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miR-519d-3p released by human blastocysts negatively regulates
endometrial epithelial cell adhesion by targeting HIF1o
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Abstract. Successful embryo implantation requires a compe-
tent embryo, a receptive endometrium and synchronized
communication between them. The selection of embryos with
the highest implantation potential remains a challenge in the
field of assisted reproductive technology. Moreover, little is
known about the precise molecular mechanisms underlying
embryo-endometrium crosstalk. MicroRNAs (miRNAs/miRs)
have been detected in the spent embryo culture medium
(SCM); however, their functions at the preimplantation stage
remain unclear. In the present study, human SCM samples
were collected during in vitro fertilization/intracytoplasmic
sperm injection-embryo transfer and divided into implanted
and not-implanted groups according to the clinical preg-
nancy outcomes. Total RNA was extracted and six miRNAs
(miR-372-3p, miR-373-3p, miR-516b-5p, miR-517a-3p,
miR-519d-3p and miR-520a-3p) were selected for reverse
transcription-quantitative PCR (RT-qPCR) analysis. The
results revealed that miR-372-3p and miR-519d-3p were mark-
edly increased in SCM from blastocysts that failed to implant
compared with in blastocysts that implanted. The receiver oper-
ating characteristic curve analysis revealed that miR-519d-3p
was superior to miR-372-3p in predicting pregnancy outcomes.
In vitro miRNA uptake and cell adhesion assays were
performed to determine whether miR-519d-3p could be taken
up by endometrial epithelial cells and to examine the biological
roles of miR-519d-3p after internalization. Potential targets of
miR-519d-3p were verified using a dual-luciferase reporter
system. The results demonstrated that miR-519d-3p was taken
up by human endometrial epithelial cells and that it may
inhibit embryo adhesion by targeting HIF1a. Using RT-qPCR,
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western blot analysis and flow cytometry assay, HIFla was
shown to inhibit the biosynthesis of fucosyltransferase 7 and
sialyl-Lewis X (sLe*), a cell-surface oligosaccharide that serves
an important role in embryonic apposition and adhesion.
In addition, a mouse model was established and the results
suggested that miR-519d-3p overexpression hampered embryo
implantation in vivo. Taken together, miRNAs in SCM may
serve as novel biomarkers for embryo quality. Furthermore,
miR-519d-3p was shown to mediate embryo-endometrium
crosstalk and to negatively regulate embryo implantation by
targeting HIF1a/FUT7/sLe* pathway.

Introduction

Infertility has become a major medical and social problem
affecting 12-15% of reproductive-age couples worldwide (1).
Embryo implantation failure is considered the leading cause
of infertility following natural conception and assisted repro-
ductive technology (ART). Despite the major advances in
reproductive medicine over the last few decades, especially
in vitro fertilization (IVF)/intracytoplasmic sperm injection
(ICSI)-embryo transfer (ET), implantation failure is still a
rate-limiting process for a successful pregnancy (2). Embryo
implantation is a complex event involving the apposition and
adhesion of a competent embryo to the endometrial epithelium,
followed by invasion into the underlying stroma (3). Selecting
high-quality embryos for transfer and elucidating the molec-
ular mechanisms underlying embryo implantation may aid in
improving pregnancy outcomes.

Embryos enter the uterine cavity at embryonic day (D)4,
approximately 48 or 72 h before implanting (4). During this
time, the preimplantation embryos interact with the endome-
trium through soluble factors, including cytokines and growth
factors, in preparation for implantation (5). For example,
embryos that reach the blastocyst stage can induce upregulation
of integrin $3 in human endometrial epithelial cells through the
embryonic IL-1 system (6). Similarly, endometrium-secreted
molecules internalized by the trophectoderm can lead to the
expression of genes involved in embryo adhesion (7). However,
due to the complexity of human embryo implantation, as well
as ethical concerns, the intricate physiological and molecular
processes remain unclear.

MicroRNAs (miRNAs/miRs) are a class of small
non-coding RNA molecules, which have attracted extensive
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attention for two specific reasons. Firstly, extracellular miRNAs
that are extensively present in body fluids are highly resistant to
biological and mechanical damage, and have been proposed as
potential non-invasive biomarkers for various diseases (8-10).
Secondly, miRNAs exported from donor cells can be internal-
ized by recipient cells, where they modify gene expression and
mediate intercellular communication (11). Emerging evidence
has strongly suggested that miRNAs released by embryos
may participate in various signaling pathways related to
embryo implantation (12,13). Cuman et al (14) provided direct
evidence for miRNA-mediated embryo-endometrium interac-
tions. In this previous study, miR-661 was highly expressed
in spent embryo culture medium (SCM) (i.e. the used embryo
culture medium, which is discarded as waste following
embryo culture) from human blastocysts that failed to implant,
and inhibited embryo adhesion by targeting PVRLI1 after
being internalized by endometrial epithelial cells. However,
research on embryo-released miRNAs is limited, and their
physiological roles remain largely unknown.

In a previous microarray analysis, miR-516b-5p,
miR-517a-3p, miR-519d-3p and miR-520a-3p were detected in
SCM (15,16). Belonging to the chromosome 19 miRNA cluster
(C19MC), these miRNAs have been reported to be exclusively
expressed in the placenta and undifferentiated cells, and to
participate in embryonic development and the progression
of pregnancy (17). As exosome-carried miRNAs, they can
mediate placental-maternal signaling after being released
from trophoblasts. For example, placental trophoblasts have
been shown to confer viral resistance to nonplacental recipient
cells via the delivery of miR-516b-5p and miR-517a-3p (18).
In addition, the involvement of miR-516b-5p and miR-520a-3p
has been suggested in lipid and glucose homeostasis, and
nervous system development of the fetus (19). Placenta-derived
miR-517a-3p (20) and miR-519d-3p (21) may also contribute
to the fetal-maternal immune tolerance. In the present study,
miR-372-3p and miR-373-3p from the miR-371-373 cluster
(which have been suggested to share a common ancestor and
to work synergistically with the C1I9MC during pregnancy)
were also assessed (22). According to the aforementioned
findings, the present study hypothesized that these miRNAs
in SCM may mediate embryo-endometrium crosstalk at the
preimplantation stage and serve a role in embryo implantation.

