliferation, migration, and 
invasiveness of trophoblasts.

Materials and methods

Sample collection

Placental tissues were harvested from women 
(normal, n = 30; PE, n = 30) underwent cesarean 
section from June 2018 to June 2020 at Suzhou 
Hospital of Integrated Traditional Chinese and 
Western Medicine. PE was confirmed by an over 
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140/90 mmHg blood pressure or mild hyperten-
sion and the presence of proteinuria (urine protein 
> 3 g/24 h). The clinical characteristics of included 
women are shown in Table 1. The placentas were 
rinsed with phosphate-buffered saline (PBS). 
Tissue samples (1 cm × 1 cm × 1 cm) in the 
calcified area of the surface of the maternal pla-
centa were collected, frozen, and stored at −80°C 
until further use. All included individuals without 
unhealthy lifestyle were free of a history of chronic 
hypertension, heart disease, diabetes, or liver or 
kidney diseases. This research got the ratification 
of the Ethics Committee of Suzhou Hospital of 
Integrated Traditional Chinese and Western 
Medicine (Approval No. 20180405) and adhered 
to the guidelines in Declaration of Helsinki. Each 
respondent signed a written confirmed consent.

Cells

Human trophoblast cell lines HTR-8/SVneo (CRL- 
3271) and JEG3 (HTB-36) were provided by 
American Type Culture Collection (Manassas, 
VA, USA). The HTR-8/SVneo and JEG3 cells 
were incubated in Roswell Park Memorial 
Institute (RPMI)-1640 (Gibco Company, Grand 
Island, NY, USA) containing 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin. The 
culture condition was 37°C with 5% CO2.

Cell transfection

Exponentially growing HTR-8/SVneo and JEG3 
cells (5 × 106) were seeded in 24-well plates. 
After 6 h when the cell confluence reached 70%- 
80%, the cells were transfected with overexpression 

plasmid-negative control (oe-NC); oe-EZH2, short 
hairpin (sh) RNA-NC (sh-NC), sh-EZH2 or sh- 
GADD45A (Vectorbuilder, Guangzhou, 
Guangdong, China). All transfections were con-
ducted adhering to the instructions of the 
Lipofectamine 2000 kit (Thermo Scientific Pierce, 
Rockford, IL, USA). Transfected cells were incu-
bated in RPMI-1640 at constant 37°C with 5% 
CO2 until further use.

HTR-8/SVneo cells stably transfected with sh- 
EZH2 were seeded in six-well plates (1 × 103 cells 
per well). Later, each well was filled with 2 mL 
RPMI-1640, and cells were treated with 20 µM 
SB203580 (HY-10256, MedChemExpress, 
Monmouth Junction, NJ, USA) for 1 h. Cells trea-
ted with equal volume of dimethyl sulfoxide 
(DMSO) for 1 h were set to control. After that, 
the medium was refreshed and the cells were col-
lected 48 h later.

Quantitative PCR (qPCR) analysis

Total RNA was extracted according to the instruc-
tions of the TRIzol Total RNA isolation reagent 
(Thermo Fisher Scientific) and reverse-transcribed 
to cDNA using the PrimeScript RT Master Mix 
(Takara Holdings Inc., Kyoto, Japan). The qPCR 
analysis was conducted following the instruction 
manual of the SYBR select master mix (Thermo 
Fisher Scientific) and the CFX96 real-time PCR 
system (Bio-Rad Inc., Hercules, CA, USA). 
Primers listed in Table 2 were synthesized by 
Genewiz BioTech Co., Ltd. (Suzhou, Jiangsu, 
China), in which glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) served as the endogen-
ous loading. Relative gene expression was evalu-
ated by the 2−ΔΔCt method [23].

Table 1. Clinical features of patients with PE and the healthy 
controls.

Clinical parameters
Normal 

(n = 30) PE (n = 30) P values

Maternal age (year) 33.14 ± 3.56 32.63 ± 5.18 > 0.05
Maternal weight (kg) 71.65 ± 7.83 73.22 ± 8.35 > 0.05
Smoking 0 0 > 0.05
Gestational age (week) 38.83 ± 2.59 35.63 ± 2.18 < 0.05
Systolic blood pressure 

(mm Hg)
112.39 ± 6.56 165.53 ± 10.68 < 0.001

Diastolic blood pressure 
(mm Hg)

74.68 ± 6.23 109.83 ± 9.54 < 0.001

Proteinuria (g/day) not detected 4.26 ± 1.31 < 0.01

Note: PE, preeclampsia. 

