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 Background: Preeclampsia (PE) remains one of the primary causes of maternal morbidity and mortality worldwide. This study 
was designed to investigate the relevance of long non-coding RNA (lncRNA) nuclear-enriched abundant tran-
script 1 (NEAT1) and downstream molecules in trophoblast cell proliferation and apoptosis.

 Material/Methods: NEAT1 expression in the placental tissues of rats with PE was analyzed by reverse transcriptionquantitative 
polymerase chain reaction. The role of NEAT in trophoblast cell proliferation, migration, invasion, and apopto-
sis was assessed by transfecting pcDNA-NEAT1 and siRNA-NEAT1 into trophoblast cells. The microRNA (miR-
NA) binding to NEAT1 and the genes targeted by the screened miRNAs were predicted by Starbase, and the 
mechanism of action of NEAT1 in PE was further investigated.

 Results: The expression of NEAT1 lncRNA was markedly higher in placental samples of PE than control rats. Ectopic ex-
pression of NEAT1 repressed trophoblast cell proliferation, migration, invasion, and colony formation, but facil-
itated cell apoptosis, whereas NEAT1 downregulation resulted in the opposite effects. NEAT1 was found to act 
as a molecular sponge for miR-373, regulating Fms-like tyrosine kinase-1 (FLT-1) to modulate PE development.

 Conclusions: NEAT1 may contribute to PE development by regulating trophoblast cell proliferation and apoptosis. These find-
ings may provide a new perspective for understanding the etiology and pathogenesis of PE.
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Background

Preeclampsia (PE) is a serious complication of pregnancy, char-
acterized by hypertension, including a systolic blood pressure 
(SBP) of ³140 mmHg and/or a diastolic blood pressure (DBP) 
of ³90 mmHg, and proteinuria of ³300 mg/day, leading to ma-
ternal and fetal morbidity and mortality [1]. In developed coun-
tries, postponement of childbearing increases the risks associ-
ated with PE, as delayed childbearing correlates with obesity 
and vascular diseases [2]. PE is also characterized by placental 
dysfunction, which is closely associated with the abnormal in-
vasion and remodeling of maternal uterine arteries by tropho-
blasts [3]. Determining the molecular mechanisms associated 
with inadequate trophoblastic invasion and growth may help 
in understanding the pathogenesis of PE [4].

Long non-coding RNAs (lncRNAs), defined as RNAs >200 nucleo-
tides in length with no protein-encoding potential, can regulate 
transcription within the nucleus and modulate mRNA stability, 
translation and post-translational alterations in the cytoplasm [5]. 
Moreover, several lncRNAs, including LOC391533, LOC284100, 
and CEACAMP8, have been reported to be associated with the 
pathogenesis of PE [6]. The expression of nuclear-enriched abun-
dant transcript-1 (NEAT1) lncRNA at term was observed to be 
higher in placentas with than without intrauterine growth re-
striction [7], indicating that NEAT1 is associated with pregnancy. 
Nevertheless, the involvement of NEAT1 in PE remains unclear.

In addition, numerous microRNA (miRNA)-binding sites have 
been identified on a broad spectrum of RNA transcripts, sug-
gesting that all RNAs with miRNA-binding sites have the ability 
to communicate with and modulate each other by competing 
for shared miRNAs, thereby acting as competing endogenous 
RNAs (ceRNAs) [8]. For example, the lncRNA HULC, which is 
enriched under conditions of oxidative stress, was found to 
mediate cholangiocarcinoma cell migration and invasion by 
interacting with CXCR4 via ceRNA-associated mechanisms of 
competing for miR-372/miR-373 [9]. miR-373, identified as a 
human embryonic stem cell-specific miRNA, was found to reg-
ulate cell proliferation, migration, invasion, and apoptosis [10], 
and was predicted to bind to NEAT1. Furthermore, Fms-like 
tyrosine kinase-1 (FLT-1), an antiangiogenic factor in the pla-
centa, has been reported elevated in PE, leading to glomeru-
lar endothelial injury, hypertension, and proteinuria [11]. FLT-1 
mRNA contains miR-373 binding sites, suggesting that FLT-1 is 
a putative target of miR-373 in PE. Taken together, these find-
ings suggested that the NEAT1/miR-373/FLT-1 axis may mod-
ulate the proliferation, migration, invasion, and apoptosis of 
trophoblast cells in PE. Using a rat model of PE, this study ex-
amined the associations of the NEAT1/miR-373/FLT-1 axis with 
the biological activities of trophoblast cells, as well as the role 
of this axis in the exact mechanisms associated with the path-
ological development PE.

