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ATF2 Promotes Preeclampsia Accompanied by
Gestational Hypertension via Transcriptionally
Activating ARRDC3 to Suppress Trophoblast Functions
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Background: Growing evidence suggests that arrestin domain-containing protein 3 (ARRDC3) plays a pivotal role in enhanc-
ing preeclampsia (PE) progression, and activating transcription factor 2 (47F2) serves as a key regulator of trophoblast cell
functions. Therefore, this study aims to investigate the role of the ATF2/ARRDC3 axis in mediating trophoblast cell viability,
migration, invasion, and epithelial-mesenchymal transition (EMT), providing mechanistic insights into PE pathogenesis.
Methods: The expression of ARRDC3, ATF2, EMT-related markers, both at mRNA and protein levels, was assessed using quanti-
tative reverse transcription polymerase chain reaction (QRT-PCR) and western blot analyses. Trophoblast cell viability, apoptosis
rate, invasion, and migration were evaluated using the Cell counting kit-8 (CCK-8) assay, flow cytometry, Transwell assay, and
wound healing assay. Additionally, a correlation between ATF2 and the ARRDC3 promoter region was determined using the
dual-luciferase reporter and ChIP assays.

Results: ARRDC3 overexpression inhibited trophoblast cell viability, invasion, migration, and EMT, while promoting apoptosis
(p < 0.05). ATF2 promoted ARRDC3 expression by binding to its promoter region (p < 0.05). Upregulated ATF2 suppressed tro-
phoblast cell viability, invasion, migration, and EMT; however, these effects were reversed by ARRDC3 knockdown (p < 0.05).
Conclusion: ATF2 binds to the ARRDC3 promoter region, upregulating its expression, thereby inhibiting trophoblast cell func-
tions which in turn accelerate PE progression.
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Introduction (a-arrestins) and has been identified as a potential tumor
suppressor [9,10]. Liu et al. [11] found elevated ARRDC3
expression in the gastric mucosa of H. pylori-infected pa-
tients, and confirmed that its expression levels was posi-
tively correlated with the severity of gastritis. Importantly,
higher ARRDC3 expression has also been reported in both
PE patients and human placental trophoblast cells, suggest-
ing ARRDC3 as a potential therapeutic target for PE [12].
Therefore, investigating the precise molecular mechanisms
involving ARRDC3 in PE progression may provide new
perspectives for developing effective interventions.

Preeclampsia (PE) is an obstetric disorder character-
ized by hypertension and multi-organ dysfunction [1]. Hy-
pertension is a major risk factor for PE, and evidence in-
dicates that cardiovascular dysfunction occurs several days
before the development of PE [2,3]. Trophoblast cells, the
primary structure of the placenta, are essential for invad-
ing the uterine wall and forming placental blood vessels to
ensure adequate oxygen and nutrient supply to the fetus,
playing a vital role in PE development [4]. Furthermore,
reduced proliferation and invasion of trophoblast cells have
been correlated with the development of PE [5,6]. Ab-
normal trophoblast invasion and impaired spiral artery re-
modeling lead to decreased placental perfusion, ischemia,
and hypoxia, which are recognized as crucial pathological
mechanisms underlying PE [7,8]. Therefore, elucidating
the pathogenesis of PE holds immense clinical implications

Activating transcription factor 2 (47F2), a member of
the leucine zipper family, plays a pivotal role in regulating
many cellular biological processes [13,14]. ATF?2 regulates
gene expression by forming homodimers or heterodimers
with proteins, including cAMP-responsive element binding
protein (CREB) and c-Jun N-terminal kinase (c-Jun) [15,
16]. Elevated ATF2 expression has been reported in ges-

for improving patient management and treatment.

Arrestin domain-containing protein 3 (ARRDC3) is a
newly reported member of mammalian inhibitory proteins

tational diabetes mellitus, where it suppresses trophoblast
cell proliferation and promotes ferroptosis, thereby impact-
ing trophoblast function [17]. This suggests that ATF2 may
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be a crucial contributor to trophoblast cell dysfunction. Fur-
thermore, previous research has revealed that ATF?2 is over-
expressed in PE patients, indicating its potential role in PE
progression [18]. In this study, the binding sites between
ATF2 and the ARRDC3 promoter region were identified us-
ing the Jaspar software (https://jaspar.genereg.net/analysi
s). However, whether ATF?2 affects the progression of PE
by regulating ARRDC3 remain unexplored.