Table 2. Primers for RT-qPCR.
Primer Sequences (5’-3’)

EZH2 F: GACCTCTGTCTTACTTGTGGAGC
R: CGTCAGATGGTGCCAGCAATAG

GADD45A F: CTGGAGGAAGTGCTCAGCAAAG
R: AGAGCCACATCTCTGTCGTCGT

GAPDH F: GTCTCCTCTGACTTCAACAGCG
R: ACCACCCTGTTGCTGTAGCCAA

Note: EZH2, enhancer of zeste homolog 2; GADD45A, growth arrest and 
DNA damage inducible alpha; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; F: forward; R: reverse. 
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Western blot (WB) analysis

Cells were lysed in the radio-immunoprecipitation 
assay lysis buffer (Solarbio Science & Technology 
Co., Ltd., Beijing, China) to extract total protein. 
After protein quantification using a bicinchoninic 
acid kit (Sigma-Aldrich Chemical Company, St 
Louis, MO, USA), the protein sample was run on 
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene 
fluoride membranes (Millipore Corp., Billerica, 
MA, USA). The membranes were blocked with 
5% nonfat milk at 22°C for 2 h and hybridized 
with the antibodies to GAPDH (1:10,000, 
ab181602, Abcam Inc., Cambridge, MA, USA), 
EZH2 (1:1,000, GTX82503, GeneTex, CA, USA), 
GADD45A (1:1,000, PA5-88248, Thermo Fisher 
Scientific), H3K27me3 (1:1,000, ab192985, 
Abcam), p38 (1:2,000, GTX110720, GeneTex) and 
p-p38 (1:2,000, GTX133460, GeneTex) at 4°C for 
16 h, and then with goat anti-rabbit immunoglo-
bulin G (IgG, 1:2,000, ab205718, Abcam) at 22°C 
for 2 h. The blot bands were developed using the 
ECL reagent (Beyotime Biotechnology Co., Ltd., 
Shanghai, China) and imaged utilizing the BIO- 
RAD imaging system (Bio-Rad). Protein level rela-
tive to the endogenous loading GAPDH was eval-
uated using Image J [24].

Immunohistochemistry (IHC)

The collected placental tissues were embedded and 
sectioned. After dewaxing and rehydration, the 
sections were treated with 3% H2O2 at 22°C for 
15 min and blocked with normal goat serum at 
22°C for 15 min. Thereafter, the sections were 
reacted with 50 μL the primary antibodies against 
EZH2 (1:50, GTX82503, GeneTex), cytokeratin 7 
(CK7, 1:100, ab183344, Abcam), and GADD45A 
(1:100, PA5-88248, Thermo Fisher Scientific) 
overnight at 4°C, and then with IgG (1:2,000, 
ab205718, Abcam) at 37°C for 15 min. After that, 
40 μL horseradish peroxidase-labeled streptavidin- 
working solution was added for 15 min. After 
color development using 3,3’-diaminobenzidine, 
the sections were counter-stained with hematoxy-
lin for 30s, dehydrated, and sealed for observation. 
Positive cells were counted under the microscope 
(Olympus Optical Co., Ltd., Tokyo, Japan) [25].

3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) assay

Viability of cells was examined using the MTT kit 
(C0009, Beyotime) adhering to the manufacturer’s 
protocol. Well-growing cells were seeded in 96- 
well plates at 1 × 103 cells per well. Cells were 
counted at the 0, 24, 48, and 72 h. Collected cells 
were treated with 20 μL of MTT solution and 
further incubated at 37°C with 5% CO2 for 4 
h. Thereafter, 150 μL DMSO was added to each 
well to dissolve the crystal. The optical density at 
490 nm was determined using the microplate 
reader (ELx808, Biotek, USA) [25].