Material and Methods

Rat PE animal model

All animal protocols followed the guidelines of the Institutional 
Animal Care and Use Committee of Liaocheng Second People’s 
Hospital and were approved by the same committee (approval 
number: 20190014). Sixty Sprague-Dawley rats (40 females and 
20 males, aged 2–3 months and weighing 200–220 g) were ob-
tained from the laboratory animal center of Liaocheng Second 
People’s Hospital. Male and female rats were housed at a 1: 2 
ratio, and pregnancy was established by the presence of sper-
matozoa in the vaginal smear, which was defined as day 0. The 
33 rats with confirmed pregnancies were randomized to a PE 
(n=17) and a control (n=16) group on days 6 to 10 of pregnan-
cy. PE was induced in pregnant rats as previously described [12] 
by continuous subcutaneous administration of 100 mg/kg/day 
NG-nitro-L-arginine methyl ester (D0819; Sigma-Aldrich Chemical 
Company, St. Louis, MO, USA); normal rats were administered 
the same volume of saline. Blood pressure (BP) and urine pro-
tein concentration were measured on days 6, 12, and 18 of preg-
nancy. On day 21, each rat was intraabdominally injected with 
250 mg/kg pentobarbital sodium, with euthanasia confirmed 
successful by the absence of a heartbeat and a blinking reflex 
and the lack of spontaneous breathing for 2–3 min. The uter-
ine placental tissues were harvested following cesarean section.

Biochemical indicators

BP was measured at 8: 00 am daily after a 2-h fast and after 
20 min in a thermostat preheated to 37°C. When heart rate 
had stabilized, BP was measured using a Coda noninvasive BP 
system (Kent Scientific Corporation, Torrington, CT, USA) and 
a tail-cuff device clamp.

Rats were housed individually in metabolic cages and 24-h urine 
samples were collected and centrifuged for 10 min at 717×g 
at 4°C to remove precipitates. Biuret reagent (HPBIO-R1253, 
Pengpai Biotech Company, Shanghai, China) was added to each 
sample, and urinary protein concentrations were measured 
using an automatic biochemical analyzer (AU5800; Beckman 
Coulter Inc., La Brea, CA, USA).

Isolation,	treatment,	and	identification	of	placental	
trophoblast cells

Trophoblast cells were isolated and identified as described 
previously [13]. Briefly, following euthanasia, placentas were 
quickly removed from rats by opening the abdominal cavity. 
A small piece of tissue from the central maternal surface of 
the placenta with few blood vessels was immediately removed 
under direct vision, rinsed with saline solution, and sectioned 
into 1×1 mm pieces. These pieces were incubated with 0.25% 
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trypsin (Beijing Solarbio Life Sciences Co., Ltd., Beijing, China) 
and 0.1% collagenase (Beijing Solarbio) overnight at 37°C, 
with the reaction terminated by addition of serum. The sus-
pension was centrifuged at 1200×g for 30 min at 4°C. The col-
lected trophoblasts were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM; Thermo Fisher Scientific, Inc.), sup-
plemented with 10% fetal bovine serum (FBS; Thermo Fisher 
Scientific, Inc.), 100 U/mL penicillin and 100 µg/mL strepto-
mycin, at 37°C in a 5% CO2 incubator.