Therefore, we investigated the involvement of the
ATF2/ARRDC3 axis in regulating trophoblast cell viability,
migration, invasion, and epithelial-mesenchymal transition
(EMT), providing new insights into PE pathogenesis.

Materials and Methods

Tissue Sample Collection

Placental tissues were obtained from 33 PE patients
and 29 healthy pregnant women recruited from The No.
4 People’s Hospital of Hengshui, China. Each participant
signed a written informed consent form, and the study was
approved by the Hospital’s Ethics Committee (2022 No.
20).

Cell Culture

The human choriocarcinoma-derived JEG-3 cell line
(CL-0127; Procell, Wuhan, China) and HTR-8/SVneo tro-
phoblast cell line (CL-0765; Procell) were cultured in MEM
(PM150410; Procell) or RPMI-1640 medium (PM150110;
Procell) containing 1% penicillin/streptomycin (PB180120,
Procell) and 10% fetal bovine serum (FBS) (164210-50,
Procell). The cell lines were authenticated via STR and
tested negative for mycoplasma contamination.

Cell Transfection

The pcDNA3.1-ARRDC3 and pcDNA3.1-ATF2
overexpression vectors were prepared by inserting
the full-length ARRDC3 (GenBank™ NM_020801.4)
or ATF2 (GenBank™ NM 001880.4) sequences into
the pcDNA3.1 vector (V79020; Invitrogen, Carlsbad,
CA, USA). The siRNAs targeting ATF2 (si-ATF2:
F 5-ACUAGUUCAUGAUCCUUUCGG-3’, R 5'-
GAAAGGAUCAUGAACUAGUGA-3") and ARRDC3
(si-ARRDC3: F 5-AGAUUUCUUAAAAAGUCAGGG-
3, R  5-CUGACUUUUUAAGAAAUCUCA-3'),
along with a negative control siRNA (si-NC: F 5'-
GGAGUAGGGAGCAAACCUAUAGGAA-3, R 5'-
UUCCUAUAGGUUUGCUCCCUACUCC-3), were
synthesized by RiboBio (Guangzhou, China). JEG-3 and
HTR-8/SVneo cells were seeded into 24-well plates (1 x
10°/well) and cultured until achieving 60% confluence.
Then, the cells were transfected with pcDNA vector and
siRNAs using Lipofectamine 3000 (L3000150; Invitro-
gen). After 48 hours of incubation at 37 °C, the cells were
collected for subsequent functional analyses.

Western Blot (WB) Analysis

Total protein was extracted using RIPA buffer, re-
solved on 10% SDS-PAGE (P0690; Beyotime, Shanghai,
China), and subsequently transferred onto PVDF mem-
branes (FFP22; Beyotime). After that, the membranes
were blocked and incubated overnight with primary
antibodies (Abcam, Cambridge, CA, USA), including anti-
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH,
ab9485, 1:2500), anti-ARRDC3 (ab64817, 1:500), anti-
E-cadherin (ab40772, 1:1000), anti-N-cadherin (ab76011,
1:5000), anti-ATF2 (ab32160, 1:10,000), anti-Vimentin
(ab45939, 1:1000), anti-Snail (ab216347, 1:1000), anti-
PI3K (ab191606, 1:1000), anti-p-PI3K (ab182651, 1:500),
and anti-AKT (ab8805, 1:500), anti-p-AKT (ab18206,
1:1000). The next day, the membranes were thoroughly
washed and incubated with secondary antibody (ab205718,
1:50,000) for 2 hours. Protein bands were visualized using
an ECL reagent (PO018AS; Beyotime) and examined on an
ImageQuant LAS 4000 (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) imaging system. The gray values
of the protein bands were quantified using ImageJ soft-
ware (v1.8.0; NIH, Bethesda, MD, USA). GAPDH was
employed as the loading control during blot analysis.