Materials and methods

SCM sample collection. A total of 112 patients who underwent
routine IVF/ICSI-ET at The Fourth Hospital of Shijiazhuang
Affiliated to Hebei Medical University (Hebei, China) were
recruited between March and December 2020; from these
patients, 162 embryos that developed to the blastocyst stage
were included. Briefly, all embryos were individually cultured
in sequential media (Vitrolife AB) by specialized techni-
cians in accordance with clinical procedures. On D3 after
fertilization, embryos were transferred from G-1™ PLUS to
G-2™ PLUS medium and cultured until blastocyst formation.
On D5, blastocysts were assessed and those over 4BC grade
according to Garden and Lane criteria (23) were transferred
into the uterine cavity, and then SCM samples (20 ul each)
were collected. The procedure was non-invasive. No addi-
tional manipulation was performed on the embryos and the

development of the embryos was not affected. Furthermore,
the embryos were cultured in vitro for 5 days, in line with the
guidelines of the International Society for Stem Cell Research
(https://www.isscr.org/policy/guidelines-for-stem-cell-research-
and-clinical-translation). The SCM samples were divided into
two groups: Blastocysts that were implanted and those that
were not implanted, according to whether a positive fetal heart-
beat was observed beyond 8 weeks of gestation. The inclusion
criteria were as follows: Age <38 years, and infertility due to
tubal obstruction and/or male factors. Patients with recurrent
miscarriage; repeated implantation failure; endometriosis;
polycystic ovary syndrome; hydrosalpinx; chronic endome-
tritis; immune diseases, such as antiphospholipid syndrome
and systemic lupus erythematous; and thrombophilia were
excluded. Cycles with two blastocysts transferred at once were
included if the blastocysts had the same pregnancy outcomes.
The protocol was approved by the Research Ethics Committee
of The Fourth Hospital of Shijiazhuang Affiliated to Hebei
Medical University (approval no. 20210015). Written informed
consent was obtained from all patients before SCM collection.
The general characteristics of the patients and blastocysts are
presented in Table I.

miRNA isolation and detection from SCM. miRNAs were
extracted from the SCM using the miRNeasy Serum/Plasma
kit (cat. no. 217184; Qiagen GmbH) according to the manufac-
turer's instructions. The primers of six miRNAs [miR-372-3p
(cat. no. miRA1001610), miR-373-3p (cat. no. miRA1000499),
miR-516b-5p (cat. no. miRA1001751), miR-517a-3p
(cat. no. miRA100227), miR-519d-3p (cat. no. miRA1001371)
and miR-520a-3p (cat. no. miRA100263)] were designed and
purchased from Guangzhou RiboBio Co., Ltd. Cel-miR-39-3p
(5'-UCACCGGGUGUAAAUCAGCUUG-3; cat. no. 219600;
Qiagen GmbH) was added to each isolation at the time of RNA
extraction to serve as an internal control for normalization anal-
ysis. The primers for Cel-miR-39-3p were provided by Qiagen
GmbH in the miRNeasy Serum/Plasma kit (cat. no. 217184).
The detection of miRNAs was performed by reverse tran-
scription-quantitative PCR (RT-qPCR) using miDETECT A
Track™ miRNA qRT-PCR Starter kit (cat. no. C10712;
Guangzhou RiboBio Co., Ltd.). In total, 162 individual SCM
samples were collected, for the first analysis, three SCM pools
(n=10 samples each) from the implanted group and three
pools from the not-implanted group were created and the six
miRNAs were subjected to RT-qPCR. For the second analysis,
the remaining 102 individual SCM samples, including 52 from
the implanted group and 50 from the not-implanted group
were assessed for miR-372-3p, miR-373-3p and miR-519d-3p
according to the results of the first analysis. Reactions were
performed on a CFX96 Thermal Cycler Dice™ real-time
PCR system (Bio-Rad Laboratories, Inc.) under the following
parameters: 95°C for 10 min; followed by 40 cycles at 95°C
for 2 sec, 60°C for 20 sec and 70°C for 10 sec. The miRNAs
expression was determined using the 242%4 method (24) with
the implanted group used as the control.

Endometrial sample collection. A total of six women undergoing
hysteroscopy for cesarean section scar diverticulum or patients
who underwent IVF due to changes in the fallopian tubes were
recruited between March and April 2021 at The Fourth Hospital
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Table I. Patient characteristics and blastocyst information.
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Baseline variables Implanted group (n=57) Not-implanted group (n=55) P-value
Age, years 31.19+4.03 30.87+4.23 0.69
Body mass index, kg/m? 24.49+3.80 24.04+3.60 0.53
Duration of infertility, years 3.18+2.47 2.96+2.01 0.98
Infertility factors, n (%) 0.86
Female 32 (56.14) 32 (58.18)
Male 8 (14.04) 9 (16.36)
Both 17 (29.82) 14 (25.45)
Fertilization methods, n (%) 0.95
IVF 38 (66.67) 37 (67.27)
ICSI 19 (33.33) 18 (32.73)
No. of embryos transferred, n (%) 0.87
One 32 (56.14) 30 (54.55)
Two 25 (43.86) 25 (45.45)
Blastocyst grading, n (%) 0.44
>4BB 57 (69.51) 60 (75.00)
4BC 25 (30.49) 20 (25.00)

ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization.

of Shijiazhuang Affiliated to Hebei Medical University. Written
informed consent was obtained from all patients before endome-
trium collection. All the subjects (age range, 18-38 years; mean,
30.5+2.01) with regular menstrual cycles and none of them had
received steroid hormone therapy within the previous 3 months.
Women with endometrial abnormalities, polycystic ovary
syndrome and endometriosis were excluded. The endometrium
was obtained from the functional layer of the endometrium
during proliferative (n=3) or mid-secretory (n=3) phases of the
menstrual cycle. The specimens were immediately fixed in
4% formalin at room temperature for 24 h, then embedded in
paraffin. Dating of the menstrual cycle was established by an
experienced gynecological pathologist and all of the biopsies
showed no evidence of endometrial dysfunction.