Trophoblast cells were seeded in 24-well culture plates and in-
cubated for 48 h at 37°C. The cells were fixed in paraformalde-
hyde for 15 min at room temperature (20°C) and rinsed with 
phosphate-buffered saline (PBS) supplemented with 0.2% Triton 
X-100. After blocking with 1% rabbit serum for 30 min at room 
temperature, the cells were incubated with rabbit anti-mouse 
cytokeratin 7 (1: 8000, ab181598, Abcam Inc., Cambridge, UK) 
and vimentin (1: 500, ab92547, Abcam) antibodies overnight 
at 4°C and with Alexa Fluor® 488-conjugated secondary goat 
anti-rabbit IgG antibody (1: 200, ab15007, Abcam) for 2 h at 
4°C. Following counter-staining with 4’,6-diamidino-2-phe-
nylindole (DAPI) for 1 h, the cells were viewed with an inver-
sion fluorescence microscope (IX71; Olympus Optical Co., Ltd., 
Tokyo, Japan) to detect the fluorescence and capture images. 
The proportion of stained cells was evaluated using Image-Pro 
Plus software (7.0; Media Cybernetics, Bethesda, MD, USA).

Fluorescent in situ hybridization (FISH)

Following incubation with 4% formaldehyde for 15 min, tropho-
blast cells were treated with pepsin and ethanol. The dried tro-
phoblast cells were mixed with hybridization buffer containing 
FISH probe NEAT1 (Guangzhou RiboBio Co., Ltd., Guangzhou, 
Guangdong, China) for 2 min at 80°C. After dehydration, the 
slices were counter-stained with DAPI, and the images were 
captured with a confocal microscopy (Leica Microsystems 
GmbH, Wetzlar, Germany).

Subcellular fractionation

The nuclear and cytoplasmic fractions of trophoblast cells were 
separated using a PARIS kit (Life Technologies). Briefly, the cells 
were rinsed twice with precooled PBS and lysed in a mixture 
of 0.1% NP40, 10 mM ribonucleoside vanadyl complex (New 
England Biolabs, Ipswich, MA, USA) and proteinase inhibitors 
(Roche Diagnostics, Co., Ltd., Rotkreuz, Switzerland). After cen-
trifugation, the lysates were washed 5 times with PBS and cen-
trifuged to yield cytoplasmic RNA and nuclear RNA fractions.

RT-qPCR

Total RNA was isolated from cells and tissues with TRIzol® 
reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA), 

followed by synthesis of first chain cDNA using a PrimerScript 
RT kit (TaKaRa, Kyoto, Japan). RT-qPCR was performed using 
LightCycler 480SYBR Green I Master mixture (Roche Diagnostics) 
and primers for NEAT1
(forward, 5’-TTCTCTAGTGTTCCTCATGGC-3’;
reverse, 5’-TCCTGCAATGCTAGGACTC-3’),
miR-373 (forward, 5’-CTCGCGAGGAGCTCATACTG-3’;
reverse, 5’-GGACACCCCAAAATATAAAAGC-3’),
FLT1 (forward, 5’-ACCATACCTCCTGCGAAACC-3’;
reverse, 5’-TCAGAGGCCCTTTCAGCATT-3’),
GAPDH (forward, 5’-ATCATCCCTGCCTCTACTGG-3’;
reverse, 5’-GTCAGGTCCACCACTGACAC-3’) and
U6 (forward, 5’-AAAGCAAATCATCGGACGACC-3’;
reverse, 5’-GTACAACACATTGTTTCCTCGGA-3’).
Levels of miRNA and mRNA were normalized relative to the 
levels of U6 and GAPDH, respectively, and calculated using 
the 2–DDCt method.

Cell transfection

Vectors for the overexpression of NEAT1 (pcDNA-NEAT1) and 
FLT1 (pcDNA-FLT1), the miR-373 mimic/inhibitor and their re-
spective negative controls (pcDNA, NC mimic and NC inhibitor) 
were purchased from RiboBio. Small interfering RNAs (siRNAs) 
targeting NEAT1 and FLT1 (si-NEAT1, si-FLT1) and control si-NC 
were obtained from GenePharma (Shanghai, China). Trophoblast 
cells were transfected with these vectors using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA).

5-Ethynyl-2’-deoxyuridine (EdU) proliferation labeling

Trophoblast cells seeded onto 96-well plates were incubated 
with 50 μM 5-ethynyl-2’-deoxyuridine (EdU) solution (Beyotime, 
Shanghai, China) at 37°C for 2 h in a 5% CO2 incubator. The cells 
were fixed with 4% formaldehyde and treated with 1× click reac-
tion buffer (Beyotime) for 30 min in the dark, followed by DAPI 
staining. Images were observed using an EVOS M5000 micro-
scope (Thermo Fisher Scientific). The EdU incorporation rate was 
defined as a ratio of the number of EdU-positive cells (stained in 
red) to the total number of DAPI-positive cells (stained in blue).