Cell Counting Kit-8 (CCK-8) Assay

The CCK-8 assay was used to assess cell viability.
Transfected cells were inoculated into 96-well plates and
cultured for 48 hours. CCK-8 reagent (10 pL; C0037; Be-
yotime) was added to each well, and absorbance was mea-
sured at 450 nm using a microplate reader (SpectraMax i3x,
Molecular Devices, Sunnyvale, CA, USA).

Flow Cytometry

Cells were resuspended with binding buffer and
stained with Annexin V-FITC and PI solution (C1062S; Be-
yotime). The apoptosis rate was then assessed using a flow
cytometer (FACScalibur, BD Biosciences, San Jose, CA,
USA).

Transwell Assay

Cells were seeded into the upper chambers of the Tran-
swell insert, which was pre-coated with Matrigel (354230;
Corning Inc., Corning, NY, USA), while the lower chamber
was filled with complete medium as a chemoattractant. Af-
ter 24 hours, the cells were fixed and stained, and the num-
ber of cells that had invaded the lower membrane surface
was counted using a microscope (IX71, Olympus, Tokyo,
Japan).

Wound Healing Assay

Cells were seeded into 6-well plates, and a wound was
created by scratching the cell layer using a sterilized pipette
tip. The cells were then cultured in serum-free medium for
24 hours. After that, the wound area was photographed us-
ing a microscope (IX71, Olympus), and the migration dis-
tance was calculated.
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Bioinformatics Prediction

The Genecards database predicted ATF2 as an up-
stream transcription factor of the ARRDC3 gene promoter,
while the potential binding sites between ATF2 and the AR-
RDC3 promoter region were determined using the Jaspar
website.

Dual-luciferase Reporter Assay

Wild-type and mutant-type fragments of the ARRDC3
promoter region were cloned into the pGL3-basic vector
to develop the WT-ARRDC3 and MUT-ARRDC3 vectors.
Then, the cells were transfected with si-NC or si-ATF2 vec-
tors along with the WT-ARRDC3 and MUT-ARRDC3 vec-
tors using Lipofectamine 3000. Finally, luciferase activ-
ity was evaluated using the appropriate assay kit (E1910;
Promega, Madison, WI, USA).

ChIP Assay

Using the Magna ChIP A/G Kit (17-10086; Milli-
pore, Billerica, MA, USA), cells were cross-linked with 1%
formaldehyde, and the resulting cell lysates were sonicated
to obtain DNA fragments. The DNA fragments were incu-
bated with anti-IgG or anti-ATF2 antibodies, and the precip-
itated DNA was used as a template for quantitative reverse
transcription polymerase chain reaction (QRT-PCR) to eval-
uate the enrichment of the ARRDC3 promoter region.

qRT-PCR

Total RNA was isolated and reverse-transcribed into
cDNA using the cDNA Synthesis Kit (RR037A; Takara,
Tokyo, Japan). qRT-PCR was then performed using SYBR
Green (RR820A; Takara) on a CFX96 PCR system (Bio-
Rad, Hercules, CA, USA). Specific primers used in qRT-
PCR are listed in Table 1. The relative mRNA expression
of the ATF2 and ARRDC3 genes was determined using the
2~AAC method.

Table 1. Primer sequences used in qRT-PCR.

Name Sequences for PCR (5'-3")
Forward CCTCTGCTGCCCTGACTTTT
ARRDC3
Reverse GTGTGGAAGCCTTCTTCGGA
ATF2 Forward GTAGTCTGATTGGCTTAACTCGTAT
Reverse TCTTGTTGGTGTTGGGGTCT
GAPDH Forward GACCACAGTCCATGCCATCAC
Reverse ACGCCTGCTTCACCACCTT

ARRDC3, arrestin domain-containing protein 3; ATF2, activat-
ing transcription factor 2; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; qRT-PCR, quantitative reverse transcription poly-

merase chain reaction.
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Statistical Analysis

Statistical analyses were performed using GraphPad
7.0 software. Data were expressed as mean + standard
deviation (SD). Comparison between two groups was con-
ducted using Student’s #-test, while multiple group compar-
isons were performed using one-way ANOVA followed by
the Tukey post-hoc test. All experiments were performed in
triplicate to ensure the reliability of the findings. A p-value
of <0.05 was considered statistically significant.