Cell culture. The human endometrial cancer cell line
(Ishikawa) and placental choriocarcinoma cell line (JAR)
were obtained from BeNa Culture Collection (Beijing Beina
Chunglian Institute of Biotechnology) and were cultured
in DMEM and RPMI-1640 medium (Invitrogen; Thermo
Fisher Scientific, Inc.), respectively, supplemented with 10%
FBS (cat. no. 11011-8611; Zhejiang Tianhang Biotechnology
Co., Ltd.), 100 U/ml penicillin and 100 pg/ml streptomycin
(cat. no. P1400; Beijing Solarbio Science & Technology
Co., Ltd.) at 37°C in a humidified incubator under normoxic
conditions (95% room air; 5% CO,). Cells were passaged every
3-4 days at ~80% confluence, and experiments were performed
between passage numbers 3 and 5. To mimic hypoxic
conditions, Ishikawa cells were maintained in a humidified
incubator at 37°C with 1% O,, 5% CO, and 94% N, for 12, 24
or 48 h depends on the needs of the experiments. Both cell lines
used in the present study were authenticated by short tandem
repeat analysis.

miR-519d-3p uptake by Ishikawa cells. miRNA uptake assay
was performed according to previous studies (14,25). Briefly,
Cy3-tagged miR-519d-3p and negative control (NC) mimics
(the sequences are listed in Table SI) (Shanghai GenePharma
Co.,Ltd.) were transfected into JAR cells (at 80% confluency)
at a concentration of 100 nm using Lipofectamine® 2000 at
37°C (cat. no. 11668019; Invitrogen; Thermo Fisher Scientific,
Inc.). Following 6 h transfection, the cells were washed three
times with phosphate-buffered saline (PBS) and incubated
with fresh culture media for another 12 h. JAR cells were
then harvested and total RNA was extracted for detec-
tion of miR-519d-3p by RT-qPCR. Subsequently, Ishikawa
cells at 50% confluency were treated with the conditioned
media (CM) from JAR cells for 24 h at 37°C. The assess-
ment of miR-519d-3p uptake by Ishikawa cells was repeated
three times and confirmed by RT-qPCR. Visualization of
Cy3-miR-519d-3p and NC- mimics uptake was confirmed
using immunofluorescence. Briefly, the Ishikawa cells
were grown on the coverslips and incubated with CM from
JAR cells, as aforementioned. Following treatment, media
was removed and cells were washed three times with PBS
and fixed with 4% paraformaldehyde for 20 min at room
temperature. Nuclei were stained with DAPI (cat. no. G1012;
Wuhan Servicebio Technology Co., Ltd.) for 10 min at room
temperature, and images were captured using an FV3000
confocal microscope (Olympus Corporation) with a 200x
objective lens [numerical aperture(NA) of objective: 0.75].

Transfection. miR-519d-3p mimics, anti-miR-519d-3p, NC
of mimics or inhibitor, FUT7-targeted small interfering
RNA (siRNA), siRNA NC, HIFla overexpression plasmid
(pcDNA3.1/HIF10) and the empty vector were purchased
from GenePharma co., Ltd. (Suzhou, China). The sequences of
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RNA oligonucleotides were listed in Table SI. Ishikawa cells
were seeded into 12-well plates (1.5x10° cells/well); at 80-90%
confluence, they were transfected using Lipofectamine® 2000
at 37°C for 48 and 72 h for RT-qPCR and western blot analysis,
respectively, according to the manufacturer's instructions.
miR-519d-3p mimics and NC-mimics were used at a concen-
tration of 100 nM, anti-miR-519d-3p and NC-inhibitor at a
concentration of 200 nM, FUT7 siRNA and NC-siRNA at a
concentration of 50 nm, HIFla plasmid and the empty vector
were used at 1.5 ug/well.

Cell adhesion assay. Ishikawa cells (1.5x10° cells) were seeded
into 12-well plates and cultured for 24 h to form a confluent
monolayer (100% confluence). JAR cells (1x10° cells) were
collected and stained with Calcein, AM (cat. no. 40719ES50;
Shanghai Yeasen Biotechnology Co., Ltd.) for 30 min at
37°C. After washing three times with PBS, JAR cells were
suspended in 500 ¢l RMI-1640 medium and delivered gently
onto the Ishikawa cell monolayer. After co-incubation at 37°C
for 1 h, the unattached JAR cells were removed by washing
with PBS, whereas the attached JAR cells were visualized
under a confocal microscope (FV3000; Olympus Corporation)
with a 100x objective lens (NA: 0.4). Five areas were randomly
captured for each well and the experiments were repeated five
times. The number of attached JAR cells was counted using
ImagelJ v1.8.0 software (National Institutes of Health).

Dual-luciferase gene reporter assay. HIFlo was predicted
to be a potential target gene of miR-519d-3p through
TargetScan 3.0 (http://www.targetscan.org) and microBase
(http://www.mirbase.org). To further confirm the potential
binding site of miR-519d-3p and HIFla mRNA, wild-type
(WT) and mutant type (MUT) 3'UTRs of the human HIFla
gene were cloned into a pmirGLO luciferase reporter vector
(E1330; Promega Corporation). Ishikawa cells were cultured
in a 12-well plate at a density of 1.5x10° cells/well. At 80%
confluence, Ishikawa cells were co-transfected with 100 ng
of WT-HIFla (or MUT- HIFla) and 50 nM of miR-519d-3p
mimics (or NC-mimics) using Lipofectamine® 2000 at 37°C.
After transfection for 24 h, firefly and Renilla luciferase activi-
ties were measured using the Dual-Luciferase Reporter Assay
System (cat. no. E1910; Promega Corporation) following the
manufacturer's instructions. Firefly luciferase activity was
normalized to Renilla luciferase activity.

RNA isolation and RT-gPCR. Total RNA was extracted from
cells and tissues with TRIzol® reagent (cat. no. 15596026;
Invitrogen; Thermo Fisher Scientific, Inc.). For RT,
Hifair® IT 1st Strand cDNA Synthesis SuperMix for gPCR
(cat. no. 11123ES60; Shanghai Yeasen Biotechnology Co.,
Ltd.) was used following the manufacturer's instructions.
gPCR for these genes was performed using Hieff® gPCR
SYBRGreen Master Mix (cat. no. 11201ES08; Shanghai
Yeasen Biotechnology Co., Ltd.) with ACTB serving as an
internal control under the following parameters: 95°C for
5 min; followed by 40 cycles at 95°C for 5 min and 60°C for
30 sec. Primers for HIF1a, integrin subunit aV (ITGAV), inte-
grin subunit § (ITGB)3, ITGBS, E-cadherin, heparin-binding
EGF-like growth factor (HBEGF), FUT4, FUT7,ST3Gal3 and
ACTB were obtained from Generay Biotech (Shanghai) Co.,

Ltd. and are listed in Table SII. The detection of miRNA in
cells and tissues was the same as that in SCM, using U6 as an
internal reference. miDETECT A Track U6 forward primer
(cat. no. miRANO0002) and Uni-Reverse Primer (included in
miDETECT A Track™ miRNA qPCR kit) were provided by
Guangzhou RiboBio Co., Ltd. The relative mRNA levels were
determined using the 2244 method.

