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ARTICLE INFO ABSTRACT

Keywords: Background: Preeclampsia (PE) is a serious pregnancy-specific syndrome associated with the inadequate invasion
Preeclampsia of trophoblast cells and inflammation of the uterus. A previous study found that IncRNA HOXD-AS1 promotes PE.
m°A methylation However, its regulatory network requires additional exploration.

gﬁgﬁm Methods: HOXD-AS1-targeted miRNAs and genes were predicted by different databases in a bioinformatics
Trophoblast analysis. The expression HOXD-AS1 and its potential m®A methylase (METTL3) were detected in placentas from

healthy female patients with PE. The targeting relationship and role of the HOXD-AS1/miR-135a/p-TRCP axis in
trophoblast cells were demonstrated by overexpression/knockdown assays. The levels of p-TRCP downstream
pathway proteins IkBa, NF-kB, and p65 were measured. The levels of inflammatory factors in cell supernatants
were detected by ELISA. To verify the molecular mechanism of §-TRCP in PE, IkBa was co-overexpressed in
B-TRCP in trophoblast cells.

Results: The levels of METTL3, HOXD-AS1, and B-TRCP were elevated in PE placental tissues, while miR-135a
levels were reduced. MiR-135a was found to be targeted by HOXD-AS1, and HOXD-AS1 expression was main-
tained at a high level by METTL3-mediated m®A methylation. Overexpression of METTL3, HOXD-AS1, and
B-TRCP, and knockdown of miR-135a in HTR-8/SVneo cells all inhibited cell invasion and migration, and pro-
moted apoptosis and the secretion of inflammatory factors. Knockdown of METTL3, HOXD-AS1, and p-TRCP, and
overexpression of miR-135a had the opposite effects. Furthermore, IkBa expression was negatively associated
with B-TRCP expression, and the levels of NF-xB, p65, and NLRP3 were positively regulated by -TRCP. A high
level of B-TRCP expression attenuated the effect of HOXD-AS1 knockdown in trophoblast cells.

Conclusion: METTL3 functioned to maintain a high level of HOXD-AS1 expression in PE, which influenced
inflammation and the migration and invasion of trophoblast cells via the miR-135a/$-TRCP axis and NF-kB
pathway.

1. Introduction create a high-flow and low-resistance zone in the placenta for adequate

exchange of nutrients and waste products between the mother and fetus,

Preeclampsia (PE) is a multisystem progressive disease unique to
pregnancy. It is characterized by the onset of hypertension after the 20th
week of gestation, and is accompanied by proteinuria and pathological
changes in multiple maternal organs and the placenta-fetus [1]. PE oc-
curs in 2~8 % of pregnancies worldwide, and causes maternal and
neonatal morbidity and mortality [2]. In a normal pregnancy, in order to
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fibrinoid matrix stacks and musculoelastic tissue disappear, and spiral
artery remodeling occurs [3]. Studies have found that invasion of the
walls by extravillous trophoblast cells is important for spiral artery
remodeling. Inadequate invasion by trophoblast cells in the uterus and
immoderate trophoblast cell apoptosis have been found in the placentas
of preeclamptic pregnancies [4,5]. Impaired invasion leads to hypoxia
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Fig. 1. The expression of the METTL3/HOXD-AS1/miR-135a/p-TRCP in PE placentas and health placentas.

A m®A content in total RNA. B The mRNA level of METTL3 detected by qRT-PCR. C The protein level of METTL3 detected by Western blot. D The protein level of
METTL3 detected by immunohistochemistry. E The RNA level of HOXD-AS1, miR-135a, and p-TRCP. F The protein level of p-TRCP. Control, placentas from health
pregnant women; PE, placentas from PE patients. ns, not significant; *p < 0.05; ***p < 0.001.

and oxidative damage, and further causes inflammatory responses,
which in turn, damage vascular endothelium [6]. Therefore, the
impaired invasion and increased apoptosis of trophoblast cells play a
vital role in maintaining placental development. Investigating the
mechanisms of this impaired invasion and apoptosis will help to prevent
and treat PE.