5-ethynyl-2’-deoxyuridine (EdU) labeling assay

An EdU labeling kit (RiboBio) was applied to eval-
uate cell proliferation. In short, transfected HTR-8/ 
SVneo and JEG3 cells were loaded in 24-well plates 
(5 × 105 cells/well). After 24 h, 50 μM EdU was 
added according to the kit’s instructions for 2 h of 
incubation. The cells were washed, fixed, penetrated 
with 0.5% Triton X-100, reacted with 200 μL of 
1× Apollo reaction mixture avoiding light exposure 
for 30 min, and stained with 200 μL 1× Hoechst 
33342 solution avoiding light exposure at 22°C for 
30 min. Positively stained cells in five random fields 
of views were counted under the fluorescence 
microscope (FSX100, Olympus). The EdU-positive 
(proliferating) cells were stained in red and total 
cells were stained in blue [26].

Scratch test

The transfected trophoblast cells were cultured in 
6-well plates at 1 × 106 cells per well. After complete 
adherence of cells to the bottom, a 2-mm cell scraper 
was used to scratch in the middle of each well. The 
medium and floating cells were washed with PBS. 
The cell culture was continued in renewed medium 
at 37°C with 4% CO2 for 48 h. The width of the 
scratches at the 0 and 48 h was observed under the 
microscope (IX51, Olympus) and analyzed using the 
cellSens standard imaging software (Olympus). The 
migration rate was cells was measured as follow: 
rate = (width at 0 h -width at 48 h)/width at 0 h [27].
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Transwell assay

The invasiveness of cells was analyzed by the 
Transwell assay. In short, 200 μL serum-free suspen-
sion of HTR-8/SVneo or JEG3 cells (5 × 104) was 
loaded on the Transwell apical chambers pre-coated 
with Matrigel. To the basolateral chambers, 500 μL 
10% FBS-contained medium was added. The cells 
were incubated for 48 h. After that, the invaded cells 
were fixed and stained with 1% crystal violet for 
30 min, and then counted under the microscope [28].

Chromatin immunoprecipitation (ChIP)-qPCR

The cells were warm incubated in 4% formalde-
hyde for 10 min, and lysed at 4°C for 1 h. The cell 
lysates were ultrasonicated to 500–800-bp chroma-
tin fragments. Thereafter, the samples were pre- 
purified with protein A agarose at 4°C and then 
reacted with anti-EZH2 (1:100, GTX110384, 
GeneTex) and anti-H3K27me3 (1:200, ab192985, 
Abcam) at 4°C overnight. The immunoprecipitates 
were captured using 10% (v/v) protein A agarose. 
To examine the binding of EZH2 and H3K27me3 
with the GADD45A promoter, the enrichment of 
GADD45A in the immunoprecipitates was exam-
ined by qPCR [29].

Statistical analysis

All data analysis was performed using the 
SPSS22.0 (IBM Corp. Armonk, NY, USA). All 
cellular experiments were repeated for three 
times. Measurement data were presented as the 
mean ± standard deviation. The inter-group dif-
ferences were determined by the unpaired t test, or 
by one- or two-way analysis of variance followed 
by Tukey’s post-hoc test. The log rank test was 
applied for post-statistical analysis. Significant dif-
ferences were set at p < 0.05.

Results

Starting paragraph

Dysregulated histone methylation represents one 
of the major epigenetic changes closely linked to 
the development of PE. H3K27me3 is a repressive 
transcription marker positively expressed in most 
of insufficient extravillous trophoblasts in human 

placental villi, and our bioinformatics analyses 
predicted the lysine methyltransferase EZH2, 
which can catalyze H3K27me3 modification, is 
poorly expressed in PE. H3K27me3 modification 
site has also been found at the GADD45A promo-
ter, and GADD45A has reportedly been correlated 
with impaired activity of trophoblasts via the p38/ 
MAPK signaling. We therefore hypothesized that 
EZH2 possibly affects GADD45A via H3K27me3 
modification and validated this interaction via 
ChIP-qPCR assay. Also, altered expression of 
EZH2, GADD45A, and p38 was introduced in 
two trophoblast cell lines HTR-8/SVneo and 
JEG3 to investigate their roles in proliferation, 
migration, and invasiveness of trophoblast cells.

