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Abstract: MicroRNA (miRNA) regulates gene expression in a post-transcriptional manner, which hybridizes the target 
mRNAs with complementary sequence and subsequently leads to translation repression or mRNA degradation. 
Online sequence alignment showed that there is a putative binding site of miR-223-3p on the 3’UTR of LIF, which 
is considered to be an important marker of endometrial receptivity. Thus, we hypothesized that miR-223-3p may 
affect embryo implantation by suppressing LIF expression. In this study, we found that miR-223-3p and LIF protein 
was inversely expressed in the endometrium of mice during implantation window. Then we proved that miR-223-3p 
directly binds to LIF 3’UTR with luciferase reporter assay and supresses the expression of LIF. To investigate whether 
miR-233-3p affects embryo implantation, miR-223-3p agonist was injected into the uteri of pregnant mice. The 
results demonstrated the suppressing effect of miR-223-3p on embryo implantation. Furthermore, over-expression 
of miR-223-3p was found to compromise pinopodes formation in the endometrium of mice. Taken all together, our 
findings revealed that miR-223-3p suppresses pinopodes formation and LIF protein expression, which may lead to 
diminished embryo implantation. 
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Introduction

Infertility is a growing problem in China. Around 
40 million Chinese people, 12.5% of the coun-
try’s reproductive population, suffer from infer-
tility [1]. Great efforts have been made in 
assisted reproductive technology to improve 
this situation. However, the successful rate 
remains relatively low [2, 3]. One of the main 
causes for these failures probably attributes to 
the non-receptive endometrium.

The implantation of embryo into the receptive 
endometrium is crucial for the establishment of 
pregnancy. Implantation occurs only within an 
optimal time frame, which is called implanta-
tion window. During implantation window, ste-
roid hormones initiate genetic, molecular, and 
cellular interactions, and make the endometri-
um receptive to accept embryo implantation [4, 
5]. 

A number of complex molecular events are 
involved in the process of embryo implanta- 
tion, including post-transcriptional modification 
by microRNAs (miRNAs). MiRNAs are single-
stranded, non-coding RNAs consisting of 20-22 
nucleotides. They are transcribed from specific 
genes with primary transcripts (pri-miRNAs). 
The pri-miRNAs undergo substantial processing 
and result in stem-loop precursor miRNA (pre-
miRNA) in the nucleus. After transportation into 
the cytoplasm, the pre-miRNAs undergo a sec-
ond cleavage by Dicer generating a double-
stranded miRNA duplex [6]. The mature miRNAs 
incorporate into the RNA-induced silencing 
complex (RISC) and through complementary 
interaction with the mRNA of target genes. 
MiRNAs repression includes two distinct mech-
anisms: target gene mRNA cleavage or destabi-
lization [7]. Through these mechanisms, miR-
NAs influence the outcome of various cellular 
activities under normal and disease conditions 
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[8]. They participate in numerous biologic pro-
cesses, such as cell proliferation, differentia-
tion, apoptosis, and oncogenesis [9-11]. A num-
ber of miRNAs are also expressed in female 
reproductive system and associated with infer-
tility [12-14]. Recent studies demonstrated that 
miR-223 participated in suppressing cell prolif-
eration and angiogenesis, inflammation, virus 
infection and tumorigenesis [9, 15, 16]. How- 
ever, its role in female reproduction has not 
been revealed.

Leukemia inhibitory factor (LIF) is a secreted 
glycoprotein with a molecular weight from 
38-67 KD. LIF acts through the LIF cell-surface 
receptor, LIFR and gp130, and activates vari-
ous cascades through different signaling path-
ways [17]. In female reproductive system, LIF 
mostly expresses in endometrial epithelial ce- 
lls and show a menstruation cycle-dependent 
secretion pattern, which is higher in luteal ph- 
ase and lower in proliferative phase [18, 19]. It 
is also highly expressed in the peri-implanta-
tion endometrium of healthy women and de- 
creased in women with recurrent implantation 
failure [20, 21]. Moreover, a study has proved 
that maternal expression of LIF is required for 
blastocyst implantation in mice [22]. Thus, LIF 
obviously plays a key role in the process of 
embryo implantation. Online sequence align-
ment (http://www.targetscan.org/) showed th- 
at the sequence of miR-223-3p seed pairing is 
complementary to the 3’UTR of LIF (Table 1). 
Thus, we hypothesized that miR-223-3p may 
suppress the expression of LIF and compro-
mise embryo implantation.