Long non-coding RNAs (IncRNAs) participate in cellular physiolog-
ical processes by influencing the expression of various coding genes.
LncRNAs regulate gene expression via different mechanisms, including
altering chromosome formation, regulating transcription initiation, and
influencing post-transcription processes [7]. In addition, when
compared to mRNA molecules, IncRNAs have higher tissue-specificity,
making them excellent biomarkers for diagnostic and therapeutic ap-
plications [8]. Accumulating evidence demonstrates that IncRNAs
participate in the impaired invasion and increased apoptosis of
trophoblast cells. Chen et al. [9] reported that upregulation of IncRNA
SH3PXD2A-AS1 prevented trophoblast cell metastasis, which may pro-
mote the PE pathogenesis process. The levels of LncRNA H19 were found
to be elevated in PE, and its overexpression induced cell autophagy and
invasion by activating the PI3K/AKT/mTOR pathways in trophoblast
cells [10]. LncRNA HOXD-AS1 has been identified as an oncogene in
many cancers. It promotes cancer cell proliferation, invasion, and
migration via different pathways [11-13]. More importantly, a tran-
scriptomics study [14] revealed that IncRNA HOXD-AS1 (HAGLR) was
abnormally high expressed in first trimester placentas of women
destined to develop preeclampsia (https://www.ncbi.nlm.nih.gov/g
eoprofiles/57672732) and Jiang et al. found that IncRNA HOXD-AS1
promotes preeclampsia progression [15]. Given that there are similar-
ities between cancer cells and trophoblast cells (e.g., the ability to
inhibit inflammation and apoptosis, invade, and migrate) [16], we
speculated that HOXD-AS1 might be involved in the insufficient
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invasion and abnormal apoptosis of trophoblast cells in PE.

Through predictive analysis from the StarBase v2.0 database,
B-transducin repeat containing E3 ubiquitin protein ligase (8-TRCP) and
was miR-135a identified as a potential target of HOXD-AS1. 3-TRCP
mediates the ubiquitylation and degradation of numerous proteins via
the ubiquitin-proteasome pathway [17]. Hakakeyama et al. [18] found
that IkBa was recognized by B-TRCP and rapidly ubiquitinated and
degraded, and in turn caused the nuclear translocation of NF-kB. Our
previous study found that $-TRCP is regulated by miR-135a in PE [19].
Based on these findings, we speculated that miR-135a/p-TRCP might
regulate trophoblast invasion and inflammation in PE via NF-kB/NLRP3.
An excessive inflammatory response is an important feature, and also a
common cause of PE. Inflammasomes are composed of pattern recog-
nition receptor, apoptosis-associated speck-like proteins containing a
caspase recruitment domain, and proinflammatory caspase-1. They play
a vital role in the activation of an inflammatory response and the release
of inflammatory factors, and further cause inflammation-induced
apoptosis [20]. The NF-kB pathway may be an important inflamma-
tory regulator involved in PE, and is activated by the hypoxia and
inflammation that occurs in early pregnancy. However, its expression in
PE increases 10-fold when compared to that in healthy pregnant women
[21]. Under conditions of external stimulation, the activation of NF-xkB
after dissociation from IkB initiates gene transcription and protein syn-
thesis, and further promotes the development of inflammation, which is
involved in regulating the development of PE. Recently, NF-kB has been
shown to activate the NLRP3 inflammasome in the occurrence of PE [22,
23]. NF-kB also regulates the invasion of trophoblast cells by inducing
the autocrine and paracrine secretion of certain inflammatory factors
[24]. Hence, it is of great importance to further investigate the mecha-
nism by which the inflammatory signaling pathway in PE becomes
activated, in order to elucidate the pathogenesis of PE.
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Fig. 2. The effect of METTL3 overexpression and knockdown on HTR-8/SVneo cells.

A, B The efficacy of METTL3 overexpression and knockdown in HTR-8/SVneo cells detected by qRT-PCR and Western blot. C The cell activity detected by CCK-8
assay. D The level of 2 inflammatory factors in the supernatant of HTR-8/SVneo cells detected by ELISA. E Cell apoptosis detected by flow cytometry. F Cell in-
vasion detected by transwell assay. G Cell migration detected by wound healing assay. pcDNA4.0, the control of METTL3 overexpression group; pcDNA4.0-METTL3,
METTL3 overexpression group; shNC, the control of METTL3 knockdown group; sShMETTL3 #1/2, METTL3 knockdown via 2 different fragments. ***p < 0.001, vs.

pcDNA4.0 group; ###p < 0.001, vs. shNC group.

To demonstrate the function of HOXD-AS1 in PE, we predicted that
HOXD-AS1 might regulate p-TRCP as a competing endogenous RNA
(ceRNA) of miR-135a, and that an abnormal level of HOXD-AS1 may be
related to its m®A methylation. Therefore, we hypothesized that
METTL3-mediated m®A methylation of HOXD-AS1 might regulate
inflammation, as well as trophoblast cell invasion, migration, and
apoptosis by competing with miR-135a to regulate p-TRCP expression.

2. Materials and methods
2.1. Specimen collection

Totals of 10 healthy pregnant women and 10 PE patients with early
onset PE hospitalized at the Hainan Affiliated Hospital of Hainan Med-
ical University were enrolled in this study. The PE patient inclusion
criteria were as follows: (1) patient had been diagnosed as early onset PE
(systolic pressure >140 mmHg or diastolic pressure >90 mmHg on two
or more occasions after 20-weeks of gestation, accompanied by pro-
teinuria); (2) patient was >18 years old; (3) no evidence of diabetes,
kidney disease, cardiovascular, or blood disease. The inclusion criteria
for the control group (healthy pregnant women) were the same, except
for the presence of PE. Placental trophoblast samples (located in
placental disc center) were gathered after delivery and stored in liquid
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nitrogen. The study protocol was approved by the Ethics Committee of
the Hainan Affiliated Hospital of Hainan Medical University (Med-Eth-
Re [2022] 745). Each participant provided their written informed con-
sent for study participation.