EZH2 is expressed at low levels in the placental 
tissues of patients with PE

A PE-related dataset GSE147776 was obtained 
from Gene Expression Omnibus (https://www. 
ncbi.nlm.nih.gov/gds/?term=GSE147776+) to ana-
lyze differentially expressed genes (DEGs) between 
normal women and PE patients. The data were 
downloaded, and the raw data were re- 
normalized. DEGs were ranked and then screened 
by p < 0.05. Dysregulated histone methylation 
represents one of the major epigenetic changes 
closely linked to the development of PE [30]. We 
therefore focused on the histone methyltrans-
ferases and demethylases in these DEGs, which 
are presented in the heatmap in Figure 1(a). 
According to the |Log foldchange|, we selected 
the histone methyltransferase EZH2 as the study 
subject. EZH2 was suggested to be poorly 
expressed in the placental tissues of PE patients. 
In line, the subsequent qPCR analysis on clinical 
placental tissue samples from PE patients (n = 30) 
and normal women (n = 30) suggested that EZH2 
was significantly poorly expressed in the placental 
tissues of PE (Figure 1(b)). The IHC assay con-
firmed the positive expression of the pan- 
trophoblast marker CK7 in the tissues (Figure 1 
(c)) and further detected decreased expression of 
EZH2 in the placental tissues of PE versus the 
normal placental tissues (Figure 1(d)). The clinical 
characteristics of included PE patients and normal 
pregnant women are presented in Table 1. It was 
found that the systolic blood pressure and diastolic 
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blood pressure of patients with PE were increased 
compared to the normal women. The patients had 
proteinuria, but the normal patients did not. 
Moreover, the gestational age of patients was 
shorter than that of the healthy women.

EZH2 overexpression induces proliferation and 
invasiveness of trophoblast cell lines

To examine the function of EZH2 in tropho-
blast cell lines, EZH2 overexpression was 
induced in HTR-8/SVneo and JEG3 cells. The 
qPCR and WB analyses suggested that the 
EZH2 levels in cells were significantly elevated 
by oe-EZH2 (Figure 2(a-b)). The MTT assay 
indicated that the viability of the trophoblast 
cells was enhanced after EZH2 overexpression 
(Figure 2(c)). The EdU labeling also suggested 
that the proliferation activity of the cells was 
enhanced by oe-EZH2 (Figure 2(d)). The 
scratch and Transwell assays indicated that the 
migration ability and invasiveness of the tro-
phoblast cell lines were increased as well after 
EZH2 overexpression (Figure 2(e-f)). These 
results indicate that EZH2 can enhance prolif-
eration and migration of trophoblast cells.

EZH2 catalyzes H3K27me3 modification in the 
GADD45A promoter to suppress its transcription

As a histone methyltransferase, EZH2 can regulate 
H3K27me3 modification, a transcriptional repres-
sive marker, to mediate gene expression. There is 
H3K27me3 modification site at the GADD45A 
promoter [20]. Therefore, we surmised that 
EZH2 possibly regulates GADD45A expression in 
PE. The GADD45A expression in the placental 
tissues was measured. Both qPCR and IHC assays 
identified that the GADD45A expression was 
noticeably increased in the placenta of PE patients 
(Figure 3(a-b)). In HTR-8/SVneo and JEG3 cells 
overexpressing EZH2, the GADD45A expression 
was significantly reduced (Figure 3(c-d)). To vali-
date the conjecture above, the H3K27me3 protein 
level in cells was determined. We found that EZH2 
upregulation elevated the H3K27me3 levels both 
in HTR-8/SVneo and JEG3 cells (Figure 3(e)). 
Moreover, the enrichment of GADD45A promoter 
by EZH2 and H3K27me3 was detected by the 
ChIP-qPCR assay. EZH2 overexpression in cells 
increased the abundance of GADD45A fragments 
either enriched by anti-EZH2 or anti-H3K27me3 
(figure 3(f)). These results indicated that EZH2 
can catalyze H3K27me3 modification at the 
GADD45A promoter to suppress its transcription.