Results

ARRDC3 Overexpression Inhibits Trophoblast Cell
Proliferation, Invasion, Migration, and EMT

To investigate the role of ARRDC3 in PE, JEG-3
and HTR-8/SVneo cells were transfected with an ARRDC3
overexpression vector. After transfection, both ARRDC3
mRNA and protein expression levels were substantially el-
evated (p < 0.05, Fig. 1A,B). Furthermore, ARRDC3 over-
expression suppressed cell viability and promoted the apop-
tosis rate (p < 0.05, Fig. 1C-E). Moreover, the upregulation
of ARRDC3 suppressed cell invasion and reduced migra-
tion distance (p < 0.05, Fig. 1F-H). Additionally, ARRDC3
overexpression increased the E-cadherin protein expression
levels while decreasing N-cadherin expression (p < 0.05,
Fig. 1LJ). Overall, these results suggest that ARRDC3 in-
hibits trophoblast cell functions.

ATF?2 Regulates ARRDC3 Transcription

The Genecards database indicated that transcription
factor ATF2 could bind to the ARRDC3 promoter region
to mediate its transcription (Fig. 2A). Furthermore, the Jas-
par database identified specific binding sites between the
ATF2 and ARRDC3 promoter regions (Fig. 2B). To vali-
date these observations, we constructed si-ATF2 to down-
regulate ATF2 mRNA and protein expression in JEG-3
and HTR-8/SVneo cells (p < 0.05, Fig. 2C,D). A dual-
luciferase reporter assay revealed that si-ATF2 substan-
tially reduced the luciferase activity of the WT-ARRDC3
vector, while it had no effect on the MUT-ARRDC3 vec-
tor (p < 0.05, Fig. 2E,F). Additionally, the ARRDC3 pro-
moter region was found to be enriched for anti-ATF2 (p <
0.05, Fig. 2G). Similarly, si-ATF2 significantly inhibited
ARRDC3 mRNA expression (p < 0.05, Fig. 2H). More-
over, both ATF2 and ARRDC3 were found to be overex-
pressed in the placental tissue obtained from PE patients (p
< 0.05) (Supplementary Fig. 1A,B), and Pearson correla-
tion analysis revealed a positive correlation between ATF2
and ARRDC3 expression in the tissue samples (p < 0.05)
(Supplementary Fig. 1C). These results demonstrate that
ATF?2 enhances ARRDC3 expression by binding to its pro-
moter region.
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Fig. 1. Effect of ARRDC3 upregulation on trophoblast cell functions. JEG-3 and HTR-8/SVneo cells were transfected with a vector
or an ARRDC3 overexpression vector. (A,B) ARRDC3 mRNA and protein expression in the NC group, the vector group, and the
ARRDC3 overexpression group (QRT-PCR and WB analysis). Cell viability and the apoptosis rate in the vector group and the ARRDC3

overexpression group were assessed using CCK-8 assay (C) and flow cytometry (D,E). Transwell assay (F) and wound healing assay

(G,H) were used to assess cell invasion and migration in the vector group and the ARRDC3 overexpression group. (I,J) WB analysis was

performed to determine the expression levels of E-cadherin and N-cadherin proteins in the vector group and the ARRDC3 overexpression
group. **p < 0.01 and ***p < 0.001. ARRDC3, arrestin domain-containing protein 3; JEG-3, human choriocarcinoma cell line JEG-
3; HTR-8, human extravillous trophoblast cell line HTR-8/SVneo; NC, negative control; qRT-PCR, quantitative reverse transcription
polymerase chain reaction; WB, Western blot; CCK-8, cell counting kit-8.