Proliferation assay

Cells, at a density of 2×104 cells per well, were plated in 96-well 
plates and cultured for 24 h. To each well was added 15 µL cell 
counting kit-8 (CCK-8) reagent, and the cells incubated for 2 h 
at 37°C. The cells were washed and incubated for 24, 48, and 
72 h. The optical density (OD) at 490 nm was assessed using 
a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

For colony formation assays, cells in logarithmic phase were 
detached with trypsin (Gibco, Carlsbad, CA, USA) and resus-
pended in DMEM supplemented with 10% FBS. The cells were 
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plated onto petri dishes at a density of 500 cells per dish and 
cultured at 37°C until colonies were visible. The medium was 
removed, and the cells were fixed with methanol and stained 
with crystal violet (Gibco). Colonies (>50 cells) were counted.

Transwell assays

The invasiveness of stably transfected trophoblast cells was 
evaluated using a Matrigel-coated (BD Biosciences) Transwell 
system. Briefly, 2×104 trophoblast cells in FBS-free Roswell Park 
Memorial Institute (RPMI)-1640 medium were seeded into each 
apical chamber and 200 µL DMEM containing 10% FBS were 
added to each basolateral chamber. After incubation for 24 h, 
the non-invasive cells in each apical chamber were removed 
with a cotton swab. Cells on the lower side of each chamber 
were fixed in 4% paraformaldehyde (Beyotime), stained with 
0.1% crystal violet (Beyotime), and examined with an invert-
ed microscope (Leica Microsystems GmbH, Wetzlar, Germany). 
Cell numbers were counted in 5 random fields of each cham-
ber and averaged. Migration was assessed using the Transwell 
system without the Matrigel coating.

Caspase-3/9 activity assay

Trophoblast cell apoptosis was evaluated using caspase-3 and 
caspase-9 activity assay kits (Beyotime). Briefly, the transfect-
ed trophoblast cell lysates were collected after the addition of 
lysis buffer (Abgent, Suzhou, Jiangsu, China). Cell lysates were 
treated with 2 mM Asp-Glu-Val-Asp (to assay caspase-3 ac-
tivity) or 2 mM Leu-Glu-His-Asp (to assay caspase-9 activity), 
and labeled with p-nitroaniline for 2 h in the dark at 37°C. The 
OD value at 405 nm was measured using a Labserv K3 micro-
plate reader (WoYuan, Shanghai, China).

Flow cytometry

Apoptosis was analyzed using Annexin V-fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) apoptosis detection kits 
(K201-100, BioVision, Inc., Exton, PA, USA). Trophoblast cells 
were plated into 6-well plates at a density of 5×104 cells/well 
for 24 h. The cells were transfected with vector in Lipofectamine 

2000 (Thermo Fisher Scientific, Inc.) for 24 h at 37°C, detached 
with trypsin (Gibco) and resuspended in 1× binding buffer. 
The cells were doubly stained with Annexin V-FITC and PI for 
20 min, and apoptosis was analyzed by flow cytometry (BD 
Biosciences, Franklin Lakes, NJ, USA).

Luciferase report assay

PCR-amplified fragments of NEAT1 and the 3’ untranslated re-
gion (3’UTR) of FLT1 mRNA that contained predicted miR-373 
binding sites were each inserted into the pGL3 luciferase re-
porter vector (Promega Corporation, Madison, WI, USA) and 
into the pmirGLO vector (Promega) to produce wild-type (WT)-
NEAT1/WT-FLT1 luciferase reporter genes. To generate a corre-
sponding mutant (MT) vector as a control, the seed region of 
the binding sites with miR-373 were mutated to produce MT-
NEAT1/MT-FLT1. Trophoblast cells were co-transfected with the 
above vectors and miR-373 mimic for 48 h, and luciferase ac-
tivity was measured with a dual-luciferase assay kit (Promega).