2.2. Detection of m6A levels

The total m®A methylation level was detected using an EpiQuik m®A
RNA methylation quantification kit (EpigenTek, Farmingdale, NY, USA).
The m®A methylation levels of HOXD-AS1 were analyzed by MeRIP-
qRT-PCR. First, MeRIP was performed with a MeRIP m6A Tran-
scriptome profiling Kit (RIBOBIO, China) to obtain m®A-modified RNA.
Next, the level of m®A-modified HOXD-AS1 was determined by qRT-
PCR.

2.3. Quantitative reverse transcription -PCR

The total RNA in samples was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). After qualitative and quantitative
detection, the RNA was reverse transcribed into cDNA by using a Pri-
meScript™ RT Kit (Takara, Japan). qPCR was performed by using
SYBR green mix (Takara) on an ABI 7500 Real-Time System (Applied
Biosystems, Beverly Hill, CA, USA). Primers were synthesized by
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Fig. 3. HOXD-AS]1 is regulated by METTL3.
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A The expression of HOXD-AS1 detected by qRT-PCR. B The level of HOXD-AS1 binding on METTL3 showed by RIP- QPCR assay. C The combination between HOXD-
AS1 and METTL3 verified by RNA pull-down. D The half-life of HOXD-AS1. pcDNA4.0, the control of METTL3 overexpression group; pcDNA4.0-METTL3, METTL3
overexpression group; shNC, the negative control of METTL3 knockdown group; shMETTL3 #1/2, METTL3 knockdown via 2 different fragments. ns, not significant;

**%p < 0.001, vs. pcDNA4.0 group; ###p < 0.001, vs. shNC group.

RiboBio (Guangzhou, China). The primer sequences were as follows:
GAPDH: (F: 5-CCAGGTGGTCTCCTCTGA-3 and R: 5-GCTGTAGC-
CAAATCGTTGT-3); METTL3 (F: 5-TTGTCTCCAACCTTCCGTAGT and
R: 5-CCAGATCAGAGAGGTGGTGTAG-3); HOXD-AS1 (F: 5—ACCTC
AACAGATGGAGAGCC-3 and R: 5-ACTAGCAGCCTTTGTCCCTT-3);
miR-135a (F: 5-ACACTCCAGCTGGGTATGGCTTTTTATTCCTA-3 and
R: 5-CTCAACTGGTGTCGTGGA-3); B-TRCP (F: 5- ACCAACATGG
GCACATAAACTC-3 and R: 5-TGGCATCCAGGTATGACAGAAT-3); U6
(F:  5-CTCGCTTCGGCAGCACA-3 and R: 5-AACGCTTCAC-
GAATTTGCGT-3). Relative gene expression was calculated using the
2742C method. GAPDH and U6 served as internal controls.

2.4. Western blotting

Total protein was extracted from placental tissues or cell lines by
using ice cold RIPA lysis buffer (Sigma, St. Louis, MO, USA) containing a
protease inhibitor (Sigma). After centrifugation, the supernatants were
collected and the protein concentration in each supernatant was detec-
ted using a BCA Protein Assay Kit (Beyotime, Shanghai, China). Next, an
equal amount of total protein from each sample was separated by
dodecyl sulfate polyacrylamide electrophoresis, and the protein bands
were transferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA), which were subsequently blocked with 5
% bovine serum albumin (BSA) for 1 h. The membranes were then
incubated with primary antibodies (anti-METTL3, p-TRCP, IkBa, NF-kB
p65 [Abcam, Cambridge, UK]) for 1 h, and subsequently incubated with
a secondary antibody (Abcam) for 1 h at room temperature. Imnmuno-
staining was detected with an ECL kit (Yeasen, Shanghai, China).

2.5. Immunohistochemistry

Immunohistochemistry assays were conducted to detect the levels of
METTLS3 in tissues. Samples of tissue were fixed, dehydrated, paraffined
embedded, and then cut into 4-ym-thick sections. After dewaxing and re-
hydration, the sections were blocked with 5 % BSA and then incubated
with anti-METTL3 (Abcam) for 2 h, followed by incubation with a sec-
ondary antibody for 1 h. After being stained with diaminobenzidine
(ZSGB-BIO, Beijing, China), and hematoxylin, the sections were
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mounted in neural resin and visualized under a microscope (Olympus,
Japan). Brownish yellow granules in the cytoplasm indicated METTL3
expression.