Western blot analysis. Tissues or cells were lysed in RIPA
buffer containing protease inhibitors (cat. no. R0010; Beijing
Solarbio Science & Technology Co.,Ltd.), and then centrifuged
at4°C for 15 min at 12,000 x g. Total protein concentration was
quantified using NanoDrop 2000 Spectrophotometer (Thermo
Fisher Scientific, Inc.), separated by SDS-PAGE on 10% gels
and transferred to polyvinylidene difluoride membranes
(MilliporeSigma). The membranes were then incubated with
5% fat-free milk at 37°C for 1 h, and at 4°C overnight with the
following primary antibodies: Anti-HIF1a (cat. no. abl; mouse;
Abcam; 1:500 dilution), anti-FUT7 (cat. no. MAB64091;
mouse; R&D Systems, Inc.; 1:1,000 dilution) and anti-f3-actin
(cat. no. GB12001; mouse; Wuhan Servicebio Technology Co.,
Ltd.; 1:1,000 dilution). The membranes were washed three
times with Tris-buffered saline containing 0.1% Tween-20
for 10 min, and then incubated with horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG (cat. no. 5450-0011;
SeraCare Life Sciences, Inc.; 1:5,000 dilution) for 1 h at room
temperature. The protein bands were visualized with ECL
western blot detecting reagent (cat. no. 36208ES60; Shanghai
Yeasen Biotechnology Co., Ltd.) and semi-quantified using
ImagelJ v1.8.0 software with -actin as an internal reference to
analyze the expression of each protein.

Flow cytometry. Cells were gently trypsinized and a single-cell
suspension was collected. After washing twice with PBS,
the cells were incubated with PE-conjugated mouse anti-
sialyl-Lewis X (sLe*) antibody (cat. no. 368107; Biolegend, Inc.;
5 ul/test) for 30 min at room temperature in the dark. Unbound
antibodies were removed by washing three times with PBS and
the cell mixture was adjusted to 500 u1 with PBS. Unstained
cells were used as controls. Fluorescence was detected by flow
cytometry (BD FACSMelody; BD Biosciences) and analyzed
with FlowJo v10 software (FlowJo, LLC).

Ultracentrifugation. Three CM samples (1 ml each) from
JAR cells and three pooled SCM samples (I ml each)
from expanded blastocysts without signs of degenerating
cells (collected between June 2019 and March 2020) were
subjected to differential centrifugation according to a
previous study (26). Briefly, the samples were centrifuged in
sequence at 4°C at 300 x g for 10 min, 2,000 x g for 10 min
and 10,000 x g for 30 min to remove cells, dead cells and
cell debris. The supernatant was then transferred to a new
tube and centrifuged at 120,000 x g for 90 min at 4°C.
The pellets containing extracellular vesicles (EVs) were
suspended in 200 u1 PBS. The supernatant was concentrated
to 200 ul using Amicon® Ultra-15 Centrifugal Filter Units
(3K) (MilliporeSigma). Total RNA from the supernatant and
EVs was extracted using the miRNeasy Serum/Plasma Kit
(cat. no. 217184; Qiagen GmbH) and miR-519d-3p levels were
analyzed by RT-qPCR.
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Immunohistochemistry and immunofluorescence assay.
The paraffin-embedded endometrial tissues were sliced into
4-um sections, deparaffinized and rehydrated, followed by
antigen retrieval in boiling citrate buffer (pH 6.0) for 20 min.
Tissue sections were then incubated with 3% hydrogen
peroxide for 10 min at room temperature to block endogenous
peroxidase activity and then blocked with 10% goat serum
(cat. no. SP-9000; OriGene Technologies, Inc.) for 1 h at room
temperature. The tissues were then incubated with the following
primary antibodies: Anti-HIFla (cat. no. orb99244; rabbit;
Biorbyt, Ltd.; 1:400), anti-FUT7 (cat. no. 18197-1-AP; rabbit;
Proteintech Group, Inc.; 1:400) and anti-sLe* (cat. no. sc-32243;
mouse; Santa Cruz Biotechnology, Inc.; 1:100) at 4°C over-
night. After washing three times with PBS, sections were
incubated with biotinylated goat anti-mouse/anti-rabbit IgG
antibodies (cat. no. SP-9000; OriGene Technologies, Inc.) for
1 h at room temperature followed by further incubation with
HRP-conjugated streptavidin for 15 min at room tempera-
ture. Peroxidase activity was visualized by application of
diaminobenzidine substrate for 2-3 min at room temperature.
Sections were counterstained with hematoxylin for 20 sec at
room temperature, dehydrated and sealed before observation
under an Olympus IX73 fluorescence microscope (Olympus
Corporation).

For immunofluorescence staining, tissues were prepared
in the same manner as for immunohistochemistry. After
deparaffinization, rehydration and antigen retrieval, the
sections were blocked with 3% BSA (cat. no. GC305006;
Wuhan Servicebio Technology Co., Ltd.) for 60 min at room
temperature. Subsequently, the sections were incubated with
primary antibodies against HIFla (cat. no. orb99244; rabbit;
Biorbyt, Ltd.; 1:400), FUT7 (cat. no. 18197-1-AP; rabbit;
Proteintech Group, Inc.; 1:400) and sLex (cat. no. sc-32243;
mouse; Santa Cruz Biotechnology, Inc.; 1:100) at 4°C over-
night in a humidified chamber. After washing with PBS
three times, the tissue sections were incubated for 1 h at
room temperature with the following secondary antibodies:
Dylight 488-conjugated anti-mouse IgG (cat. no. RS23210;
goat; ImmunoWay Biotechnology Company; 1:1,000) and
ATTO 594-conjugated anti-rabbit IgG (cat. no. 611-155-1225;
goat; Rockland Immunochemicals, Inc.; 1:1,000). Nuclei were
stained with DAPI for 10 min at room temperature. Images
were captured under a FV3000 confocal laser scanning
microscope (Olympus Corporation) with a 200x objective lens
(NA: 0.75). To minimize the background signals and biases,
the offset value was set at 4 and all images were captured
under the same parameters.