Statistical analyses

Data were expressed as the mean±standard deviation (SD) of 3 
experiments. Differences between 2 groups were compared by 
unpaired t tests, and differences among multiple groups were 
compared by 1-way or 2-way analysis of variance (ANOVA), fol-
lowed by Tukey’s post hoc test. All statistical analyses were per-
formed using the SPSS Statistical Package version 22.0 (IBM Corp. 
Armonk, NY, USA), with p<0.05 defined as statistically significant.

Results

NEAT1,	overexpressed	in	placental	tissues	of	rats	with	PE,	
inhibits trophoblast growth

BP and 24-h urinary protein did not differ in PE and control rats 
at the beginning of pregnancy (Table 1). At 12 and 18 days, 
however, both BP and 24-h urinary protein were significantly 
higher in PE than in control rats.

Indicator
Normal group 

(n=16)

PE group (n=17)

Day 6 after pregnancy Day 12 after pregnancy Day 18 after pregnancy

Systolic BP (mmHg) 107.74±8.75 115.32±13.16 135.31±11.27* 152.33±14.15*

Diastolic BP (mmHg) 80.34±9.32 81.66±6.78 96.37±6.38* 106.34±8.84*

24-h urine protein (mg) 6.32±0.41 6.53±0.89 9.32±0.31* 11.87±0.95*

Table 1. BP and 24-h urine protein levels on days 6, 12 and 18 after pregnancy.

BP – blood pressure; PE – preeclampsia. * p<0.05 compared with the normal group. Data were expressed as mean±standard deviation 
and analyzed using an unpaired t-test. The experiment was repeated three times.
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Figure 1.  NEAT1 is upregulated in the placenta of PE rats. (A) Immunofluorescence staining, showing the percentages of cells positive 
for cytokeratin 7 and vimentin proteins; (B) RT-qPCR, showing the expression of NEAT1 mRNA in placental tissues (** p<0.01 
by unpaired t test); (C) RT-qPCR, showing the transfection efficiency of pcDNA-NEAT1 and siRNA-NEAT1 (** p<0.01 by 1-way 
ANOVA); (D) cell proliferation ability, measured by CCK-8 (* p<0.05 by 2-way ANOVA) and colony formation (* p<0.05 by 
1-way ANOVA) assays; (E) cell invasion and migration activities measured by Transwell assays (* p<0.05 by 1-way ANOVA); 
(F) caspase-3 and caspase-9 activities (* p<0.05 by 1-way ANOVA); (G) cell apoptosis, measured by flow cytometry (* p<0.05 
by 1-way ANOVA). Each figure represents the average of 3 replicates.
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Immunofluorescence assays of trophoblast cells isolated from 
placental tissues of rats with PE showed that 94.8% of these 
cells were positive for cytokeratin 7, whereas 7.8% were pos-
itive for vimentin, confirming that these cells were placental 
trophoblasts (Figure 1A).

RT-qPCR showed that the expression of NEAT1 was signif-
icantly higher in placental tissues from PE than from con-
trol rats (Figure 1B). To further explore this finding, pcDNA-
NEAT1, siRNA-NEAT1, and their controls were transfected into 

trophoblast cells. Effective transfection was validated by RT-
qPCR (Figure 1C), and cell proliferation was measured using 
CCK-8 and colony formation assays. Transfection of pcDNA-
NEAT1 into trophoblasts significantly inhibited cell prolifera-
tion, whereas transfection of siRNA-NEAT1 significantly en-
hanced trophoblast cell proliferation (Figure 1D). Transwell 
assays showed that pcDNA-NEAT1 markedly reduced, whereas 
siRNA-NEAT1 markedly enhanced the migration and invasion 
of trophoblast cells (Figure 1E). Moreover, pcDNA-NEAT1 en-
hanced the activity of the apoptosis-related genes caspase-3 
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Figure 2.  NEAT1 binds to miR-373 and negatively regulates miR-373 expression. (A) FISH, showing that NEAT1 is mainly located in 
cytoplasm; (B) subcellular fractionation of trophoblast cells, with U6 as a nuclear control and GAPDH as a cytoplasmic control; 
(C) binding sites of NEAT1 and miR-373; (D) transfection efficiency of miR-373 mimic/inhibitor determined by RT-qPCR (* 
p<0.05 by unpaired t test); (E) AT1 or MT-NEAT1 (* p<0.05 by 2-way ANOVA); (F) miR-373 expression in cells transfected with 
pcDNA-NEAT1 or siRNA-NEAT1, as determined by RT-qPCR (* p<0.05 by 1-way ANOVA). Each figure represents the average of 
3 replicates.
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and caspase-9, whereas siRNA-NEAT1 significantly reduced 
their activities (Figure 1F), findings consistence with the results 
of flow cytometric (Figure 1G). Taken together, these findings 
indicated that NEAT1, which is highly expressed in PE, can in-
hibit the proliferation, migration and invasion of trophoblast 
cells, while promote their apoptosis.

