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LncRNA NEAT1 affects endometrial receptivity by regulating HOXA10 promoter 
activity
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ABSTRACT
In vitro fertilization and embryo transfer (IVF-ET) is one of the effective methods to treat female 
infertility. Poor endometrial receptivity (ER) is an important factor leading to embryo implantation 
dysfunction, which can reduce pregnancy rate of IVF-ET. The mice model with embryo implanta-
tion dysfunction in vivo and attachment model of trophoblast (JAR) spheroids in vitro were 
constructed. The levels of lncRNA NEAT1, HOXA10, CTCF and markers of ER were detected. The 
cell proliferation was measured. The interaction between lncRNA NEAT1 and CTCF, HOXA10 
promoter and CTCF were confirmed. LncRNA NEAT1 and HOXA10 levels in infertile patients and 
mice model with embryo implantation dysfunction were increased. In vitro experiments showed 
that down-regulation of lncRNA NEAT1 improved EECs proliferation and ER marker expressions. 
LncRNA NEAT1 could bind to CTCF, and CTCF could bind to HOXA10 promoter and down-regulate 
HOXA10 gene expression by regulating histone modification level. The lncRNA NEAT1/CTCF/ 
HOXA10 signaling pathway regulated EECs proliferation and ER establishment in vitro and 
in vivo. Our study suggested that lncRNA NEAT1 could up-regulate HOXA10 promoter activity 
and its expression by combining with CTCF, thus improving EECs proliferation and ER establish-
ment, and ultimately facilitating embryo implantation.
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Introduction

As a common gynecological disease, female infer-
tility seriously harms the physical and mental 
health of women, and its prevalence rate 
increases year by year. It has become a global 
medical and sociological problem that needs to 
be solved urgently [1]. The pathogenic factors of 
female infertility are mainly the pathological 
changes related to the reproductive system (uterus, 
fallopian tube and ovary). In addition, the abnor-
mal immune function and social/psychological/ 
spiritual factors also have obvious influence on 
infertility [2–4]. At present, in vitro fertilization 
and embryo transfer (IVF-ET) is the core technol-
ogy of human assisted reproductive technology 
(ART), which is one of the effective technologies 
in the treatment of infertility [5]. Following IVF 
treatment the number of transferred embryos has 
increased, however, the clinical pregnancy rate was 
between 40% and 60%. It has been found that 
embryo implantation dysfunction is one of the 

main reasons leading to low pregnancy rate, and 
the success of embryo implantation depends on 
endometrial receptivity (ER) [6,7]. Therefore, 
improving ER is the key to improve the success 
rate of IVF-ET.

Long non-coding RNA (lncRNA) regulation on 
endometrium receptivity by acting in competing 
endogenous RNA theory has been explored [8,9]. 
LncRNA nuclear paraspeckle assembly transcript 1 
(NEAT1) is transcribed by RNA polymerase II, 
and has been proven to be involved in various 
pathophysiological processes such as inflammation 
and tumor [10,11]. Previous studies have shown 
that the expression of lncRNA NEAT1 is signifi-
cantly increased in the placenta with intrauterine 
growth retardation (IUGR), suggesting that 
lncRNA NEAT1 may be closely related to tropho-
blast cell function and placental dysfunction [12]. 
A recent study using genome-wide analysis found 
that lncRNA NEAT1 level in endometrial tissues 
of patients with recurrent implantation failure 
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(RIF) was significantly up-regulated from that of 
normal controls [8]. The effect of lncRNA NEAT1 
on ER has not been confirmed by studies, so its 
specific mechanism is worth exploring.

Homeobox genes (HOX) are a class of tran-
scriptional regulatory genes that control embryo-
nic development and cell differentiation. HOXA10 
gene is mainly expressed in the endometrium, and 
plays an important role in the proliferation and 
differentiation of endometrium stromal cells, the 
establishment of ER, the formation of pinopodes 
and microvilli, embryo implantation and develop-
ment, etc. CTCF (CCCTC-binding factor), 
a protein containing 11 zinc finger structures, is 
well known as a transcription regulatory factor 
[13,14]. Previous studies have reported that in 
breast cancer cells, CTCF can bind to the promo-
ter region of HOXA10 gene and maintain the 
methylation state of H3K27, thus inhibiting the 
activity of HOXA10 promoter and leading to 
gene silencing [15].