Animal studies. A total of 40 Kunming mice (30 female,
10 male; age, 8-10 weeks; weight, 30-35 g) were obtained from
the Animal Center of Hebei Medical University (Shijiazhuang,
China) and were maintained at a controlled temperature
(22-25°C) and humidity (50%), under a 12-h light/dark cycle,
and provided with free access to water and food. Mice were
randomly divided into the DI, D4 and D8 group. Both D1
and D4 group included 12 female mice, of which 6 were used
for miR-519d-3p and immunofluorescence analysis, and the
other 6 for HIF1a and FUT7 protein expression analysis. Six
female mice were included in D8 group for embryo counting.
The female and male mice were housed at a ratio of 2:1 at
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6:00 p.m. every evening, and the vaginal plugs of female
mice were checked the next morning at 8:00 a.m. Mice with
clearly visible vaginal plugs were defined as gestation D1. On
D3 of pregnancy at 9:00 a.m., the mice were anaesthetized
intraperitoneally with sodium pentobarbital (50 mg/kg) and
a 20 ul solution containing 1.25 nmol miR-519d-3p agomir
was slowly infused into the right uterine horn and the same
amount of the NC-agomir was infused into the left uterine
horn of the same mouse. On D1 and D4 of pregnancy, mice
were sacrificed and the endometrium was collected. On D8
of pregnancy, the number of implanted embryos was counted.
Mice were anaesthetized using the aforementioned anes-
thesia protocol and sacrificed by cervical dislocation. Death
was confirmed by the following criteria: Respiratory arrest,
cardiac arrest, dilation of the pupils and disappearance of
nerve reflex. The animal experiments were approved by the
Experimental Animal Ethics Committee of Hebei Medical
University (approval no. 20210136), and the NIH Guide for
the care and Use of Laboratory Animals, 8th edition (27) was
followed rigorously.

Statistical analysis. All data were analyzed using SPSS 21.0
software (IBM Corp.). The in vitro experiments were indepen-
dently repeated at least three times and the data are presented
as the mean * standard deviation. The count data were
analyzed by 7 test, whereas continuous data were analyzed for
two groups by paired Student's t-test, unpaired Student's t-test
or Mann-Whitney U test. For multi-group comparisons,
one-way ANOVA followed by Tukey's post hoc test was used
to assess parametric data, and Kruskal-Wallis test followed
by Dunn's test was used to assess non-parametric data. The
receiver operating characteristic curve was used to determine
the value of miRNAs in predicting pregnancy outcomes.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Embryo-released miRNAs are associated with implantation
potential. To determine if embryo-released miRNAs were
associated with pregnancy outcomes, a total of 162 single
SCM samples were collected from infertile patients who
underwent routine IVF/ ICSI-ET and divided into implanted
and not-implanted groups according to the clinical pregnancy
outcomes. Three SCM pools from the implanted group and
three pools from the not-implanted group (n=10 samples
each) were tested and six miRNAs, miR-372-3p, miR-373-3p,
miR-516b-5p, miR-517a-3p, miR-519d-3p and miR-520a-3p,
that could be detected in SCM and might be related to
embryo quality according to the previous study (15) were
selected for RT-qPCR analysis. Unlike cells or tissues, there
is no universal reference for miRNA detection in body fluids;
therefore, cel-miR-39 was added to each isolation at the time
of RNA extraction to serve as an internal spike-in control for
normalization analysis according to previous studies (28,29).
All six miRNAs were detected in the pooled samples. The
expression levels of miR-372-3p, miR-373-3p and miR-519d-3p
in the not-implanted group were 3.33, 2.54 and 4.16 times
higher compared with those in the implanted group, whereas
miR-516b-5p, miR-517a-3p and miR-520a-3p exhibited no
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Table II. Analysis of miRNAs in pooled spent embryo culture medium from implanted vs. not-implanted groups.

Cq values of implanted group Cq values of not-implanted Fold change
miRNAs (n=3) group (n=3) (2-248Ca)a P-value
hsa-miR-372-3p 34.40+1.97 31.45+0.70 333 0.02
hsa-miR-373-3p 35.09+2.53 32.54+1.03 2.54 0.02
hsa-miR-516b-5p 34.26+2.17 33.18+0.24 1.05 0.91
hsa-miR-517a-3p 33.05+0.58 32.29+0.78 0.75 0.17
hsa-miR-519d-3p 33.16x1.74 29.92+1.10 4.16 0.04
hsa-miR-520a-3p 35.51%1.13 34.43+1.19 0.93 0.70

*Fold change was calculated with implanted group as the control group. miR/miRNA, microRNA.

significant differences between the two groups. The mean Cq
values of the six miRNAs are listed in Table II. Culture media
never exposed to embryos were run in parallel and showed no
amplification for any of the tested miRNAs.

To further validate the presence and abundance of
miR-372-3p, miR-373-3p and miR-519d-3p in SCM, a total
of 102 single SCM samples, including 52 from the implanted
group and 50 from the not-implanted group, were analyzed.
The detection rate in the implanted and not-implanted groups
were 82.69 (n=43/52) vs. 78% (n=39/50) for miR-372-3p,
75 (n=39/52) vs. 82%(n=41/50) for miR-373-3p and 84.62
(n=44/52) vs. 90% (n=45/50) for miR-519d-3p. As shown in
Fig. 1A, no significant difference was reported in the mean Cq
value of cel-miR-39 between the implanted and not-implanted
groups, indicating no difference in the efficiency of RNA
extraction and amplification. miR-372-3p and miR-519d-3p
were much more abundant in the not-implanted group
compared with in the implanted group, whereas there was no
significant difference in miR-373-3p (Fig. 1B). Subsequently, a
receiver operating characteristic curve analysis was conducted.
The area under the curve to discriminate embryos that resulted
in successful pregnancy from those that resulted in failed
pregnancy was 0.78 for miR-519d-3p and 0.71 for miR-372-3p,
suggesting a better predictive value of miR-519d-3p for
pregnancy outcomes during IVF/ICSI-ET cycles (Fig. 1C).