2.6. Cell culture and transfection

HTR-8/Svneo cells were obtained from American Type Culture
Collection (Manassas, VA, USA). The cells were incubated in RPMI 1640
medium (GIBCO, Waltham, MA, USA) containing 10 % fetal bovine
serum (GIBCO), plus 100 pg/mL streptomycin and penicillin in a hu-
midified incubator with a 5 % CO; atmosphere at 37 °C.

A pcDNA4.0 vector containing the coding sequence of METTL3/
HOXD-AS1/-TRCP/IkBa was chemically synthesized by IGE Biotech
(Guangzhou, China) for use in overexpression studies, and a pcDNA4.0
vector containing short-hairpin RNA (shRNA) sequences targeting
METTL3/HOXD-AS1/B-TRCP was chemically synthesized by IGE
Biotech for use in knockdown studies. For miR-135a overexpression and
inhibition studies, the corresponding sequences of the mimics and in-
hibitors were chemically synthesized by IGE Biotech. The plasmids or
segments were respectively transfected using Lipofectamine 3000
(Thermo Fisher).

2.7. Cell activity detection

Cell activity was analyzed using the cell counting kit 8 (CCK-8) assay.
Cells were added to the wells of 96-well culture plates. The next day, the
corresponding treatments were performed on cells in the different
groups. Subsequently, the cells were incubated with CCK-8 solution (10
pL/well, Beyotime) for 4 h. Finally, the optical density (OD) of each well
at 450 nm was measured with a microplate reader (BIO-RAD, Hercules,
CA, USA).

2.8. Transwell assay

To assess cell invasiveness, cells in serum-free medium were added to
the upper chambers of Transwell inserts (Corning, Corning, New York,
USA) that had been coated with Matrigel. Serum containing culture
medium was added each lower chamber. After 24 h of culture, the media
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Fig. 4. The effect of HOXD-AS1 overexpression and knockdown on HTR-8/SVneo cells.

A The efficacy of HOXD-AS1 overexpression and knockdown in HTR-8/SVneo cells. B Cell activity detected by CCK-8 assay. C The level of 2 inflammatory factors in
the supernatant of HTR-8/SVneo cells detected by ELISA. D Cell apoptosis detected by flow cytometry. E Cell invasion. F Cell migration. G The mRNA level of miR-
135a and B-TRCP. H The protein level of B-TRCP and NF-kB pathway. pcDNA4.0, the control of HOXD-AS1 overexpression group; pcDNA4.0-HOXD-AS1, HOXD-AS1
overexpression group; shNC, the control of HOXD-AS1 knockdown group; shHOXD-AS1 #1/2, HOXD-AS1 knockdown via 2 different fragments. ns, not significant;

**¥*p < 0.001, vs. pcDNA4.0 group; ###p < 0.001, vs. shNC group.

and cells in upper chambers were removed, and the invaded cells
attached to the lower side of each partition were fixed and stained.
Finally, the numbers of cells in 6 randomly selected image fields were
counted under a light microscope (Olympus).

2.9. Cell apoptosis detection

Cell apoptosis was quantified by flow cytometry. Treated cells were
collected and incubated with reagents in an Annexin V-FITC Apoptosis
Detection Kit (Keygen Biotech, Jiangsu, China) in the dark for 10 min.
Next, the cells with positive signals were counted with a flow cytometer
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(Beckman Coulter, San Jose, CA, USA), and the data were analyzed using
FlowJo 10.5.3 software.

2.10. Wound healing assay

Cell metastasis was detected by the wound healing assay. In brief,
cells were added to 6-well culture plates. After group processing, a
pipette tip was used to make a scratch across the center of each well.
After washing with PBS, images of each wound were obtained with an
inverted microscope (Olympus). Next, the cells were cultured in medium
for another 24 h, and the wounds were examined again. The width of
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Fig. 5. The effect of miR-135a mimics and inhibitors on HTR-8/SVneo cells.

A The banding between HOXD-AS1 and miR-135a, miR-135a and B-TRCP 3'UTR was evaluated by dual luciferase reporter assay. B The effect of miR-135a mimics
and inhibitors on the RNA level of HOXD-AS1, miR-135a and p-TRCP in HTR-8/SVneo cells. C The protein level of p-TRCP and NF-«xB pathway. D Cell activity. E The
level of 2 inflammatory factors in the supernatant of HTR-8/SVneo cells. F Cell apoptosis. G Cell invasion. H Cell migration. NC: nagtive control. *p < 0.05, ***p <
0.001, vs. mimics NC group; ##p < 0.01, ###p < 0.001, vs. inhibitor NC group.

each wound was determined using Image J software, and metastasis was
quantified by the formula: (WO h — W24 h)/WO0 h x 100 %).