It is worth noting that the interaction between 
CTCF and lncRNA metastasis associated in lung 
denocarcinoma transcript 1 (MALAT1) has been 
explored by Akihiro, and lncRNA MALAT1 is 
known as NEAT2, which emphasizes the impor-
tance of the interaction between lncRNA and 
CTCF protein [16]. Bioinformatics software 
(RNainter) predicted that there was a binding site 
between CTCF protein and lncRNA NEAT1. We 
speculated that lncRNA NEAT1 might regulate 
HOXA10 promoter activity and gene expression 
through CTCF, thus affecting the establishment 
of ER.

Materials and methods

Study subjects

A schematic diagram for summarizing the 
methodology was shown in the Supplementary 
figure 1. Serum samples were collected from 
healthy controls (n = 20), early pregnant 
women (n = 20) and infertile women (n = 20) 
at the age of 25–35. Total samples were 
obtained from Henan Provincial People’s 
Hospital between 2018 and 2019. Healthy con-
trols: normal menstrual cycle, excluding other 
gynecological abnormalities. Infertility patients: 

failure to achieve a clinical pregnancy after 
12 months, excluding pathological salpingem-
phraxis. Pregnant women: confirmed by ultra-
sound diagnosis at 6–10 gestational weeks. 
LncRNA NEAT1 and HOXA10 mRNA levels 
in the serum were detected. All procedures 
were conducted in accordance with ethical 
guidelines of the institutional and national 
research committees and the World Medical 
Association Declaration of Helsinki. This study 
was approved by the Medical Ethics Committee 
of Henan Provincial People’s Hospital, and all 
participants provided written informed consent. 
All patients had signed informed consent prior 
to the study.

Animals and treatments

Female C57BL/6 mice (8–12 weeks old) were pur-
chased from Charles River (Beijing, China), and 
were kept in light/dark cycle for 12 h at 22–25°C 
for free feeding. They were provided with suffi-
cient food and water and allowed to adapt envir-
onment for 1 week before formal experiments. All 
experimental procedures were approved by the 
Committee on Animal Care of Henan Provincial 
People’s Hospital.

The mice model with embryo implantation 
dysfunction was established as previously 
described [17]. In brief, female mice were 
mated with fertile male mice to induce preg-
nancy after intraperitoneal injection of preg-
nant mare serum gonadotropin (PMSG, 10 IU) 
and human chorionic gonadotophin (HCG, 10 
IU). Each mouse was injected subcutaneously 
with mifepristone (RU486) dissolved in sesame 
oil solution (4 mg/kg) at 9 AM on day 4 of 
gestation. The mice were sacrificed by cervical 
dislocation on the day 11, and their uterine 
tissues were separated. Then, lncRNA NEAT1 
level in mice model with embryo implantation 
dysfunction was detected.

To confirm the role of lncRNA NEAT1, the 
mice were transfected with shRNA or sh-NEAT1 
at 9 AM on day 3, the day before modeling. 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) and shRNA or sh-NEAT1 (100 μmol/L) 
were mixed according to the instructions. After 
the 20 min of the incubation, they were injected 
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into the uterus of mice. On the day 11 of gestation, 
the mice were sacrificed by cervical dislocation, 
and their uterine tissues were separated.

Cell lines and cell culture

The Ishikawa cell line (endometrial epithelial cells, 
EECs), JAR cell line (human choriocarcinoma 
cells) and HEK293T cells were obtained from the 
American Type Culture Collection (ATCC) and 
Shanghai Cell Bank of the Chinese Academy of 
Sciences. Ishikawa and JAR cells were cultured in 
fresh RPMI 1640 medium (Gibco, Thermo Fisher 
Scientific) containing 10% fetal bovine serum 
(FBS; Gibco), penicillin and streptomycin antibio-
tics (100 U/mL) at an environment of 37°C and 
5% CO2 [18]. HEK293T cells were cultured in 
DMEM high glucose medium containing 10% (v/ 
v) FBS and 1% penicillin/streptomycin (Thermo 
Fisher Scientific). The cells were cultured at 37°C 
with 5% CO2.

Cell transfection

The small interfering RNAs (siRNA) targeting 
lncRNA NEAT1 (si-NEAT1) or CTCF (si-CTCF) 
was designed and synthesized by ApplyBio 
(Henan, China). The full-length lncRNA NEAT1 
or CTCF cDNA were PCR amplified and cloned 
into the pcDNA3.1 vector to generate pcDNA- 
NEAT1 or pcDNA-CTCF constructs. 
Corresponding controls (pcDNA) were transfected 
into Ishikawa cells using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s 
instructions. Ishikawa cells were seeded in a 24- 
well plate and transfected for 48 h. After that, 
quantitative real-time polymerase chain reaction 
(qRT-PCR) was used to examine the transfection 
efficiency.