Materials and methods

Animal and tissue preparation

The presented work was performed in accor-
dance with the guiding principles in the Care 
and Use of Research Animals, which was 
approved by the Ethics Committee of the Tongji 
Hospital and covered by Chinese Animal Hus- 
bandry Legislation. Adult mice of the Kunming 
white strain were supplied by the Center of 

Experimental Animals, Tongji Medical College 
(Wuhan, China).

Adult female mice (8-10 weeks) were mated 
with fertile male mice of the same strain to 
induce pregnancy. The morning when the vagi-
nal sperm plug was observed was designated 
as Day 1 of pregnancy. Six pregnant or non-
pregnant mice were sacrificed on Day 4 of preg-
nancy. The endometrial tissues were isolated 
from the uteri and then cryopreserved for real-
time PCR. To investigate whether miR-223-3p 
affects embryo implantation, pregnant mice 
were randomly divided into sham, control and 
study groups. On Day 3 of pregnancy, the mice 
were anesthetized with 1% butaylone i.p. injec-
tion. A laparotomy was performed to expose 
the uterus. The left uterine horn of each mouse 
was respectively treated as below: Sham group: 
only puncture with a 27-gauge needle, study 
group: 10 nmol miRNA agonist (micrONTM mmu-
miR-223-3p agomir, Ribobio, China) in 20 μl 
normal saline, control Group: 10 nmol miRNA 
negative control (micrONTM Negative Control 
#22 agomir, Ribobio, China) in 20 μl normal 
saline. On the morning of Day 4 of pregnancy, 
mice were sacrificed, and the uteri were excised 
and stored for quantitative real-time PCR, 
immunohistochemistry and transparent elec-
tron microscopy. On the morning of Day 9 of 
pregnancy, rest of mice was sacrificed and the 
number of implantation sites was counted.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from endometrial tis-
sues with TrIzol reagent (Ambion, USA) and 
reverse transcription reaction was performed 
by using a RT Kit (Takara, Japan) according to 
the manufacturer’s protocol. The RT products 
(cDNA) were amplified by real-time quantitative 
PCR with SYBR green Master Mix (Takara, 
Japan). The primers sequences are shown in 
Table 2. For sample analysis, the threshold was 
set based on the exponential phase of prod-
ucts, and the 2-ΔΔCT method was performed to 
analyze the data. The expression level of LIF 
was normalized to β-actin mRNA. All reactions 
were run in triplicate and all experiments were 
repeated 3 times independently.

MiRNA PCR

Mature miR-223-3p was detected with the All-
in-One miRNA qRT–PCR Detection Kit (Gene- 

Table 1. Predicted consequential pairing be-
tween miR-223-3p and LIF 3’-UTR

Predicted consequential pairing
LIF 3’UTR GUGGGGAUGUUUCAU--ACUGACAG
Mmu-miR-223-3p ACCCCAUAAACUGUUUGACUGU
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Copoeia, USA). Briefly, total RNA was polyade-
nylated and reverse transcribed using a poly 
dT-adaptor primer. Quantitative RT-PCR was 
performed using a miRNA-specific forward 
primer and a universal reverse primer. The fol-
lowing forward primers were synthesized by 
GeneCopoeia: 5’-UGUCAGUUUGUCAAAUACCC- 
CA-3’ for mmu-miR-223-3p and 5’-CAAATTC- 
GTGAAGCGTTCCATAT-3’ for U6 small nuclear 
RNA (U6). The universal reverse primer was  
purchased from the same company. U6 small 
nuclear RNA was used as an internal control.

Immunohistochemistry

The expression of LIF protein was evaluated by 
immunohistochemistry using a rabbit anti-LIF 
antibody (1:100, Boster, China). The specimens 
were embedded in paraffin, after that serial  
5 mm sections were prepared. The sections 
were deparaffinized in xylene and ethanol. 
Endogenous peroxidase was blocked with 3% 
H2O2 at room temperature for 10 min. After 
blocking for 45 min with PBS containing 1.5% 
normal horse serum, the sections were incu-
bated with primary antibodies overnight at 4°C, 
and with secondary antibodies at 37°C for 30 
min, also in PBS with 1.5% normal horse serum. 
After antiserum incubation the slides were 
washed 3 times for 10 min each in PBS. 
Subsequently, the sections were incubated 
with avidin and biotinylated peroxidase at room 
temperature for 45 min, and finally with DAB 
(400 mg/ml) at room temperature for 3-5 min. 
Antibody specificity was checked with isotype-
specific antibodies as a control.