Embryo-released miR-519d-3p is taken up by endometrial
epithelial cells. To determine if endometrial epithelial cells
could take up blastocyst-secreted miRNAs, Cy3-miR-519d-3p
mimics and NC-mimics were transfected into JAR cells. The
JAR cell culture medium was refreshed 6 h after transfec-
tion to remove free oligonucleotides and collected 12 h
later. Ishikawa cells were then incubated with the collected
CM for 24 h. RT-qPCR showed that the expression levels
of miR-519d-3p in JAR cells were significantly increased
following transfection with miR-519d-3p mimics (Fig. 2A).
Compared with treatment with control (NC-mimics) CM,
incubation with Cy3-miR-519d-3p CM increased the expres-
sion levels of miR-519d-3p in Ishikawa cells by 35.35 times
(Fig. 2B). Fluorescent imaging confirmed the presence
of Cy3-miR-519d-3p in the cytoplasm of Ishikawa cells
(Fig. 2C).

To explore the possible mechanism by which miR-519d-3p
was secreted, ultracentrifugation was performed on JAR cell

CM and SCM to separate EVs from the supernatant. Notably,
miR-519d-3p expression was significantly higher in EVs than
that in the supernatants (Fig. 2D). To exclude the possibility
that the detected miR-519d-3p was derived from human serum
albumin and other components added to the medium, the
culture medium without contact with JAR cells or embryos was
also assessed using the same method. As expected, the levels
of miR-519d-3p in both the supernatant and EVs were either
non-detectable or near the detection limit (data not shown),
indicating that miR-519d-3p was derived from trophoblasts
or blastocysts, and possibly released into the extracellular
environment by EVs.

miR-519d-3p suppresses embryo adhesion through HIFIa.
The complex implantation process is initiated by the apposi-
tion and adhesion of embryos to the uterine endometrial
epithelium. Having observed the differential expression of
miR-519d-3p in SCM and having determined that miR-519d-3p
was taken up by endometrial epithelium cells, it was therefore
hypothesized that miR-519d-3p secreted by blastocysts may
regulate endometrial gene expression and adhesive properties,
which are required for pregnancy success. An established
trophoblast-endometrial co-culture adhesion assay was
used to investigate the effects of miR-519d-3p on embryo
adhesion. Ishikawa cells were transfected with miR-519d-3p
mimics, NC-mimics, anti-miR-519d-3p and NC-inhibitor, and
untransfected cells were used as a blank control. As embryo
implantation and the processes of early pregnancy occur in
physiologically hypoxic conditions (30), 48 h after transfec-
tion, Ishikawa cells were cultured under hypoxic conditions for
another 24 h. As shown in Fig. 3A and B, miR-519d-3p mimics
significantly increased the expression levels of miR-519d-3p in
Ishikawa cells and inhibited the adhesion of JAR to Ishikawa
cells, whereas anti-miR-519d-3p had the opposite effect.
miR-519d-3p has been observed to inhibit embryo adhe-
sion in hypoxia. As the most important transcription factor
under hypoxic conditions, HIFla was reported to be upregu-
lated in endometrium during the implantation window and
serves an important role in embryo implantation (31-34).
Thus, it was investigated whether HIF1la was a target gene
for miR-519d-3p. TargetScan and microBase databases
predicted a potential binding site of HIFla mRNA with
miR-519d-3p, which was conserved in different vertebrate
species. RT-qPCR and western blot analysis revealed that
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Figure 1. Embryo-released miRNAs are associated with implantation potential. (A) Mean Cq values of cel-miR-39 in implanted and not-implanted groups.
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miR-519d-3p mimics had no effect on HIFloo mRNA but
significantly downregulated HIF1a at the protein level; by
contrast, anti-miR-519d-3p upregulated the expression of the
HIFla protein (Fig. 3C and D), indicating that miR-519d-3p
did not degrade HIF1la mRNA but inhibited the translation of
HIFla. To verify miR-519d-3p binding directly to the 3'UTR
of HIFla mRNA, the WT or MUT 3'UTR target sequences
were cloned into the luciferase reporter vector (pmirGLO)
and co-transfected with miR-519d-3p mimics or NC-mimics.
As shown in Fig. 3E, luciferase activity was significantly
decreased in cells transfected with the HIF1a-WT vector and
miR-519d-3p, whereas little change was observed following
HIF1la-Mut vector and miR-519d-3p transfection.

To determine whether miR-519d-3p inhibited embryonic
adhesion by targeting HIF1a, the pcDNA-HIF1a vector was
transfected, or co-transfected with miR-519d-3p mimics, into
Ishikawa cells. The protein expression levels of HIFlo were
significantly enhanced following pcDNA-HIF1a transfection
compared with in cells transfected with the empty vector
(Fig. 3F). Upregulation of HIF1a protein increased the number
of JAR cells that adhered to Ishikawa cells and partially
reversed the inhibitory effect of miR-519d-3p on embryo adhe-
sion (Fig. 3G), suggesting that miR-519d-3p inhibited embryo
adhesion by targeting HIF 1o under hypoxic conditions.

miR-519d-3p downregulates FUT7 and sLe* through HIFla.
To further explore the underlying mechanisms of the inhibitory
effects of miR-519d-3p on adhesion events, the adhesion-related
genes that may be regulated by HIFla were detected at the
transcriptional level. Ishikawa cells were cultured under
normoxic or under hypoxic conditions for 12, 24 or 48 h, and
the genes associated with embryo adhesion, including ITGAV,
ITGB3, ITGBS, E-cadherin, HBEGF (35,36) were detected
by RT-qPCR. FUT4, FUT7 (37,38), and ST3Gal3 (39), which
participate in the synthesis of oligosaccharide antigen, were
also detected. As shown in Fig. 4A, FUT7 mRNA was
transcriptionally upregulated under hypoxic conditions in a
time-dependent manner. Western blot analysis confirmed that
the protein expression levels of FUT7 were increased with the
prolongation of hypoxia (Fig. 4B).