The attachment of JAR spheroids to endometrial 
epithelial cell monolayers

The in vitro attachment model of trophoblast 
spheroids constructed by JAR cells and 
Ishikawa cells was used to study endometrial 
adhesion and ER, which has been widely recog-
nized [19]. Endometrial epithelial cells were 

pretreated with 10−9 M 17β-estradiolum (E2), 
and incubated in the RPMI 1640 medium for 
3 days. JAR spheroids were prepared according 
to the reported standard procedure [20], and 
then transferred to pretreated monolayer 
Ishikawa cells (50 spheroids/well). After co- 
culture for 1 hour, the cells were centrifuged at 
80–90 rpm for 4 min, and the cells were gently 
washed twice with PBS. The number of spher-
oids was calculated by light microscope to cal-
culate the attachment rate. The experiment was 
repeated at least three times.

RNA extraction and quantitative real time-PCR

Total RNA from uterine tissues and Ishikawa cells 
was isolated using the Trizol reagent (Vigorous 
Biotech), and then reverse transcribed into cDNA 
using cDNA Synthesis Kit (Takara). QRT-PCR 
assay was used to validate lncRNA NEAT1 level, 
HOXA10 and CTCF mRNA levels, which were 
performed on the ABI 7500 Fast Real-Time PCR 
System. QRT-PCR reaction was in 20 μL reaction 
volumes containing cDNA, primers, and SYBR 
Green Real-time PCR Master Mix (Roche). The 
2−ΔΔCt method was used to access the relative 
RNA expression levels. GAPDH was used as an 
internal reference for lncRNA NEAT1, CTCF and 
HOXA10.

Primer sequences for qPCR were provided:
LncRNA NEAT1 Forward: 5’- 

AGTTAGCGACAGGGAGGGATGC-3’;
Reverse: 5’- 

TGTCCCCTGAAGCCCTGAGCTA-3’;
LncRNA NEAT1 (mouse) Forward: 5’- 

GGCACAAGTTTCACAGGCCTACATGGG-3’;
Reverse: 5’- 

GCCAGAGCTGTCCGCCCAGCGAAG-3’;
HOXA10 Forward: 5’- 

ACACTGGAGCTGGAGAAGGA-3’;
Reverse: 5’-TCACTTGTCTGTCCGTGAGG-3’;
HOXA10 (mouse) Forward: 5’- 

AGGTGGACGCTGCGGCTAATCTCTA-3’;
Reverse: 5’- 

GCCCCTTCCGAGAGCAGCAAAG-3’;
CTCF Forward: 5’- 

CAGTGGAGAATTGGTTCGGCA-3’;
Reverse: 5’-CTGGCGTAATCGCACATGGA-3’.
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Western blotting

The protein expressions of HOXA10, CTCF and 
markers of ER were analyzed by using Western 
blot analysis. Cells were rinsed in phosphate buf-
fer, and then dissociated by using RIPA lysis buf-
fer. Protein lysates were generated after 
centrifugation for 20 min at 12,000 × g. The con-
centrations of protein extracts were determined 
using the Bradford method (Bio-Rad). The equal 
amount of protein was electrophoresed on SDS- 
PAGE, and then transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore). PVDF 
membranes were blocked in 5% nonfat milk for at 
room temperature, and then incubated with anti- 
HOXA10 (0.2–0.6 µg/mL, ab191470, Abcam), 
anti-CTCF (1:5000, ab188408, Abcam), anti- 
Integrin αV (1:5000, ab179475, Abcam), anti- 
Integrin β3 (1:1000, ab119992, Abcam), anti-LIF 
(3–5 µg/mL, ab138002, Abcam) and anti- 
Osteopontin (1:500, ab166709, Abcam) overnight 
at 4°C. Next, all membranes were incubated with 
secondary antibody at room temperature for 1 h. 
Immunoblots were visualized by Enhanced 
Chemiluminescence Kit (Beyotime, Shanghai, 
China), and then recorded the chemiluminescent 
signals of protein bands. GAPDH was used as an 
internal control.