ATF?2 Overexpression Suppresses Trophoblast Cell
Functions

Next, we explored the role of ATF?2 in PE progression.
ATF?2 overexpression substantially elevated ATF2 mRNA
and protein expression levels in JEG-3 and HTR-8/SVneo
cells (p < 0.05, Fig. 3A,B). Furthermore, ATF2 upregu-
lation reduced cell viability, decreased the number inva-
sive cells and migration distance, and promoted apopto-
sis (p < 0.05, Fig. 3C-H). Additionally, ATF2 upregula-
tion increased E-cadherin protein levels while reducing N-
cadherin protein levels (p < 0.05, Fig. 31,J). These results
suggest that ATF2 suppresses trophoblast cell viability, in-
vasion, migration, and EMT.

ATF?2 Modulates Trophoblast Cell Functions by
Regulating ARRDC3

To examine whether ATF2 regulates trophoblast cell
functions via ARRDC3, JEG-3 and HTR-8/SVneo cells
were co-transfected with an ATF2 overexpression vector
and si-ARRDC3. Analysis of ARRDC3 mRNA and pro-
tein expression levels confirmed that si-ARRDC3 reverted
the upregulation of ARRDC3 induced by ATF2 overexpres-
sion (p < 0.05, Fig. 4A,B). Functional assays revealed that
si-ARRDC3 counteracted the inhibitory effects of the ATF2
overexpression on cell viability, invasive cell numbers, and
migration distance, as well as the pro-apoptotic effects (p <
0.05, Fig. 4C—G). Similarly, the ATF2-mediated increase in
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Fig. 2. Effect of ATF2 on ARRDC3 transcription. The Genecards database (A) and the Jaspar website (B) identified the binding
sites between ATF2 and the ARRDC3 promoter region. (C,D) ATF2 mRNA and protein levels were detected using qRT-PCR and WB
analysis in si-NC or si-ATF2-transfected JEG-3 and HTR-8/SVneo cells. (E,F) A dual-luciferase reporter assay was used to examine the
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E-cadherin levels, along with the decrease in N-cadherin,
Vimentin, and Snail levels, was reversed by si-ARRDC3
(» < 0.05, Fig. 4H,I and Supplementary Fig. 2A,B).
A previous study have reported that ARRDC3 inhibits the
PI3K/AKT signaling pathway to regulate liver fibrosis [19].
Thus, we further evaluated the effect of the ATF2/ARRDC3
axis on the activity of the PI3K/AKT pathway. The results
indicated that ATF2 overexpression reduced the protein ex-
pression of p-PI3K/PI3K and p-AKT/AKT, while ARRDC3
knockdown effectively reversed these effects (p < 0.05)
(Supplementary Fig. 3A,B). Overall, these findings in-
dicate that ATF2 promotes ARRDC3 expression to repress
trophoblast cell functions by inhibiting the PI3K/AKT sig-
naling axis.

Discussion

Globally, PE accounts for about 60,000 maternal
deaths and 500,000 preterm births annually [20]. Despite its
significant clinical outcomes, the underlying mechanisms
of PE remains unclear. Abnormal regulation of trophoblast
cell function has been associated as a major contributor with
PE development [21]. In this study, we explored the role of
ATF2-mediated regulation of ARRDC3 in trophoblast cell
functions to provide valuable insights into PE pathogene-
sis.

Evidence suggests that ARRDC3 plays a pivotal in reg-
ulating various diseases [22,23]. For instance, ARRDC3 re-
duces liver fibrosis by alleviating liver injury and inhibit-
ing the EMT process [19], whereas ARRDC3 knockdown
has been found to enhance the proliferation of lung can-
cer cells [24]. Lei ef al. [12] reported that ARRDC3 over-
expression inhibits trophoblast cell invasion and tube for-
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mation. Moreover, ARRDC3 has been observed to be up-
regulated in PE patients, whereas circ_0004904 suppresses
trophoblast cell proliferation and invasion by increasing
ARRDC3 expression [25]. Additionally, the upregulation
ofhsa_circ_0001740 restrains trophoblast cell proliferation
and invasion by sponging miR-188-3p, thereby promot-
ing ARRDC3 levels [26]. Consistent with these findings
[12,25,26], our results showed that ARRDC3 upregulation
substantially suppressed the viability, invasion, migration
and EMT in trophoblast cells, suggesting its potential role
in trophoblast cell dysfunctions and might be a promising
therapeutic target for PE.