Figure 1. EZH2 expression is reduced in the placental tissues of PE patients. A, a heatmap for differentially expressed histone 
methyltransferases and demethylases in the GSE147776 dataset; B, EZH2 expression level in the clinical placental tissue samples from 
PE patients (n = 30) and normal pregnant women (n = 30) examined by qPCR analysis; C, expression of the pan-trophoblast marker 
CK7 in the clinically collected placental tissues examined by IHC; D, EZH2 expression level in the clinical placental tissue samples 
from PE patients (n = 30) and normal pregnant women (n = 30) detected by IHC assays. Repetition = 3. **p < 0.01.
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Figure 2. EZH2 overexpression induces proliferation and invasiveness of trophoblast cell lines. A-B, mRNA (a) and protein (b) levels 
of EZH2 in HTR-8/SVneo and JEG3 cells after oe-EZH2 or oe-NC transfection examined by qPCR and WB assays; C, viability of HTR-8/ 
SVneo and JEG3 cells examined by the MTT assay; D, proliferation activity of HTR-8/SVneo and JEG3 cells determined by the EdU 
labeling assay; E, migration of HTR-8/SVneo and JEG3 cells examined by the scratch test; F, invasiveness of HTR-8/SVneo and JEG3 
cells examined by the transwell assay. Repetition = 3. *p < 0.05; **p < 0.01.
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Silencing of GADD45A promotes proliferation 
and invasiveness of trophoblast cell lines 
possibly by suppressing the MAPK signaling 
pathway

To determine the function of GADD45A in the 
activity of trophoblast cell lines, sh-NC or sh- 
GADD45A was administrated into the HTR-8/ 
SVneo and JEG3 cells, and the successful silen-
cing of GADD45A in cells was detected by qPCR 
analysis (Figure 4(a)). Thereafter, the MTT assay 
suggested that the growth and viability of cells 
was enhanced after GADD45A silencing (Figure 
4(b)). Silencing of GADD45A also strengthened 
the proliferation activity of the HTR-8/SVneo 
and JEG3 cells (Figure 4(c)). Moreover, the 
scratch and Transwell assays indicated that the 
migration and invasiveness of cells were 
enhanced after GADD45A silencing (Figure 4 
(d-e)). To examine the molecular mechanism, 

a Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis was per-
formed to analyzed the GADD45A-related genes. 
The results were visualized using a bubble chart. 
Seventeen GADD45A-enriched signaling path-
ways were presented, and GADD45A was ana-
lyzed to be closely correlated with cell cycle, 
cancer progression, and the MAPK signaling 
pathway (figure 4(f-g)). Moreover, KEGG analy-
sis of the EZH2-related genes suggested that 
many of these genes were also enriched in the 
MAPK signaling pathway (Figure 4(h)). The WB 
analysis suggested the phosphorylation of p38, 
the MAPK pathway marker protein, was signifi-
cantly suppressed after GADD45A inhibition 
(Figure 4(i)). These results indicated that silen-
cing of GADD45A triggers proliferation, migra-
tion, and invasiveness of trophoblast cells 
possibly by blocking the MAPK signaling 
pathway.

Figure 3. EZH2 catalyzes H3K27me3 modification in GADD45A promoter to suppress its transcription. A-B, GADD45A expression level 
in the clinical placental tissue samples from PE patients (n = 30) and normal pregnant women (n = 30) detected by qPCR (a) and IHC 
(b) assays; C-D, mRNA (c) and protein (d) levels of GADD45A in HTR-8/SVneo and JEG3 cells after oe-EZH2 or oe-NC transfection 
examined by qPCR and WB analyses; E, protein level of H3K27me3 in HTR-8/SVneo and JEG3 cells detected by WB analysis; F, 
enrichment of GADD45A fragments enriched by anti-EZH2 and anti-H3K27me3 examined by the ChIP-qPCR assay. Repetition = 3. 
*p < 0.05; **p < 0.01.
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Figure 4. GADD45A silencing promotes proliferation and invasiveness of trophoblast cell lines possibly through suppressing 
the MAPK signaling pathway. A, GADD45A mRNA in HTR-8/SVneo and JEG3 cells after transfection of sh-NC or sh-GADD45A 
determined by qPCR analysis; B, viability of cells examined by the MTT assay; C, proliferation activity cells examined by the 
EdU labeling assay; D, migration ability of HTR-8/SVneo and JEG3 cells examined by the scratch test; E, invasiveness of HTR- 
8/SVneo and JEG3 cells examined by the transwell assay; F-H, GADD45A enriched signaling pathways analyzed by the KEGG 
enrichment analysis; I, protein level and phosphorylation of p38 in cells examined by WB analysis. Repetition = 3. *p < 0.05; 
**p < 0.01.
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GADD45A silencing restores the proliferation and 
invasiveness of trophoblast cell lines suppressed 
by sh-EZH2