2.11. Inflammatory factor detection

The levels of IL-18 and IL-1f in cell supernatants were measured
using ELISA kits (Solarbio, Beijing, China). Briefly, aliquots of super-
natants and standards diluted at different multiples were added into the
wells of a 96-well culture plate that had been pre-coated with anti-IL-18/
IL-1p antibodies. After 2 h of incubation at 37 °C, the supernatants were
discarded and the wells were washed with buffer. Next, 100 pL of
Detection Reagent A was added, followed by incubation for 1 h, 100 pL
of Detection Reagent B was added, followed by incubation for 0.5 h, and
90 pL of Substrate Solution was added, followed by incubation for 15
min. All incubations were conducted at 37 °C. Finally, 50 pL of Stop
Solution was added to each well, and the OD value of each well was
measured at a suitable wavelength with a plate reader (Thermo Fisher).
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2.12. Co-immunoprecipitation (Co-IP)

For detection of protein-protein binding, a recombinant plasmid
expressing FLAG tagged p-TRCP or GFP tagged IxBa was transfected into
HTR-8/SVneo cells. After 3 days of transfection, the cells were washed
and lysed. The two cell lysates were incubated overnight at 4 °C, and
then subsequently incubated with anti-FLAG or anti-GFP Magarose
beads (Smart-Lifescience, Changzhou, China). Twelve hours later, the
beads were washed and the immunoprecipitation complexes were
separated and detected by western blotting.

2.13. RNA pull-down

A Pierce™ Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher)
was used to perform RNA pull-down experiments to verify the combi-
nation of METTL3 and HOXD-AS1. A probe sequence imitating HOXD-
AS1 was synthesized by Guangzhou IGE Biotech (China). The probe
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A The RNA level of HOXD-AS1, miR-135a and p-TRCP in HTR-8/SVneo cells. B The protein level of p-TRCP and NF-kB pathway. C Cell activity. D The level of 2
inflammatory factors in the supernatant of HTR-8/SVneo cells. E Cell apoptosis. F Cell invasion. G Cell migration. pcDNA4.0, the control of B-TRCP overexpression
group; pcDNA4.0-p-TRCP, B-TRCP overexpression group; shNC, the control of B-TRCP knockdown group; shp-TRCP #1/2, p-TRCP knockdown via 2 different
fragments. **p < 0.01, ***p < 0.001, vs.pcDNA4.0 group; #p < 0.05, ##p < 0.01, ###p < 0.001, vs. shNC group.

was labeled with biotinylated cytidine bisphosphate, and then used to
capture streptavidin magnetic beads, which were then incubated with
HTR-8/SVneo cell lysates. Finally, the captured proteins were washed
and subsequently analyzed by western blotting.

2.14. RNA and protein stability assays

For RNA stability detection, cells after treatment were treated with a
transcription inhibitor, Actinomycin D (Macklin, Shanghai, China), for
periods of 0, 2, 6, 12, and 18 h, respectively; after which, HOXD-AS1
expression was measured by qRT-PCR. For protein stability detection,
cells were exposed to 10 pg/mL cycloheximide (CHX, Solarbio) for pe-
riods of 0, 2, 6, 12, 18 and 24 h, respectively, and then harvested for
analysis by western blotting.
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2.15. Dual-luciferase reporter assay

HTR-8/SVneo cells were seeded into the wells of a 96-well plate. A
psiCHECK-2 basic vector containing the wild-type or mutant HOXD-AS1
and B-TRCP 3'UTR sequence was co-transfected along with a negative
control or miR-135a mimics into HTR-8/SVneo cells by use of Lip-
ofectamine 3000 (Invitrogen). Luciferase activity was measured 48 h
later.

2.16. Statistical analysis

All data were analyzed using GraphPad Prism 8 software (La Jolla,
CA, USA), and results are presented as a mean value + standard devia-
tion. Comparisons between 2 groups were performed using the t-test.
Comparisons among 3 or more groups were performed using one-way
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analysis of variance. A P-value <0.05 was considered to be statistically
significant.

3. Results
3.1. METTL3 and HOXD-AS1 were dysregulated in PE

We first detected the levels of m®A methylation and METTL3
expression in placental tissues. Our results showed that the levels of
m®A-modified RNA were higher in the PE group than in the control
group (Fig. 1A). Moreover, the levels of both METTL3 mRNA and pro-
tein were significantly up-regulated in the PE patients (Fig. 1B-D). The
levels of HOXD-AS1, miR-135a, and p-TRCP were also detected by qRT-
PCR and/or western blotting. Those results showed that HOXD-AS1 and
B-TRCP expression were elevated, and miR-135a expression was reduced
in the PE patients (Fig. 1E and F).