Hematoxylin and eosin staining

The uterine tissues of the mice in each group were 
removed and then rinsed with pre-cooled PBS. After 
fixation with 4% paraformaldehyde for 48 h, routine 
paraffin embedding and section were performed. 
Hematoxylin and Eosin (HE) Staining Kit 
(Beyotime, Shanghai, China) was used for HE stain-
ing. The pathological changes of uterine tissues were 
observed with a CKX41 phase-contrast microscope 
(Olympus, Tokyo, Japan).

Cell proliferation assay

A Cell Counting Kit-8 (CCK-8) (Boster, China) 
was used to evaluate the proliferative activity fol-
lowing the manufacturer’s instructions. 96-well 
plates were utilized to immediately seed cells at 
a density of 3x103 cells per well. To examine cell 
viability, 10 μL of CCK8 solution was added into 

each well and incubated at 37°C for 2 h. The 
absorbance at 450 nm was measured with a micro-
plate reader.

Fluorescence in situ hybridization (FISH)

FISH probe with lncRNA NEAT1 was purchased 
from Guangzhou RiboBio Co., Ltd. The slides 
were dewaxed and rehydrated in a conventional 
way and treated in water bath at 100°C for 20 min. 
After digestion with protease for 10 min and dena-
turation at 85°C, hybridization was carried out 
overnight at 37°C under dark conditions. Finally, 
nucleation was stained with DAPI and fluores-
cence reaction occurred. The reaction results 
were observed under microscope.

Clone formation assays

For the clone formation assay, 1x103 cells per well 
were seeded in six-well plates. The culture medium 
should be replaced every 2–3 days. After 2 weeks 
of incubation, the surviving colonies were washed 
and stained with crystal violet. After the images 
were taken under an inverted microscope 
(Olympus), the colonies containing >50 cells 
were counted.

RNA immunoprecipitation and RNA pull-down 
assays

The interaction between lncRNA NEAT1 and 
CTCF protein was detected by RNA immunopre-
cipitation (RIP) and RNA pull-down experiments. 
RIP assay was performed by the use of a Millipore 
EZ-Magna RIP RNA-Binding Protein 
Immunoprecipitation kit (Millipore) in line with 
the manufacturer’s recommendations. Briefly, 
Ishikawa cells transfected with pc-DNA CRNDE 
were incubated in RIP buffer for 30 min. Then 
they were incubated with magnetic beads conju-
gated to the CTCF antibody for 6 h at 4°C. Finally, 
lncRNA NEAT1 level in the coprecipitation was 
detected through qPCR. RNA pull-down assay was 
performed using the Pierce Magnetic RNA-Protein 
Pull-Down Kit (Thermo Fisher). Ishikawa cells 
were transfected with biotinylated lncRNA 
NEAT1 for 48 h. After the cells were lysed with 
lysis buffer, the lysates were incubated with M-280 
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streptavidin magnetic beads (Invitrogen). The 
bound RNAs were purified by adding TRIzol 
(Invitrogen), input and the pull-down beads for 
further Western blot analysis.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was 
performed using the EZ-Magna ChIP™ Chromatin 
Immunoprecipitation Kit (Millipore). Ishikawa 
cells in the immunoprecipitation reaction were 
treated with 1% formaldehyde at room tempera-
ture for 10 min, and crosslinking was stopped by 
using PBS solution. Immunoprecipitation was per-
formed by incubating with antibodies against 
CTCF or H3K4me3 (ab1012, Abcam), 
H3K27me3 (ab6002, Abcam) and immunoglobu-
lin G (IgG) and Dynabeads Protein A/G magnetic 
beads overnight. Co-precipitated DNA was quan-
tified using the Qiagen PCR Cleanup Kit.

Luciferase reporter assays

The HEK293T cells were seeded in 12-well plates 
and co-transfected with pcDNA or pcDNA-CTCF, 
and the pGL4 luciferase vector (Promega, E4481) 
fused with the HOXA10 promoter. After transfec-
tion for 48 h, the firefly luciferase activities in each 
well were calculated by a Firefly Luciferase 
Reporter Gene Assay Kit (Beyotime) following 
the manufacturer’s instructions.

Statistical analysis

All cell experiments in this study had at least three 
independent biological replicates for quantitative 
analysis. SPSS 16.0 (SPSS Inc, Chicago, USA) was 
employed for statistical analysis. Data are pre-
sented as mean ± SD. Our in vivo data has been 
proven to be normality distributed after assess-
ment with the Kolmogorov-Smirnov test. 
Differences between two groups were analyzed by 
Student’s t-test, and differences between multiple 
groups were analyzed by ANOVA and Post Hoc 
test (Tukey test). P values less than 0.05 were 
considered significant.