Luciferase reporter assay

HEK-293 cells (ATCC, USA) were seeded in 
96-well plates. After 24 hour’s incubation, cells 
were cotransfected with either LIF 3’UTR clo- 
ne or negative control clone and miR-223-3p  
lentivirus vector or scramble control (mole 
ratio=1:8), respectively (GeneCopoeia, USA). 
Forty-eight hours after transfection, the cells 
were assayed by both firefly and renilla lucifer-

ase using the dual luciferase assay system 
(GeneCopoeia, USA) according to manufactur-
er’s instructions. All transfection experiments 
were conducted in triplicate and repeated 3 
times independently.

Transmission electron microscopy

Individual uteri were fixed in 2.5% glutaralde-
hyde in 0.1 M phosphate buffer, pH 7.4, and 2 
mm-cross sections of each uterine horn were 
cut and incubated overnight at 4°C in 2.5% glu-
taraldehyde buffer. The buffer was removed, 
and the samples were rinsed three times, 15 
minutes each in 0.1 M phosphate buffer. 
Samples were incubated in 1% osmium in 0.1 
M phosphate buffer, rinsed and dehydrated in a 
series of ethanol (70%-100%) washes. Samples 
were incubated twice for 5 minutes in propyl-
ene oxide and then transferred to a rotor for 1 h 
at room temperature in a 1:1 mixture of propyl-
ene oxide and epon [47% Embed 812, 31% 
DDSA (dodenyl succinic anhydride), 19% NMA 
(nadic methyl anhydride), 3% BDMA (benzyldi-
methylamine)], followed by an overnight incuba-
tion in 1:2 propylene oxide-epon, and finally 
100% epon for 2-3 hours. Individual uterine 
samples were embedded in 100% epon in sili-
con flat embedding molds, and capsules were 
polymerized in a 60°C oven for over 48 hours. 
Ultrathin transverse sections (70 nm) were pre-
pared using a diamond knife (Diatome) on a MT 
6000-XL ultramicrotome, captured on 300-
mesh copper grids, and stained with 2% uran- 
yl acetate. All reagents and materials were 
obtained from Electron Microscopy Sciences 
(Hatfield, PA, USA). The ultrathin sections were 
observed under a transmission electron micro-
scope (Libra 120 Zeiss, Oberkochen, Germany).

Statistical analysis

SAS 9.2 (SAS, Inc., Cary, NC, USA) was used for 
the statistical analysis. The numerical data are 
presented as the mean ± SD and were com-
pared with a t-test. A P value<0.05 was consid-
ered to be statistically significant. 

Table 2. Primer sequences (5’-3’) used in quantitative real-time PCR
Genes GeneBank Accession No. Forward Primer Reverse Primer
LIF NM_008501 CCCATCACCCCTGTAAAT GTTAGGCGCACATAGCTT
Actb NM_007393 TGACAGACTACCTCATGAAGATCC TCGAAGTCTAGAGCAACATAGCAC
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Results

The expression of miR-223-3p and LIF in non-
pregnant and pregnant mice

The expression of miR-223-3p and LIF in the 
endometrium of non-pregnant mice or preg-
nant mice on Day 4 of pregnancy was detected 
by using qRT-PCR, respectively. The results are 
shown in Figure 1. The expression of miR-223-
3p was higher in the non-pregnant mice, com-
pared with the pregnant mice (1.09±0.20 vs. 
0.41±0.11, P<0.01). In contrast, the expres-

sion of LIF mRNA was lower in the non-preg- 
nant mice, compared with the pregnant mice 
(1.04±0.34 vs. 6.03±0.42, P<0.001). 

MiR-223-3p interacts with LIF 3’UTR directly

To confirm whether miR-223-3p could directly 
target LIF, we inspected the 3’-untranslated 
region (3’UTR) of LIF and found a site that could 
be recognized by miR-223-3p (Table 1). The 
luciferase reporter assays were performed by 
co-transfecting miR-223-3p or scramble con-
trol and luciferase constructs containing LIF 

Figure 1. Analysis of miR-223-3p and LIF expression in the endometrium of pregnant and non-pregnant mice. The 
expression of miR-223-3p and LIF was measured on day 4 of pregnancy. The expression of miR-223-3p was higher 
in the non-pregnant mice, compared with the pregnant mice (1.09±0.20 vs. 0.41±0.11, P<0.01). The expression 
of LIF mRNA was lower in the non-pregnant mice, compared with the pregnant mice (1.04±0.34 vs. 6.03±0.42, 
P<0.001).