3.2. METTL3 regulated the inflammatory response and cellular behavior
in trophoblast cells

Based on predictions made by the MethyTranscriptome DataBase
and our protein and mRNA expression data gathered from PE placentas
and healthy placentas, METTL3 was regarded as a potential writer for
the m®A methylation of HOXD-AS1. To verify the relationship between
METTL3 and HOXD-AS1, METTL3 overexpression and knockdown
studies were performed with HTR-8/SVneo cells. First, QRT-PCR and
Western blot assays revealed that METTL3 levels were significantly
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increased in the overexpression group, and significantly decreased in the
shMETTL3#1/2 group (Fig. 2A and B). Results from CCK-8, Transwell,
and wound healing assays, respectively, revealed that cell activity, in-
vasion, and migration were all inhibited by METTL3 overexpression,
and promoted by METTL3 knockdown (Fig. 2C, F, 2G). Meanwhile, flow
cytometry data revealed that cell apoptosis had the opposite trends
(Fig. 2E). Furthermore, the levels of IL-18 and IL-1p,were both up-
regulated in the pcDNA4.0-METTL3 group when compared with those
in the pcDNA4.0 group, and were significantly downregulated in the
shMETTL3#1/2 group when compared with those in the shNC group
(Fig. 2D and E).

3.3. METTL3 maintained the stability of HOXD-AS1 RNA

After overexpression or knockdown of METTLS3, the levels of HOXD-
AS1 were detected by qRT-PCR, and it found that METTL3 over-
expression promoted HOXD-AS1 expression and METTL3 knockdown
reduced HOXD-AS1 expression (Fig. 3A). A RIP-QPCR assay found that
the level of HOXD-AS1 binding with METTL3 was increased in the
pcDNA4.0-METTL3 group when compared to that in the pcDNA4.0
group (Fig. 3B). RNA pull-down assays also proved the binding between
HOXD-AS1 and METTL3 (Fig. 3C). In addition, METTL3 overexpression
prolonged the half-life of HOXD-AS1 (Fig. 3D) in Actinomycin D-treated
trophoblast cells. These results indicated the binding between HOXD-
AS1 and METTL3, and the promotion of HOXD-AS1 stability by
METTL3.
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3.4. HOXD-AS1 regulated the inflammatory response and cellular
behavior in PE

To verify the function of HOXD-AS1 in trophoblast cells, HOXD-AS1
was overexpressed or knocked-down in HTR-8/SVneo cells (Fig. 4A).
Cell activity, invasion, and migration were promoted, and apoptosis was
inhibited by HOXD-AS1 overexpression, while HOXD-AS1 knockdown
had the opposite effects (Fig. 4B, 4D-4F). Furthermore, the levels of IL-
18, IL-1B, B-TRCP, and nuclear NF-kB p65 were up-regulated by HOXD-
AS1 overexpression, and downregulated by HOXD-AS1 knockdown,
while the levels of miR-135a and IkBa showed the reverse trends in
expression (Fig. 4C, G, 4H).

3.5. MiR-135a/p-TRCP affected the behavior of trophoblast cells via NK-
xB/NLRP3

Predictions made by the TargetScanHuman 7.0 and StarBase v2.0
database, and our data obtained from the dual luciferase reporter gene
assay indicated that HOXD-AS1 serves as a sponge for miR-135a, and
miR-135a can bind to the B-TRCP 3'UTR (Fig. 5A). Furthermore, when

miR-135a mimics and inhibitors were used to transfect HTR-8/SVneo
cells. miR-135a expression was up-regulated by the miR-135a mimics
and down-regulated by the miR-135a inhibitors. Meanwhile, the
expression levels of HOXD-AS1, $-TRCP, IL-18, IL-1p, and NF-kB p65
showed the reverse trend, and IkBa had a trend similar to that of miR-
135a expression (Fig. 5B, C, 5E). In addition, miR-135a mimics pro-
moted cell proliferation, invasion, and migration, and suppressed cell
apoptosis, while the miR-135a inhibitors had the opposite effects
(Fig. 5D, 5F-5H).

B-TRCP overexpression and knockdown experiments were also per-
formed with HTR-8/SVneo cells, and the successful overexpression and
knockdown were verified (Fig. 6A and B). However, the levels of HOXD-
AS1 and miR-135a were not affected by either p-TRCP overexpression or
knockdown (Fig. 6A). In addition, IkBa expression was lower in the
pcDNA4.0-B-TRCP group when compared that in the pcDNA4.0 group,
and the levels of nuclear NF-xB p65, IL-18, and IL-1f expression showed
the reverse changes (Fig. 6 B, 6D). Of note, cell activity, invasion, and
migration were inhibited by p-TRCP overexpression and increased by
B-TRCP knockdown (Fig. 6C, F, 6G), while p-TRCP overexpression pro-
duced the opposite effects on cell apoptosis (Fig. 6E). Moreover, Co-IP
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assays verified the binding between IkBa and B-TRCP (Fig. 7A). In cells
treated with CHX, the reduced levels of IkBa protein in the sh-p-TRCP
group were lower than those in the shNC group (Fig. 7B). In cells treated
with LPS, IxkBa overexpression downregulated the levels of NLRP3, nu-
clear NK-kB p65, IL-18, and IL-1p. However, 3-TRCP overexpression
neutralized the effects of IkBa overexpression on the levels of NLRP3,
nuclear NK-xB p65, IL-18, and IL-1f (Fig. 7C and D).