FUT7 is a key enzyme for the synthesis of sLe*, a
selectin ligand that has an important role in the initial steps
of embryo apposition and adhesion (38). Western blot-
ting and flow cytometry results revealed that miR-519d-3p
mimics significantly downregulated the levels of FUT7
and sLe* (Fig. 4C and D). To clarify the relationship among
HIFla, FUT7 and sLe*, Ishikawa cells were transfected with
FUT7 siRNAs. As shown in Fig. S1, siRNA?2 had a significant
inhibitory effect on FUT7 protein expression; therefore, this
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siRNA was used for subsequent experiments. Compared with
in cells transfected with the empty vector, the expression levels
of FUT7 protein and sLe* were enhanced by pcDNA-HIF1a
transfection, suggesting a positive regulation of FUT7 by

HIFla (Fig. 4E and F). By contrast, co-transfection with
pcDNA-HIFla and FUT7-siRNA decreased the levels of
FUT7 and sLe* in Ishikawa cells, and decreased their adhe-
sion to JAR cells in comparison with the pcDNA-HIF1a group
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“P<0.01,™

(Fig. 4G), indicating that HIFla promoted embryo adhesion to
some extent by upregulating FUT7 and sLe*.
Immunohistochemistry was also performed to determine
the location and expression of HIFla, FUT7 and sLe* in
human endometrium during the proliferative and mid-secre-
tory phases of the menstrual cycle. HIFla was observed in
both glandular epithelial and stromal cells with stronger
staining during the mid-secretory phase than that during the
proliferative phase. FUT7 and sLe* were also highly expressed
during the mid-secretory phase and mainly localized on the
luminal and glandular epithelium (Fig. 4H). The upregulation
of HIFla, FUT7 and sLe* during the implantation window
suggested their important role in embryo implantation.

“P<0.001. miR, microRNA; MUT, mutant type; NC, negative control; WT, wild-type.

miR-519d-3p hampers embryo implantation in vivo. Having
revealed that miR-519d-3p inhibited embryo adhesion in vitro,
the present study further explored the effect of miR-519d-3p
on embryo implantation using a mouse model. On D3 of preg-
nancy, miR-519d-3p agomir was infused into one side of the
uterine cavity; as a control, an equal dose of NC-agomir was
infused into the other side of the same mouse. On DI and D4
of pregnancy, mice were sacrificed and the endometrium was
collected for miR-519d-3p/HIF1a and FUT7 expression and
immunofluorescence analysis. On D8 of pregnancy, mice were
sacrificed and the number of implanted embryos was counted.
As shown in Fig. 5A and B, miR-519d-3p agomir infusion
markedly increased the levels of miR-519d-3p in the uterine
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Figure 4. miR-519d-3p downregulates FUT7 and sLe* by targeting HIF1a, and further inhibits embryo adhesion. (A) Reverse transcription-quantitative
PCR analysis of embryo adhesion-related genes under normoxic or hypoxic environments. (B) FUT7 protein expression in Ishikawa cells was increased in a
time-dependent manner when exposed to hypoxia. Effect of miR-519d-3p on FUT7 and sLe* as determined by (C) western blotting and (D) flow cytometry.
Levels of (E) FUT7 and (F) sLe* in Ishikawa cells transfected with the empty plasmid, pcDNA-HIF1a or co-transfected with FUT7-siRNA and pcDNA-HIF1la
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fication, x200). "P<0.05, “P<0.01, ““P<0.001. FUT, fucosyltransferase; HBEGF, heparin-binding EGF-like growth factor; ITGAV, integrin subunit aV;
ITGB, integrin subunit 3; miR, microRNA; NC, negative control; siRNA, small interfering RNA; sLe*, sialyl-Lewis X.

endometrium and decreased the number of implanted embryos,
compared with in the NC-agomir group. Western blot analysis
revealed that HIF1a and FUT7 proteins were at extremely low
or undetectable levels in the uterine endometrium on DI but
were significantly enhanced on D4 in the NC-agomir group,
which was the window of implantation in the mouse, whereas
the enhancement was blocked by miR-519d-3p agomir infu-
sion (Fig. 5C). Immunofluorescence staining displayed similar
results. HIFla, FUT7 and sLe* were mainly located on the

luminal and glandular epithelium with a stronger expression on
D4 of pregnancy in the NC-agomir group, but a lower expres-
sion detected following miR-519d-3p agomir infusion (Fig. 5SD).

Discussion
Effective embryo-endometrium crosstalk is fundamental

for successful implantation; however, little is currently
known about the precise interaction between the embryo
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and endometrium. The present study, using SCM samples,
cell lines and mouse models, demonstrated that miR-372-3p
and miR-519d-3p released into the SCM by embryos were
negatively associated with implantation potential and may
serve as new biomarkers for embryo assessment. Furthermore,
miR-519d-3p in the SCM was shown to be taken up by human
endometrial epithelial cells and inhibited embryo implantation
by targeting HIFla, which further inhibited the biosynthesis
of FUT7 and sLe*.

How to select embryos with higher implantation potential
remains a major challenge in the field of ART. Characterized

by high stability and disease-specific expression, the detection
of extracellular miRNAs may provide novel and non-invasive
biomarkers for embryo quality. Until now, several studies have
reported that extracellular miRNAs may be associated with
embryo development and implantation (15,16,28,29,40-48).
Rosenbluth et al (40) detected miRNAs in human SCM
for the first time, and revealed that miR-191, miR-645 and
miR-372 were much more abundant in SCM from failed
embryos compared with those that led to a living birth.
Cuman et al (14) also identified miR-372 upregulation only
in non-implanted SCM samples. By contrast, Fang et al (45)
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reported that decreased miR-372-3p and miR-373-3p in
the SCM was associated with unsuccessful pregnancies. A
multicenter study carried out by Cimadomo et al (15) tested
10 miRNAs, including the C1I9MC and miR-371-373 clusters.
In contrast to the present results, no clinical predictive power
was reported for the miRNAs after adjustment of blastocyst
quality and the day of full expansion. Contributing factors to
this inconsistency may include the differences in the studied
species and populations, differences in fertilization methods,
RNA isolation and detection systems. Cimadomo et al (15)
only analyzed euploid embryos, whereas the present study did
not consider the ploidy of embryos. Different miRNA expres-
sion profiles between euploid and aneuploid embryos (49)
may lead to inconsistent results. Furthermore, to minimize
the impact of the endometrium and immune environment on
embryo implantation, strict inclusion and exclusion criteria
were set in the present study. Patients with tubal obstruction
and/or male infertility were included, whereas patients aged
=38 years, or those with recurrent miscarriage and implan-
tation failures, endometriosis, polycystic ovary syndrome,
hydrosalpinx, chronic endometritis, immune diseases such as
antiphospholipid syndrome and systemic lupus erythematosus,
and thrombophilia were excluded.