MiR-373 is a target of NEAT1

To study the mechanism of NEAT1 action in PE, its subcellular 
localization was assessed by FISH (Figure 2A) and subcellular 
fractionation (Figure 2B). Both of these methods showed that 
NEAT1 is mainly localized in the cytoplasm. Using the bioinfor-
matics website Starbase, we predicted the existence of potential 
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Figure 3.  miR-373 enhances trophoblast cell migration and invasion. (A) RT-qPCR measurements of miR-373 expression in placentas 
of PE and control rats (** p<0.01 by unpaired t test); (B) EdU positivity in trophoblast cells transfected with miR-373 mimic/
inhibitor or controls (* p<0.05 by 1-way ANOVA); (C) invasion and migration ability of cells, as measured by Transwell 
assays (* p<0.05 by 1-way ANOVA); (D) cell apoptosis measured by flow cytometry (* p<0.05 by 1-way ANOVA). Each figure 
represents the average of 3 replicates.
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Figure 4.  miR-373 directly targets FLT1. (A) Binding sites between miR-373 and FLT1; (B) FLT1 mRNA expression in placentas of PE 
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binding sites between miR-373 and NEAT1 (Figure 2C), a find-
ing confirmed by transfecting miR-373 mimic/inhibitor into tro-
phoblast cells, followed by RT-qPCR (Figure 2D). To determine 
whether NEAT1 bound directly to miR-373, we performed du-
al-luciferase activity assays by designing WT-NEAT1 and MT-
NEAT1 to assess binding capacity. We observed that miR-373 
mimic significantly decreased, whereas miR-373 inhibitor sig-
nificantly increased, the luciferase activity of WT-NEAT1; nei-
ther, however, had a significant effect on the luciferase activity 
of MT-NEAT1 (Figure 2E). These findings suggested the direct 
binding between NEAT1 and miR-373. Knockdown of NEAT1 
expression promoted the expression of miR-373, whereas over-
expression of NEAT1 inhibited miR-373 expression (Figure 2F), 
providing further evidence that NEAT1 binds to miR-373.

miR-373 in placental tissues of rats with PE promotes 
growth of trophoblast cells

Because RT-qPCR showed that miR-373 expression in placen-
tal tissues was much lower in the rats with PE than in normal 
controls (Figure 3A), we investigated the effects of miR-373 on 
biological functions in trophoblast cells. As expected, miR-373 

knockdown markedly enhanced, whereas miR-373 overexpres-
sion markedly inhibited, cell proliferation (Figure 3B). Transwell 
assays showed that miR-373 mimic facilitated trophoblast cell 
migration and invasion, both of which were significantly inhib-
ited by miR-373 inhibitor (Figure 3C). Flow cytometry showed 
that miR-373 mimic markedly inhibited, whereas miR-373 in-
hibitor significantly enhanced cell apoptosis (Figure 3D). These 
findings indicate that miR-373 is a direct target of NEAT1 and 
is involved in the proliferation, invasion, migration, and apop-
tosis of trophoblast cells.