3.6. Overexpression of f-TRCP attenuated the effect of HOXD-AS1
knockdown in trophoblast cells

When p-TRCP was overexpressed in HTR-8/SVneo cells transfected
with shHOXD-AS1, we found that the levels of HOXD-AS1 and miR-135a
expression remained unchanged. However, the decreases/increases in
B-TRCP, IxBa, NLRP3, NK-kB p65, IL-18, and IL-1p levels caused by
shHOXD-AS1 were reversed by B-TRCP overexpression (Fig. 8A, B, 8D).
Furthermore, the changes in cell activity, invasion, migration, and
apoptosis induced by shHOXD-AS1 were also reversed by p-TRCP
overexpression (Fig. 8C, 8E-8G).

4. Discussion

Insufficient invasion of trophoblast cells during pregnancy is a major
cause of PE. HOXD-AS1 has been reported to inhibit the invasion of
various tumor cells. In this study, we demonstrated that methylation of
HOXD-AS1 was abnormal in PE, and may regulate the inflammation,
invasion, migration, and apoptosis of trophoblast cells by influencing
miR-135a/p-TRCP.

m®A modification is dysregulated and plays a vital role in the pla-
centas of PE patients, and might be related to endoplasmic reticulum
stress (ERS). Chen et al. [2] and Gu et al. [25] revealed that the levels of
mPA-modified RNA and METTL3 (a writer of m°A methylation), are
elevated in PE placentas, which is consistent with our results. Further-
more, m®A modification is also related to trophoblast invasion. The
dysregulation of Wilms’ tumor 1-associating protein (WTAP), another
writer of m®A methylation, has been found to inhibit trophoblast cell
invasion in early-onset PE [26]. Moreover, m®A modification affects cell
apoptosis. Silencing of alpha-ketoglutarate-dependent homolog 5
(ALKBHS5) inhibits cell apoptosis and oxidative stress, and increases cell
proliferation and invasion in HTR-8/SVneo cells [27]. In the current
study, we found that the levels of METTL3 and m®A modification were
up-regulated in placentas from PE patients and METTL3 inhibits cell
invasion and migration, increases cell apoptosis, and induces the in-
flammatory reactions of trophoblast cells via m°®A methylation of
HOXD-AS1. However, Zhao et al. [28]. showed that METTL3 expression
was downregulated in PE placentas when compared with normal pla-
centas, and the downregulation induced trophoblast cell invasion. After
comparing those findings with the aforementioned report by Bian et al.
[26], we speculated that the levels of m®A and METTL3 expression may
be associated with the period of PE.

HOXD-AS1 is significantly up-regulated in bladder cancer, cervical
cancer, colorectal cancer, gastric cancer, glioma, hepatocellular carci-
noma, melanoma, osteosarcoma, ovarian cancer, and prostate cancer. A
previous study reported that HOXD-AS1 serves as a ceRNA for miRNAs
to regulate gene expression, and then further maintains the proliferation
and migration of bladder cancer cells, hepatocellular carcinoma cells,
and osteosarcoma cells [29]. In addition, HOXD-AS1 promotes an in-
flammatory response and apoptosis by activating the NLRP3 inflam-
masome in lipopolysaccharide-treated SH-SY5Y cells (human neuron
blastoma cell line) [30]. Cancer cells and trophoblast cells have similar
behavioral characteristics with regards to migration and invasion.
HOXD-AS1 was also up-regulated in PE placentas when compared to
normal placentas. Knockdown of HOXD-AS1 was found to increase cell
proliferation via the MAPK pathway in trophoblast cells [15]. Consistent
with these results, our study found that HOXD-AS]1 is up-regulated was
PE placentas. HOXD-AS1 downregulation suppressed cell apoptosis and
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promoted cell migration and invasion, and the secretion of inflamma-
tory factors. Of note, our results suggest that HOXD-AS1 affects
trophoblast cell behaviors via the miR-135a/f-TRCP axis, and
HOXD-AS1 expression is regulated by m®A methylation with METTL3.
Therefore, HOXD-AS1 appears to regulate cell behavior in different
ways in cancer cells vs. trophoblast cells.