Results

Expression of lncRNA NEAT1 in infertile patients 
and in mice model with embryo implantation 
dysfunction

To measure the levels of lncRNA NEAT1 and 
HOXA10 mRNA in the serum, we collected 
venous blood from healthy non-pregnant women, 
early pregnant women and infertile women. The 
results of qRT-PCR showed that lncRNA NEAT1 
level was lower in early pregnant patients and 
higher in the infertile patients, while HOXA10 
mRNA level was higher in the early pregnant 
patients and lower in the infertile patients, when 
compared with healthy non-pregnant patients 
(Figure 1a,b). Next, we constructed a mice model 
with embryo implantation dysfunction. After the 
uterine horns of mice were isolated, we found that 
the number of implanted embryos in the RU486 
group was significantly reduced (Figure 1c). 
Moreover, the pathological changes of uterine tis-
sues in RU486 group were as follows: endometrial 
shedding, a large number of inflammatory cells 
and so on (Figure 1d). ISH assays showed that 
lncRNA NEAT1 was expressed in the functional 
layer of endometrium (Supplementary figure 2). 
Compared with the control group, the level of 
lncRNA NEAT1 was higher in the RU486 group, 
while HOXA10 mRNA level and protein expres-
sion were lower (Figure 1e,f). These results suggest 
that lncRNA NEAT1 and HOXA10 are closely 
related to embryo implantation.

LncRNA NEAT1 regulates endometrial epithelial 
cell proliferation and ER establishment

Ishikawa cell line is a class of highly differentiated 
endometrial adenocarcinoma cells, which has 
similar characteristics of normal EECs. Ishikawa 
cells were divided into control, pcDNA, pcDNA- 
NEAT1, si-control, and si-NEAT1, and the expres-
sion of lncRNA NEAT1 was detected by qRT- 
PCR. LncRNA NEAT1 level was significantly up- 
regulated after cell transfection with pcDNA- 
NEAT1, and down-regulated after cell transfection 
with si-NEAT1 (Figure 2a). CCK8 and clone for-
mation assay results showed that, compared with 
the control group, overexpression of lncRNA 
NEAT1 reduced the proliferation of Ishikawa 
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cells, while interference with lncRNA NEAT1 
increased the proliferation of Ishikawa cells 
(Figure 2b,c). Based on this, we infer that down- 
regulation of lncRNA NEAT1 level can improve 
the proliferation of EECs.

Integrin αVβ3, leukemia inhibitor factor (LIF) 
and osteopontin (OPN) were specifically expressed 
during endometrial implantation window, and were 
used as markers of ER [21,22]. The results showed 
that overexpression of lncRNA NEAT1 could 
decrease the protein expression of Integrin αVβ3, 
LIF and OPN, while interference with lncRNA 
NEAT1could increase the protein expressions of 
the above factors (Figure 2d). JAR cell lines origi-
nated from human choriocarcinoma cells and have 
the characteristics of trophoblastic cells, which can 
secrete placental hormones and differentiate into 
syncytiotrophoblast cells in vitro. Based on the fact 
that JAR cells can be attached to Ishikawa cells, 2D 
in vitro model was established to simulate the inter-
action between embryos and endometrium [23]. 
The attachment rate of JAR cells to Ishikawa cells 
was declined after Ishikawa cells transfection of 

pcDNA-NEAT1, while interference with lncRNA 
NEAT1 enhanced the attachment rate (Figure 2e). 
These results suggest that lncRNA NEAT1 can reg-
ulate the establishment of ER.

The mechanism of lncRNA NEAT1 regulating 
HOXA10 expression

Bioinformatics software (RNAINTER) was used to 
predict the presence of binding sites between CTCF 
and lncRNA NEAT1. RIP and RNA pull-down 
experiments were further used to prove that 
lncRNA NEAT1 could interact with CTCF protein 
(Figure 3a,b). Furthermore, studies have shown that 
CTCF can bind to the promoter region of HOXA10 
gene [15]. In this study, ChIP assay was used to 
verify the binding of CTCF with HOXA10 promoter 
(Figure 3c). Furthermore, studies have shown that 
the methylation level in the promoter region of 
HOXA10 is related to the formation of pinocytosis 
and the establishment of ER [24]. Ishikawa cells 
were divided into si-control group and si-CTCF 
group, and then we analyzed the level of histone 