Extracellular miRNAs have been reported to bind either
to various protein complexes or to be incorporated into EVs,
nanoscale membrane vesicles actively released by cells,
including exosomes and microvesicles. The special struc-
ture of EVs could protect their contents, including proteins,
lipids and miRNAs, from degradation in the extracellular
environment, thus mediating short-range and long-distance
communication between different cells (50). Emerging
evidence has demonstrated an important role of EVs in
embryo-endometrium communication and embryo implan-
tation (51,52). In the present study, miR-519d-3p was only
detectable in the SCM, but not in the culture medium without
contact with embryos. Moreover, miR-519d-3p was revealed
to be mainly concentrated in the pellets following ultracen-
trifugation. Using the same method, EVs have been isolated
from the SCM in previous studies (26,28), thus suggesting
that miR-519d-3p was probably released by embryos encapsu-
lated in EVs. However, another study reported that miR-661
in the SCM was bound to Agol protein (14), implying diverse
transport mechanisms for different miRNAs, which remains
to be further investigated.

miR-519d-3p is a member of the C19MC, which is
unique to primates and mainly expressed in embryonic stem
cells (53) and later in the placenta (54). The C1I9MC has been
detected in maternal blood as early as 2 weeks after embryo
implantation, indicating a critical role in the mother-fetus
interface (55). miR-519d-3p has been implicated in the
regulation of trophoblast migration and invasion by targeting
CXCL6, FOXL2, NR4A2 and MMP2 (56). Its aberrant
expression in the placenta or plasma has been reported to be
associated with pregnancy pathologies, such as preeclampsia,
intrauterine growth restriction and preterm birth (57-60). The
present study demonstrated that miR-519d-3p overexpression
in endometrial cells hampered embryo adhesion and embryo
implantation by targeting HIFla. HIF1 is an oxygen-regu-
lated transcriptional activator composed of HIF1a and HIF1p
subunits. Under hypoxia, HIFla is activated and various

genes associated with adaption to hypoxic stresses, including
vascular endothelial growth factor (VEGF), erythropoietin,
glucose transporter (GLUT)1 and GLUTS3, and insulin-like
growth factor 2 can be transcriptionally regulated (61). HIF1a
has also been implicated in diverse pathologies, including
tumor angiogenesis, migration of cancer cells and brain
edema resulting from disruption of water permeability (62).
Developing new drugs or miRNAs against this will have
huge therapeutic potential for various diseases (63). There is
evidence that mice deficient in HIF1 die at the midgestational
stage due to vascular defects primarily involving the embry-
onic and extraembryonic vasculature (64); however, limited
studies have focused on the role of HIF1 during early embryo
implantation. It has been reported that VEGF, a molecular
essential for vascular permeability and angiogenesis, exhibits
a similar expression to HIF1 in mouse endometrium during
the implantation window (32). Aberrant HIFla expression
and micro-vessel density in human peri-implantation endo-
metrium have been reported to be correlated with repeated
miscarriage (33) and recurrent implantation failure (34).
Furthermore, altered HIFla expression and immune local-
ization of GLUT1 and GLUT4 have been found in patients
with polycystic ovary syndrome, which may impair glucose
uptake and affect decidualization of the endometrium (65). In
another study, HIFla was revealed to induce the expression
of prokineticin 1, a crucial regulator of embryo implanta-
tion and placentation, via the phosphatidylinositol 3-kinase
pathway in endometrial stromal cells (66). All of these
findings illustrated the importance of HIFla during embryo
implantation. The present study identified strong expression
of HIFla in the peri-implantation endometrium of both mice
and humans. Furthermore, HIF1a overexpression promoted
the adhesion of trophoblast cells to endometrial epithelial
cells, whereas miR-519d-3p inhibited the process by targeting
HIFla.

During the window of implantation, a variety of
molecules are expressed on endometrial epithelial cells
to accommodate implanting embryos (35,36). FUTs are a
class of enzymes responsible for glycoprotein fucosylation,
which have an essential role in determining the stability of
the maternal-fetal interface (67). FUT7 has been reported
to promote sLe*-mediated embryo adhesion and embryo
implantation (68). sLe* is a cell-surface oligosaccharide that
serves as a common ligand for L-selectin, E-selectin and
P-selectin. sLe* participates in a variety of physiological and
pathological processes by interacting with selectins, such as
lymphocyte homing, leukocyte exudation in inflammation
and metastasis of tumors (69,70). In addition, sLe*/L-selectin
may mediate the initial recognition and adhesion between
the embryo and uterus. During the implantation window,
sLe* has been shown to be upregulated in endometrial
epithelial cells, especially in the luminal epithelium. In
addition, human trophoblast cells incubated from the
zona pellucida begin to express L-selectin. The interac-
tion of sLe*/L-selectin causes the embryonic cells to roll
and eventually adhere to the endometrial epithelium (38).
Patients with low sLe* levels in the endometrium tend to
have adverse pregnancy outcomes (71,72). In the present
study, the enhanced expression of FUT7 and sLe* during
the implantation window was detected in both human and
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mouse endometrium. Furthermore, the results suggested
that the miR-519d-3p/HIF1a/FUT7/sLe* signaling pathway
endowed embryo selectivity to the endometrium to ensure
the implantation of only well-developed embryos.

Inconclusion, highlevels of miR-372-3p and miR-519d-3p in
the SCM were associated with IVF/ICSI failure and may serve
as non-invasive biomarkers for embryo selection. Moreover,
embryo-released miR-519d-3p provided a new perspective for
embryo-mother communication. The role of miR-372-3p was
not explored here; sharing the same seed sequence, miR-372-3p
may function synergistically with miR-519d-3p. One of the
limitations of the present study was the relatively small size of
clinical samples and animals assessed. Furthermore, the small
amount of SCM sample may be the reason behind the relatively
low detection rate. Developing a reliable and sensitive method
may help increase the detection rate of miRNAs. Using gene
knockout techniques to remove specific miRNA from embryos
will help to better clarify the function of miRNA.
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