MiR-135a, a member of miR-135 family, is dysregulated in various
diseases, and especially in cancers. It acts either as a tumor suppressor or
an oncogene to regulate tumor cell behavior via different pathways.
Most reports indicate that miR-135a inhibits tumor cell proliferation and
cancer progression. In thyroid carcinoma cells, miR-135a promotes GO/
G1 arrest and suppresses the malignant characteristics of tumor cells by
targeting Veersican. A similar inhibitory effect of miR-135a was
revealed in pancreatic cancer, gallbladder cancer, and ovarian cancer by
conducting an analysis of different downstream pathways. However,
miR-135a acts as a tumor promoter by up-regulating oncogene expres-
sion, downregulating cancer suppresser gene expression, or serving as a
target of oncoproteins in other cancers [31]. MiR-135-5p expression has
also been shown to be up-regulated in cardio-cerebral ischemic disease,
and thereby inhibit ischemia-reperfusion-related injuries. In the context
of unexplained spontaneous abortion, miR-135a-5p is up-regulated and
inhibits trophoblast proliferation, migration, invasion, and angiogenic
activity [32]. Petracco et al. [33] found that endometrial miR-135a
expression is up-regulated in endometriosis patients, and miR-135a
suppresses the expression of homeo box A 10, which is an
implantation-related gene. In addition, Zhao et al. [30] revealed that
miR-135 overexpression increases cell invasiveness and restricts NLRP3
inflammasome activity, thereby relieving inflammation in placenta tis-
sues caused by PE. Our previous study showed that miR-135a-5p induces
the invasiveness of trophoblast cells by directly controlling B-TRCP
expression [19]. In in the present study, we also found that miR-135a-5p
inhibits trophoblast cell apoptosis, IL-18 and IL-1p secretion, and more
notably, miR-135a-5p is modulated by its interaction with HOXD-AS1.

B-TRCP has various substrates that regulate inflammation (IxBs), cell
differentiation-related genes (p-catenin, Snail), DNA damage responders
(Cdc25A, Claspin), and the cell cycle (Emi2, Weel) [34]. B-TRCP is
necessary for NF-kB activation. A previous study reported that §-TRCP
recognizes the phosphorylated IkB degron, and thereby couples phos-
phorylation to ubiquitination, resulting in IkB ubiquitination and
degradation within a few minutes, while ablation of -TRCP leads to
increases the levels of IkBs and induces NF-kB inhibition [34]. Some
factors have been found to regulate the NF-kB pathway via B-TRCP.
Human rotaviruses induce B-TRCP degradation by interacting with
B-TRCP, and thus inhibit NF-kB activation [35]. Moreover, histidine
triad nucleotide binding protein 1 stabilizes IxkBa by targeting 3-TRCP
[36]. Our results suggest that HOXD-AS1 knockdown increases IkBa
expression to inhibit the NF-kB pathway, and p-TRCP overexpression
recovers that pathway. Therefore, the NF-xB pathway is regulated by
HOXD-AS1 via B-TRCP, and HOXD-AS] acts as a sponge that competi-
tively binds with miR-135a to regulate f-TRCP RNA translation in
trophoblast cells. In addition, our previous study [37] found that 3-TRCP
restricts trophoblast cell invasiveness by decreasing Snail in PE. These
studies indicate that PE is regulated by a complex regulatory system.

The NLRP3 inflammasome is an important mediator of sterile
inflammation; it participates in the pathogenesis of placental inflam-
mation, and especially in PE. The levels of NLRP3 are significantly
higher in placental tissues and blood mono-nuclear cells from PE pa-
tients when compared samples from healthy pregnant women [38]. The
NLRP3 inflammasome exacerbates PE by inducing hypertension. NLRP3
deficiency relieves the development of Angiotensin II-induced hyper-
tension [39]. DAMPs, including cholesterol, free fatty acids, uric acid
crystals, and high-mobility group box 1 released from various cells
under stress, all induce inflammation via the NLRP3 inflammasome
pathway in placentas, and the inflammation can result in PE [40]. These
findings indicate that hyperactivation of the NLRP3 inflammasome
contributes to PE. The NLRP3 inflammasome is also associated with
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preterm birth [41] and gestational diabetes mellitus [42]. Our present
study showed that NLRP3 levels were up-regulated when NF-kB was
activated by the METTL3/HOXD-AS1/miR-135a/p-TRCP axis. NLRP3
has been also been reported to be directly regulated by METTL3. In
trophoblast cells, Inc-HZ14 induces pyroptosis by up-regulating METTL3
to increase m6A-methylated NLRP3 mRNA levels and its stability [43].
Therefore, the inflammatory response of trophoblast cells regulates
METTL3 not only via the HOXD-AS1/miR-135a/B-TRCP axis, but also by
direct methylation of NLRP3. However, the trophoblast cell line
HTR-8/Svneo cannot completely represent the cellular model of PE,
which may be a limitation of the study. Furthermore, the demethylation
and methylation recognition of HOXD-AS1 still needs more experi-
mental exploration. To further validate the function of HOXD-AS1 in PE,
a intervention based on animal models and a single cell sequencing with
tissue samples may be needed.

5. Conclusion

We found that HOXD-AS1 expression was elevated in PE, and the
elevation was perhaps caused by METTL3-mediated m®A methylation.
The METTL3/HOXD-AS1/miR-135a/p-TRCP axis was found to regulate
the invasion, migration, apoptosis, and inflammation of trophoblast
cells via the NF-kB signaling pathway. Therefore, that axis may play an
important role in the pathogenesis of PE, and could serve as a potential
target for PE therapy.
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