Figure 1. Expression of lncRNA NEAT1 in infertile patients and in mice model with embryo implantation dysfunction. 
Venous blood samples were collected from healthy non-pregnant women (n = 20), early pregnant women (n = 20) and infertile 
women (n = 20). QRT-PCR detected lncRNA NEAT1 (a) and HOXA10 mRNA (b) level in the serum of patients. *P< 0.05 vs. non- 
pregnancy group or early pregnancy group. A mice model with embryo implantation dysfunction was constructed, mice were 
divided into control group and RU486 group (n = 6/group). (c) The number of implanted embryos was counted. (d) The pathological 
changes of uterine tissues were detected by HE staining. QRT-PCR detected lncRNA NEAT1 (e) and HOXA10 mRNA level (f) in the 
uterine tissues. (F) Western blot was used to detect HOXA10 protein expression in the uterine tissues. *P < 0.05 vs. control.
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modification in the HOXA10 binding region using 
ChIP-PCR. The results showed that CTCF and his-
tone H3 Lys27 trimethylation (H3K27Me3) levels 
were significantly reduced after interference with 
CTCF, while histone H3 Lys4 trimethylation 
(H3K4Me3) level was not significantly changed 
(Figure 3d). To investigate the effect of CTCF on 
HOXA10 expression, Ishikawa cells were transfected 
with pcDNA or pcDNA-CTCF. We found that 
CTCF mRNA and protein levels were up-regulated 
after overexpression of CTCF (Figure 3e). In addi-
tion, the activity of HOXA10 promoter was signifi-
cantly reduced, HOXA10 mRNA and protein levels 
were down-regulated (figure 3f,g). The above indi-
cates that CTCF can bind to the promoter of 

HOXA10 gene, maintain the methylation state of 
H3K27, inhibit the activity of the promoter, and 
eventually lead to the silencing of HOXA10 gene.

LncRNA NEAT1 regulates HOXA10 expression 
through CTCF and affects endometrial epithelial 
cell proliferation and ER establishment

In order to verify the influence of the signaling 
pathway on the proliferation and tolerance estab-
lishment of endometrial epithelial cells, Ishikawa 
cells were divided into pcDNA, pcDNA-NEAT1, 
pcDNA-NEAT1+ si-control, pcDNA-NEAT1+ si- 
CTCF, and pcDNA-NEAT1+ si-CTCF+si- 
HOXA10. QRT-PCR was used to detect the level 

Figure 2. LncRNA NEAT1 regulates endometrial epithelial cell proliferation and ER establishment. Ishikawa cells were divided 
into control, pcDNA, pcDNA-NEAT1, si-control, and si-NEAT1. (a) The level of lncRNA NEAT1 was detected by qRT-PCR. CCK8 (b) and 
clone formation assay (c) detected the proliferation of Ishikawa cells in different groups. (d) Integrin αVβ3, leukemia inhibitor factor 
(LIF) and osteopontin (OPN) expressions were detected by Western blot assay. 2D in vitro model was established to simulate the 
interaction between embryos and endometrium. (e) The attachment rate of JAR cells to Ishikawa cells was analyzed. *P < 0.05 vs. 
pcDNA or si-control.
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of NEAT1, and the results showed that overex-
pression of NEAT1 could up-regulate its expres-
sion level, but interference with CTCF and 
HOXA10 did not affect its expression level 
(Figure 4a). Overexpression of lncRNA NEAT1 
up-regulated the protein expression of CTCF, but 
does not affected its mRNA level, and interference 
with HOXA10 had no effect on the expression of 
CTCF (Figure 4b). In addition, overexpression of 
lncRNA NEAT1 could down-regulate HOXA10 
mRNA level and protein expression, while inter-
ference with CTCF reversed this effect, resulting in 
up-regulation of HOXA10 expression (Figure 4c). 
These results confirm that lncRNA NEAT1 regu-
lates HOXA10 expression through CTCF.

CCK8 and clone formation assay results showed 
that overexpression of lncRNA NEAT1 reduced 
the proliferation of Ishikawa cells, while interfer-
ence with CTCF improved the proliferation of 
Ishikawa cells (Figure 4d,e). What is more, down- 
regulation of HOXA10 could reduce the prolifera-
tion ability of Ishikawa cells (Figure 4d,e). We also 
found that overexpression of lncRNA NEAT1 

could decrease the protein expression of Integrin 
αVβ3, LIF and OPN, while interference with 
CTCF reversed this effect, and down-regulation 
of HOXA10 could increase the protein expressions 
of the above factors (figure 4f). As shown in 
Figure 4g, the attachment rate of JAR cells to 
Ishikawa cells was declined after Ishikawa cells 
transfection of pcDNA-NEAT1, while interference 
with CTCF enhanced the attachment rate, and 
silenced HOXA10 reversed this effect. Based on 
this, we inferred that lncRNA NEAT1/CTCF/ 
HOXA10 axis could affect endometrial epithelial 
cell proliferation and ER establishment.