ATF2 is a transcription factor that is involved in dis-
ease onset and progression by regulating gene transcrip-

tion. In hepatocellular carcinoma patients, ATF?2 is upreg-
ulated, enhancing cell proliferation and metastasis by me-
diating miR-548p expression [27]. In contrast, Qin ef al.
[28] reported that ATF?2 is downregulated in thyroid can-
cer, where it binds to the GAS8-4S1 promoter to activate
its expression, thereby accelerating autophagy in thyroid
cancer cells. These observations suggest that ATF2 is dif-
ferentially expressed in different tissues. In the context of
PE progression, the role of ATF2 has been explored in a
previous study. It has been reported that low doses of as-
pirin may alleviate PE progression by reducing the expres-
sion of ATF2 [18]. Similarly, Xia et al. [17] confirmed
that ATF2 contributes to trophoblast cell dysfunction. Our
study revealed that ATF2 increases ARRDC3 levels by di-
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Fig. 4. Impact of the ATF2/ARRDC3 axis on trophoblast cell functions. JEG-3 and HTR-8/SVneo cells were co-transfected with
vector, ATF2 overexpression vector, si-NC, and si-ARRDC3. (A,B) gqRT-PCR and WB analysis were performed to test ARRDC3 mRNA
and protein expression levels in the vector, ATF2 overexpression, ATF2+si-NC, and ATF2+si-ARRDC3 groups. Cell viability and the

apoptosis rate in the vector, ATF2 overexpression, ATF2+si-NC, and ATF2+si-ARRDC3 groups were assessed using CCK-8 assay (C)

and flow cytometry (D,E). Cell invasion and migration were examined in the vector, ATF2 overexpression, ATF2+si-NC, and ATF2+si-

ARRDC3 groups using the Transwell assay (F) and wound healing assay (G). (H,I) WB analysis was used to determine E-cadherin and
N-cadherin protein levels in the vector, ATF2 overexpression, ATF2+si-NC, and ATF2+si-ARRDC3 groups. *p < 0.05, **p < 0.01 and

kD < 0,001

rectly binding to its promoter. Furthermore, functional ex-
periments demonstrated that ATF2 suppresses trophoblast
cell viability, invasion, migration, and EMT by upregulat-
ing ARRDC3. Consistent with previous studies [17,18],
our results confirm the positive role of ATF2 in promot-
ing trophoblast dysfunction and propose novel mechanistic
insights, indicating that ATF2 accelerates PE progression
through the ATF2/ARRDC3 axis.

Despite several valuable insights, we acknowledge
some limitations to this study. Our results confirm that
the ATF2/ARRDC3 axis regulates the expression of p-

PI3K/PI3K and p-AKT/AKT proteins, suggesting that the
PI3K/AKT pathway is a critical downstream signaling of
the ATF2/ARRDC3 axis. However, future studies involv-
ing activators or inhibitors of the PI3K pathway are needed
to confirm whether the ATF2/ARRDC3 axis mediates PE
progression by regulating the PI3K/AKT pathway. Fur-
thermore, this study has only explored the effect of the
ATF2/ARRDCS3 axis on trophoblast cells at the in vitro cel-
lular level, without validating the findings in in vivo disease
model. Future research should include the development of
PE mouse models to determine the in vivo effects of the
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ATF2/ARRDC3 axis on PE progression. Additionally, al-
though the human HTR-8/SVneo trophoblast cell lines and
the human placental choriocarcinoma cell line (JEG-3) are
commonly employed as model cells to reflect trophoblast
function [29,30], these cells have inherent limitations. To
address these limitations, future research should include
primary trophoblast cells to more precisely determine the
regulatory effects of the ATF2/ARRDC3 axis on PE pro-
gression.

Conclusion

In conclusion, our findings revealed that ATF2 binds
to the promoter region of ARRDC3, upregulating its level,
thereby inhibiting trophoblast cell viability, invasion, mi-
gration, and EMT. These findings provide new insights into
the pathogenesis of PE accompanied by gestational hyper-
tension.
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