Figure 2. MiR-223-3p directly interacts with LIF 3’UTR. Scramble control or miR-223-3p lentiviral vector was co-
transfected with LIF 3’UTR clone or control clone in HEK-293 cells, respectively. After 48 hours, luciferase activity 
was assayed. The luciferase activity was decreased approximately 64% in miR-223-3p and LIF 3’UTR clone co-
transfection group, compared with the other control groups (P<0.001).
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3’UTR or control clone into HEK293 cells, 
respectively. The results showed that the lucif-
erase activity after 48 hours was decreased 
approximately 60% in miR-223-3p and LIF 
3’UTR clone co-transfection group, compared 
with the other control groups (Figure 2).

Administration with miR-223-3p down-regu-
lates the expression of LIF

To investigate whether miR-223-3p regulates 
LIF in vivo, miR-223-3p agomir and negative 
control were injected into mouse uterine cavity, 
respectively. The expression of miR-223-3p 
increased approximately 2.5-fold in miR-223-
3p agomir administration (1.11±0.5 vs. 2.71± 
0.5, P<0.05, Figure 3A). The LIF mRNA expres-
sion was repressed by approximately half 
(0.96±0.40 vs. 0.49±0.11, P=0.203, Figure 
3B). The representative results of immunohis-
tochemistry staining are displayed in Figure 3C, 

which showed that the expression of LIF protein 
was down-regulated after treatment with miR-
223-3p agonist.

Administration with miR-223-3p impedes em-
bryo implantation in vivo

The images of implantation sites after treat-
ment with MiR-223-3p agomir, Negative Control 
and sham are presented in Figure 4. The num-
ber of implanted embryos in the MiR-223-3p 
agomir treated group was dramatically lower 
compared with those in the sham group 
(2.3±1.7 vs. 6.8±1.0, P<0.001) and negative 
control group (2.3±1.7 vs. 6.9±2.4, P<0.001). 
There is no difference in the number of implant-
ed embryos between the sham and nega- 
tive control group, which certified that the 
injecting operation did not affect the embryo 
implantation.

Figure 3. Administration with miR-223-3p agomir suppresses the expression of LIF in pregnant mice. MiR-223-3p 
agomir (miR-223-agomir) and negative control (miR-223-control) was administrated into the mouse uterine cavity 
on day 3 of pregnancy, respectively. A. The expression of miR-223-3p was increased approximately 2.5-fold in the 
miR-223-agomir treated group, compared with miR-223-control treated group (1.11±0.5 vs. 2.71±0.5, P<0.05) on 
day 4 of pregnancy. B. The expression of LIF mRNA was reduced approximately 50% in the miR-223-agomir treated 
group, compared with miR-223-control treated group (0.96±0.40 vs. 0.49±0.11, P=0.203) on day 4 of pregnancy. 
C. The expression of LIF protein in the endometrium of pregnant mice was detected by using immunohistochemistry. 
In miR-223-control treated group, the LIF protein was strongly expressed in endometrial epithelial cells and mod-
erately expressed in stromal cells. In miR-223-agomir treated group, the LIF protein was weekly expressed in both 
endometrial epithelial cells and stromal cells.
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MiR-223-3p impedes pinopodes formation

To confirm whether miR-223-3p affects pino-
pode formation, we observed the apical mem-
brane of mouse endometrial epithelium by 
using a transmission electron microscopy 
(TEM). The photomicrographs showed that 
there were amount of pinopodes on the apical 
membrane of endometrial epithelial cells in the 
mice of negative control group (Figure 5A). 
Administration with miR-223-3p agomir result-
ed in lower expression of pinopodes, and most 
of the apical membrane was covered by micro-
villi (Figure 5B).