LncRNA NEAT1 can enhance the ER 
establishment and embryo implantation in vivo

To confirm whether lncRNA NEAT1 could med-
iate ER establishment and embryo implantation 
in vivo, a mice model with embryo implantation 
dysfunction was established, and lncRNA NEAT1 
was overexpressed after injecting sh-NEAT1 into 
the uterus of mice (Figure 5c). After the uterine 

Figure 3. The mechanism of lncRNA NEAT1 regulating HOXA10 expression. RIP (a) and RNA pull-down experiments (b) were 
used to prove that lncRNA NEAT1 could interact with CTCF protein. (c) ChIP assay was used to verify the binding of CTCF with 
HOXA10 promoter. Ishikawa cells were divided into si-control group and si-CTCF group. (d) The level of histone modification in the 
HOXA10 binding region was detected by using ChIP-PCR. *P < 0.05 vs. si-control. Ishikawa cells were transfected with pcDNA or 
pcDNA-CTCF. (e) The levels of CTCF mRNA and protein were detected by qRT-PCR and Western blot. (f) The activity of HOXA10 
promoter was detected by luciferase reporter assay. (g) QRT-PCR and Western blot detected HOXA10 mRNA and protein levels. 
*P < 0.05 vs. pcDNA.
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horns of mice were isolated, we found that the 
number of implanted embryos was significantly 

increased in the sh-NEAT1 group (Figure 5a). 
We observed an increased number of endometrial 

Figure 4. LncRNA NEAT1 regulates HOXA10 expression through CTCF and affects endometrial epithelial cell proliferation 
and ER establishment. Ishikawa cells were divided into pcDNA, pcDNA-NEAT1, pcDNA-NEAT1+ si-control, pcDNA-NEAT1+ si-CTCF, 
and pcDNA-NEAT1+ si-CTCF+si-HOXA10. (a) QRT-PCR was used to detect the level of lncRNA NEAT1. QRT-PCR and Western blot 
detected CTCF (b) and HOXA10 (c) mRNA and protein levels. CCK8 (d) and clone formation assay (e) detected the proliferation of 
Ishikawa cells in different groups. (f) Integrin αVβ3, leukemia inhibitor factor (LIF) and osteopontin (OPN) expressions were detected 
by Western blot assay. (g) The attachment rate of JAR cells to Ishikawa cells was analyzed. *P < 0.05 vs. pcDNA or pcDNA-NEAT1+ si- 
control or pcDNA-NEAT1+ si-CTCF.
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epithelial cells, smaller glandular lacuna, and uni-
form size of glands (Figure 5b). Compared with 
the control group, the protein expression of CTCF 
was down-regulated in the sh-NEAT1 group, while 
Integrin αVβ3, LIF and OPN protein expressions 
were up-regulated (Figure 5d). In addition, inter-
fering lncRNA NEAT1 could significantly increase 
HOXA10 mRNA level. These results suggest that 
down-regulation of lncRNA NEAT1 could 
enhance the establishment of ER and ultimately 
facilitate mouse embryo implantation. We also 
showed a schematic diagram for summarizing 
these results in Supplementary Figure 3.

Discussion

As we all known, receptive endometrium is one of 
the core factors for successful embryo implantation. 
During the last 30 years, the success rate of embryo 
transfer has been significantly increased, while the 
pregnancy rate following IVF-ET is still rather low, 
suggesting the importance of the success of embryo 

implantation in this technology, which is closely 
associated with the endometrial receptivity. The 
functions of lncRNAs during oocyte maturation 
and early embryo development have been studied 
in depth, but their roles in embryo implantation are 
rarely reported. Multiple differentially expressed 
lncRNAs were found in endometrial tissues of 
patients with RIF and women with successful preg-
nancy after ET at the implantation window, indicat-
ing that lncRNAs can affect ER and embryo 
implantation through various pathways including 
immune response, metabolic process and cell cycle 
regulation [8,9,25,26]. A recent study found that 
lncRNA NEAT1 may regulate endometrial receptiv-
ity by acting on miRNA through the construction of 
ceRNA regulatory network, but the specific mechan-
ism has not been confirmed [8]. This study was the 
first to investigate the effect of lncRNA NEAT1 on 
endometrial receptivity and its mechanism. Hence, 
we investigated the role of NEAT1 and its potential 
regulation mechanism in affecting endometrial 
receptivity in the present study. We first found that 