miR-373 negatively regulates the expression of FLT1

The bioinformatics website suggested that FLT1 is a potential 
target of miR-373 (Figure 4A), in agreement with results show-
ing that FLT1 expression enhances the likelihood of PE [14]. The 
expression of FLT1 was much higher in PE than in control rats 
(Figure 4B). The ability of miR-373 to bind directly to FLT1 was 
assessed by dual-luciferase activity assays using WT-FLT1 and 
MT-FLT1 (Figure 4C). We found that miR-373 mimic significant-
ly reduced, whereas miR-373 inhibitor significantly increased, 
the luciferase activity of WT-FLT1. In contrast, neither miR-373 
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Figure 5.  NEAT1 modulates FLT1 via miR-373. (A) RT-qPCR measurements of FLT1 mRNA expression in cells transfected with siRNA-
NEAT1 alone or in the presence of miR-373 inhibitor (* p<0.05 by 1-way ANOVA); (B) RT-qPCR measurements of FLT1 
mRNA expression in cells transfected with pcDNA-NEAT1 with or without siRNA-FLT1 (* p<0.05 by 1-way ANOVA); (C) cell 
proliferation activity, measured by the CCK-8 method (* p<0.05 by 2-way ANOVA) and colony formation assay (* p<0.05 by 
1-way ANOVA); (D) cell invasion and migration activities, measured by Transwell assays (* p<0.05 by 1-way ANOVA); (E) cell 
apoptosis, measured by flow cytometry (* p<0.05 by 1-way ANOVA). Each figure represents the average of 3 replicates.
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mimic nor miR-373 inhibitor had a significant effect on lucif-
erase activity of MT-FLT1. To further explore this finding, miR-
373 mimic/inhibitor and their controls were transfected into 
trophoblast cells, and FLT1 expression was measured by RT-
qPCR. miR-373 mimic significantly inhibited, whereas miR-373 
inhibitor significantly enhanced, FLT1 expression (Figure 4D), 
indicating that FLT1 is a target of miR-373.

NEAT1 negatively modulates miR-373 by competitively 
interacting with FLT1 to inhibit trophoblast cell growth

Trophoblast cells were transfected with siRNA-NEAT1, siRNA-
NEAT1+miR-373 inhibitor and their respective controls, and 
FLT1 expression was measured by RT-qPCR (Figure 5A). SiRNA-
NEAT1 significantly reduced the expression of FLT1, whereas 
miR-373 inhibitor reversed this inhibition trend, demonstrat-
ing that NEAT1 regulates FLT1 expression by taking up miR-
373. Similarly, when trophoblast cells were transfected with 
pcDNA-NEAT1, pcDNA-NEAT1+siRNA-FLT1 and their respective 
controls, pcDNA-NEAT1 significantly enhanced FLT1 expression, 
which was inhibited by siRNA-FLT1 (Figure 5B). CCK-8, colony 
formation, and Transwell assays showed that the pcDNA-NEAT1-
induced inhibition of cell viability, colony formation, invasion, 
and migration was abrogated by siRNA-FLT1 (Figure 5C, 5D). 
Moreover, the pro-apoptotic activity of pcDNA-NEAT1 was re-
pressed by siRNA-FLT1 (Figure 5E).

Discussion

Inflammation, oxidative stress, and placental trophoblast cells 
have all been closely linked to PE. The lack of migration and 
invasion of trophoblast cells has been found to contribute to 
inadequate remodeling of spiral arteries, the major driver of 
PE pathogenesis [15]. Furthermore, lncRNAs have been shown 
to play pivotal roles in the modulation of trophoblast cell func-
tion and the incidence of PE [16,17]. Using a rat model of PE, 
the present study evaluated the mechanism by which NEAT1 
influences the proliferation, migration, invasion, and apoptosis 
of trophoblast cells through the miR-373/FLT1 axis. Our find-
ings provide forceful evidence that the knockdown of NEAT1 
accelerates the proliferation, migration, and invasion of pla-
cental trophoblast cells in rats with PE by binding to miR-373 
to regulate FLT1.