Discussion

Embryo implantation is a crucial step of preg-
nancy, which depends on synchronous cross-
talk between embryo and receptive endometri-
um. A number of miRNAs from different fami-
lies possibly play a pivot role in regulating endo-
metrial receptivity [12, 23]. This study investi-

gated the regulatory role of miR-223-3p during 
embryo implantation in mice. The results 
showed that miR-223-3p down-regulated the 
expression of LIF, decreased pinopodes forma-
tion and affected embryo implantation in mice.

Previous studies have demonstrated the 
expression and localization of LIF in endome-
trium, and its importance in embryo implanta-
tion and early pregnancy [19, 20]. In human 
endometrium, LIF expression is relatively low in 
the proliferative phase, rises after ovulation, 
and remains high during the mid-luteal phase 
[18, 24]. LIF is expressed mainly in glandular 
and luminal epithelium [18]. Our results also 
showed dramatically higher expression of LIF in 
the endometrium of mice on day 4 of pregnan-
cy. In contrast, the expression of miR-223-3p 
during that period was lowered by more than 
half, which suggests that low level of miR-223-
3p may be a negative factor for embryo implan-
tation. We further proved that miR-223-3p 
directly targets LIF 3’UTR, suppressed LIF 

Figure 4. Administration with miR-223-3p agomir decreases the number of implanted embryo in mice. Pregnant 
mice were divided into three groups randomly and treated as described in section Materials and Methods. The black 
arrow denotes the side of uterus that underwent the treatment. The other side (untreated side) was considered as 
self-control. The number of implanted embryo in miR-223-agomir treated group (2.3±1.7) was lower than that in 
either miR-223-control group (6.9±2.4) or sham group (6.8±1.0). The number of implanted embryo in sham group 
was similar to its self-control, which proved that the uterine puncture did not affect embryo implantation.
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expression and the number of implanted 
embryo. Taken together, these data indicates 
that low expression of miR-223-3p during 
implantation window may relieve its inhibitory 
effect on LIF, subsequently increase the ex- 
pression of LIF and finally facilitate embryo 
implantation. 

Pinopodes, also called uterodomes, are mush-
room-like projections that appear on the apical 
surface of endometrial luminal epithelial cells 
[25, 26]. Pinopodes are formed at the begin-
ning of implantation window, by fusing several 
adjacent microvilli together [27]. The clinical 
usefulness of pinopodes on predicting endo-

Figure 5. Photomicrographs of transmission electron microscopy (TEM) from horizon section of pregnant mouse 
endometrium on day 4 of pregnancy show the apical surface of some luminal epithelial cells. In miR-223-control 
treated group (A), the pinopodes (red arrows) was expressed on the apical surface of luminal epithelial cells. How-
ever, in miR-223-agomir treated group, the apical surface of luminal epithelial cells were covered by microvilli (blue 
arrows) instead (B). Scale bars=0.5 µm, 1 µm.
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metrial receptivity as a morphological marker is 
still under debates [28]. However, their appear-
ance is strongly synchronized with several 
endometrial receptivity associated factors, 
such as LIF, integrins, mucin-1 and glycodelin 
[20, 29, 30]. They were also proved to secrete 
LIF [31]. These studies suggest that the pres-
ence of pinopodes is crucial for embryo implan-
tation. In our study, we found that miR-223-3p 
impeded the formation of pinopodes. The api-
cal surface of luminal epithelial cells of miR-
223-3p treated mice remained to be covered 
with microvilli. These results suggest that miR-
223-3p may also affect embryo implantation by 
hindering pinopodes formation. However, our 
data did not show the mechanism how miR-
223-3p impaired pinopodes formation. Existing 
data only proved that pinopodes formation is 
strongly progesterone dependent [32, 33]. 
Thus, further studies are required to reveal the 
mechanism.

This study contributed to understand the mech-
anism how endometrial miR-223-3p targets LIF 
and regulates endometrial receptivity. Aberrant 
expression of miR-223-3p during implantation 
window may lead to the establishment and pro-
gression of certain infertility. This study may 
also have clinical implications. MiR-223-3p 
may serve as a potential biomarker of evaluat-
ing endometrial receptivity. Preventive and 
therapeutic strategies targeting miR-223-3p 
may improve the pregnancy outcomes.

In conclusion, this study validated the interac-
tion between miR-223-3p and LIF. The results 
of animal experiments suggest that miR-223-
3p may affect the embryo implantation via sup-
pressing the expression of LIF and pinopodes 
in the endometrium of pregnant mice. However, 
further studies on human cells and tissues are 
required to confirm our findings. 
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