Figure 5. LncRNA NEAT1 can enhance the ER establishment and embryo implantation in vivo. A mice model with embryo 
implantation dysfunction was established. After injecting shRNA and sh-NEAT1 into the uterus, mice were divided into shRNA group 
and sh-NEAT1 group (n = 6/group). (a) The number of implanted embryos was counted. (b) The pathological changes of uterine 
tissues were detected by HE staining. (c) QRT-PCR detected lncRNA NEAT1 level in the uterine tissues. (d) Integrin αVβ3, leukemia 
inhibitor factor (LIF) and osteopontin (OPN) expressions were detected by Western blot assay. (e) QRT-PCR and Western blot was 
used to detect HOXA10 expression in the uterine tissues. *P < 0.05 vs. shRNA.
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lncRNA NEAT1 expression was increased in inferti-
lity patients and mice model with embryo implanta-
tion dysfunction. In addition, down-regulation of 
lncRNA NEAT1 was found to improve the prolifera-
tion ability of EECs and the establishment of ER 
in vitro. However, we believe that the current sample 
size is small, and it is necessary to increase the 
peripheral blood sample size.

The important functions of homeobox genes are 
to regulate embryonic development and endome-
trial receptivity, and to determine the directed 
differentiation and proliferation of cells [27,28]. 
Previous studies have shown that HOXA10 
expression is abnormal in endometriosis, which is 
related to the methylation state of the promoter 
region [29,30]. In addition, the increased methyla-
tion level in the promoter region of HOXA10 is 
not conducive to the formation of Pinocytosis and 
the establishment of ER [24]. Therefore, inhibiting 
methylation level can up-regulate the expression 
level of HOXA10, thus improving ER [31]. We 
demonstrated for the first time that CTCF regu-
lated histone modification of HOXA10 promoter 
in EECs, thereby down-regulating HOXA10 gene 
expression. Furthermore, in vitro experiments 
confirmed that lncRNA NEAT1 could interact 
with CTCF protein, and then CTCF could affect 
the proliferation of EECs. The effect of lncRNA 
NEAT1/CTCF/HOXA10 signaling pathway on the 
proliferation of EECs and establishment of ER was 
verified in vivo.

ER refers to the ability of the endometrium 
to accept the blastocyst and allow the blastocyst 
to induce a series of changes in the endome-
trium stroma during a specific period of the 
menstrual cycle, thus enabling the embryo to 
be implanted. This specific period, known as 
the implantation window, usually occurs 
between 7 and 9 days after ovulation [32]. 
Integrin αVβ3 is a major cell surface receptor 
involved in the adhesion reaction between early 
embryo and endometrium, which promotes 
embryo implantation and regulates embryo 
growth [33]. LIF is a secreted glycoprotein, 
which as a multifunctional cytokine participates 
in follicle development, affects ER, and regu-
lates embryo implantation and growth [34]. 
OPN, a class of phosphorylated glycoproteins, 
is the ligand of integrin αVβ3. The combination 

of OPN and integrin αVβ3 can mediate the 
adhesion of the blastocyst to the endometrium, 
which is essential for the establishment of ER 
[35]. In this study, we found that interference 
or overexpression of lncRNA NEAT1, CTCF 
and HOXA10 could affect the expression of 
the above markers. In a previous study, 
lncRNA NEAT1 has been proven to be required 
for corpus luteum formation and the establish-
ment of pregnancy in mice, which seems to be 
contradictory with our conclusion [36]. 
Although the importance of the corpus luteum 
in pregnancy should be acknowledged, the fac-
tors that affect endometrial receptivity are very 
complex, which may lead to the different 
results.

In conclusion, the expression of lncRNA 
NEAT1 was increased in infertility patients, and 
our results suggested that down-regulation of 
lncRNA NEAT1 could inhibit the protein expres-
sion of CTCF, further improve the activity of 
HOXA10 promoter and its gene expression level, 
thus enhancing the proliferation of EECs and 
receptivity establishment of ER, and ultimately 
facilitating the implantation of mice embryos. 
This study provides new ideas for improving the 
success rate of IVF-ET and may improve the 
development of infertility in the future.
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