This study found that miR-373 expression was lower and NEAT1 
expression higher in placental tissues and trophoblast cells 
from rats with PE than in control rats. NEAT1 was observed 
to be increased in placentas of intrauterine growth-restrict-
ed than control pregnancies delivered at term [7], indicating 
that NEAT1 is associated with pregnancy. Knockdown of NEAT1 
was found to inhibit the differentiation of Th17/CD4+ T cell, 
thus participating in the progression of rheumatoid arthritis, 

an autoimmune disorder [18]. Nevertheless, the specific role 
of NEAT1 in PE had not been clearly established. The pres-
ent study found that knockdown of NEAT1 suppressed apop-
tosis, as evidenced by lower caspase-3 and caspase-9 activ-
ities, while increasing cell viability, migration, and invasion. 
Similarly, NEAT1 depletion enhanced the viability and reduced 
apoptosis and caspase-3/9 activities in alveolar epithelial cells 
challenged with lipopolysaccharide [19]. Moreover, NEAT1 po-
tentiated the angiogenesis and survival of brain microvascu-
lar endothelial cells exposed to oxygen-glucose deprivation 
by targeting miR-377 [20]. However, its association with miR-
373 remains largely unclear. miR-373 plays a role in the ceRNA 
network in ovarian cancers and gliomas [21,22]. Our lucifer-
ase reporter assay and RT-qPCR analysis showed that miR-373, 
which is poorly expressed in PE, is a target of NEAT1 in tro-
phoblast cells. Moreover, the level of miR-373 expression was 
significantly lower in osteoarthritic than in normal chondro-
cytes, and upregulation of miR-373 reduced the apoptosis of 
cultured osteoarthritic chondrocytes [23]. miR-373 expression 
was also found to be reduced in glioma samples and cells and 
to be involved in the lncRNA HOXA-AS2-mediated cell viabili-
ty, migration, and invasion of glioblastoma cells [24]. In addi-
tion, we observed that the restoration of miR-373 significant-
ly stimulated trophoblast cell viability, migration, and invasion, 
mimicking the effects of NEAT1 inhibition in trophoblast cells.

Use of the bioinformatic website Starbase indicated that 
FLT1 can bind to miR-373, a finding confirmed by RT-qPCR. 
Interestingly, NEAT1 knockdown can positively regulate FLT1 
expression, and miR-373 inhibitor rescued the NEAT1 knock-
down-induced reduction in FLT1 expression. FLT1 is 1 of the 
2 receptors of vascular endothelial growth factor and is dif-
ferentially expressed in necrotizing enterocolitis in newborns 
[25]. In addition, FLT1 expression is enhanced at the end of the 
first trimester [26]. More recently, miR-145-5p was found to 
enhance trophoblast cell proliferation and invasion by reduc-
ing FLT1 expression [27]. Inhibition of FLT1 by low-dose aspirin 
may be a promising cellular and molecular mechanism for the 
prevention of PE [28]. In addition to its effects on trophoblast 
cells, FLT1 was also shown to be involved in fetoplacental en-
dothelial cell migration and angiogenesis [29], suggesting its 
tight correlation with pregnancy. Mechanistically, reduced gen-
eration of hydrogen sulfide in the placenta was found to facil-
itate the development of PE by enhancing the release of sol-
uble FLT1 [30]. However, enhanced expression of miR-517a/b 
and miR-517c in extravillous trophoblast cells during the first 
trimester led to a marked increase in the release of sFLT1 [31]. 
Furthermore, our CCK-8, colony formation, and Transwell as-
says, as well as flow cytometry, provided evidence that the si-
lencing of FLT1 reversed the effects of NEAT1 overexpression 
on cell proliferation, migration, invasion, and apoptosis, fur-
ther validating the participation of FLT1 in the ceRNA network.
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Conclusions

The present study demonstrated that NEAT1 expression was 
enhanced in the placental tissues of rats with PE, accelerat-
ing the apoptosis and inhibiting the proliferation, invasion, 
and migration of trophoblast cells. NEAT1 was found to bind 
to miR-373, preventing it from binding to FLT1 and regulating 
the activity of the latter. NEAT1 knockdown may be a medi-
ator of trophoblast cell behavior, suggesting NEAT1 as a new 
potential target for treating PE (Figure 6). Efforts are needed 
to determine the functional activities of NEAT1 in vivo and to 
evaluate the clinical efficacy of treatments targeting NEAT1 
in women with PE.
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Figure 6.  Mechanism of action of the NEAT1/miR-373/FLT1 axis 
in PE progression. NEAT1 regulates FLT1 expression 
by binding to miR-373, affecting trophoblast cell 
proliferation, migration, invasion, and apoptosis.
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