To examine the interaction between GADD45A 
and EZH2 in trophoblast cells, the HTR-8/ 
SVneo cells with higher activity were admini-
strated with sh-EZH2 alone or sh-EZH2 + sh- 

GADD45A. The qPCR analysis indicated that 
sh-EZH2 suppressed the EZH2 expression but 
increased the expression of GADD45A, whereas 
sh-GADD45A reduced the expression of 
GADD45A but had no effect on the expression 
of EZH2 (Figure 5(a)). It was found that the 
viability, proliferation activity, and migration 

Figure 5. Silencing of GADD45A restores proliferation and invasiveness of trophoblast cell lines suppressed by sh-EZH2. A, EZH2 and 
GADD45A mRNA in HTR-8/SVneo cells after transfection of sh-EZH2 alone or sh-EZH2 + sh-GADD45A determined by qPCR analysis; B, 
viability of cells determined by the MTT assay; C, proliferation activity of cells measured by the EdU labeling assay; D, migration of 
HTR-8/SVneo and JEG3 cells examined by the scratch test; E, invasiveness of HTR-8/SVneo and JEG3 cells examined by the transwell 
assay; F, protein level and phosphorylation of p38 in cells determined by WB analysis. Repetition = 3. *p < 0.05; **p < 0.01.
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Figure 6. Inhibition of p38 blocks the suppressive role of sh-EZH2 in the proliferation and invasiveness of trophoblast cell lines. A, 
protein level and phosphorylation of p38 in HTR-8/SVneo cells after SB203580 treatment determined by WB analysis; B, viability of 
cells examined by the MTT assay; C, proliferation activity cells examined by the EdU labeling assay; D, migration ability of HTR-8/ 
SVneo and JEG3 cells examined by the scratch test; E, invasiveness of HTR-8/SVneo and JEG3 cells examined by the transwell assay. 
Repetition = 3. *p < 0.05; **p < 0.01.
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ability and invasiveness of cells were significantly 
suppressed by EZH2 silencing alone but then 
rescued following GADD45A suppression 
(Figure 5(b-e)). Moreover, the WB assay sug-
gested that the phosphorylation of p38 in cells 
was promoted after EZH2 suppression but 
inhibited after GADD45A knockdown (figure 5 
(f)). This body of evidence supports that EZH2 
possibly suppresses GADD45A and inactivates 
the MAPK signaling to enhance proliferation 
and invasiveness of cells.

Inhibition of p38 blocks the suppressive role of 
sh-EZH2 in the proliferation and invasiveness of 
trophoblast cell lines

To confirm whether the p38/MAPK pathway is 
implicated in the events above, a p38-specific 
antagonist SB203580 was administrated into 
HTR-8/SVneo cells following sh-EZH2 transfec-
tion. After that, the phosphorylation of p38 in 
cells was suppressed (Figure 6(a)). Thereafter, it 
was observed that the proliferation, migration, and 
invasiveness of cells suppressed by sh-EZH2 was 
rescued by p38 inhibition (Figure 6(b-e)). 
Collectively, it can be inferred that EZH2 enhances 

the proliferation and migration of trophoblast cells 
by blocking the p38/MAPK signaling pathway.

Discussion

The etiology of PE remains elusive despite decades 
of investigation, and immediate termination of 
pregnancy has been the most effective treatment 
[31]. Except this, there is limiting strategy in the 
prevention or treatment of PE, with approximately 
300,000 mothers and 500,000 fetuses died during 
the disease progression each year [32]. In the pre-
sent study, the authors report that the histone 
methyltransferase EZH2 can strengthen tropho-
blast proliferation and migration by inhibiting 
GADD45A-mediated p38/MAPK pathway.

Bioinformatics analysis using gene expression 
chips has been helpful tools for the identification 
of key genes implicated in diseases, including PE 
[33,34]. In this study, the analysis on a GSE147776 
gene chip suggested EZH2 as a poorly expressed 
gene in PE. EZH2 has been reported to be crucial 
for the early embryogenesis of mice [35]. Likewise, 
EZH2 deficiency in mouse embryos was associated 
with impaired embryonic development but 
increased embryonic lethality [36]. Moreover, 

Figure 7. EZH2 epigenetically suppresses GADD45A transcription by catalyzing H3K27me3 modification, which subsequently inhibits 
the p38/MAPK axis and promotes the proliferation and invasiveness of trophoblast cells.
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EZH2 suppression was implicated in the develop-
ment of human recurrent miscarriage, in which 
reduced trophoblast activity plays a major role 
[37]. This body of evidence suggested that down-
regulation of EZH2 is potentially correlated with 
reduced trophoblast activity in PE as well. In the 
subsequent experiments, reduced expression of 
EZH2 was detected in the placentas of PE, and 
upregulation of EZH2 enhanced the activity of 
HTR-8/SVneo and JEG3 cells, validating that 
EZH2 can enhance the activity of trophoblast 
cells in vitro. As aforementioned, EZH2 suppresses 
transcription activity of genes by catalyzing 
H3K27me3 modification [15]. Here, the mechan-
ism of action involved in the EZH2-mediated tro-
phoblast activity required further investigation.

Positive H3K27me3 has been found in most of 
insufficient extravillous trophoblasts in human 
placental villi [14]. Also, H3K27me3 modification 
site was found in GADD45A promoter [20]. 
Moreover, the GADD45A signaling was activated 
in response to the PE-associated stresses [17]. In 
line, in this work, high GADD45A expression was 
detected in the placental tissues of PE, and EZH2 
upregulation elevated the level of H3K27me3 and 
epigenetically suppressed the expression of 
GADD45A. Importantly, artificial silencing of 
GADD45A suppressed the activity of trophoblast 
cell lines. Similar results have been observed in 
previous reports that restoration of GADD45A 
inhibited the viability, migration, invasiveness 
and angiogenesis of HTR-8/SVneo cells but pro-
moted cell apoptosis [38,39]. Thereafter, our path-
way enrichment analysis revealed that the 
GADD45A-related genes were mainly enriched in 
the p38/MAPK pathway. Of note, this signaling 
has been implicated in oxidative stress in the 
pathogenesis of PE mediated by GADD45A [19]. 
Aberrant activation of the p38/MAPK signaling 
leads to PE by regulating oxidative stress and 
apoptosis of endothelial cells and affecting the 
angiogenesis of extravillous trophoblasts [40]. 
Studies have demonstrated the important involve-
ment of MAPK cascades, including the p38 
MAPK, JNK and ERK, in the regulation of tropho-
blast function [41,42]. Recent evidence has also 
validated that decreased phosphorylation of p38 
and JNK was correlated with increased prolifera-
tion and colony formation abilities of trophoblast 

cells [43,44]. In the present study, silencing of 
EZH2 led to increased phosphorylation of p38, 
and the rescue experiments suggested that either 
inhibition of GADD45A or p38 restored the pro-
liferation, migration, and invasiveness of the tro-
phoblast cell lines suppressed by EZH2 silencing, 
indicating that EZH2 enhances the activity of tro-
phoblast cells, at least partially, through suppres-
sing GADD45A and the p38/MAPK axis.

Conclusion

In conclusion, this study demonstrates that EZH2 
plays a promoting role in the proliferation and 
motility of trophoblast cell lines, at least partially, 
via the epigenetic suppression of the GADD45A 
transcription and the subsequent inhibition of the 
p38/MAPK axis (Figure 7). These results validated 
that reduced EZH2 or increased GADD45A might 
serve as biological markers for the early prediction 
of PE or other pregnancy pathologies caused by 
reduced activity of trophoblast cell lines. However, 
there might be more signaling pathways and other 
molecules in the MAPK pathway such as JNK and 
ERK that are involved in the GADD45A- 
manipulated events. We would like to probe 
more molecules responsible for impaired activity 
of trophoblasts. We also hope more researches will 
be launched to probe more molecular mechanisms 
implicated in PE.
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