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Abstract

Recurrent implantation failure (RIF) is characterized by repeated embryo transfers without pregnancy. To date, the etiology of
RIF remains poorly understood. Accumulating evidence indicates a beneficial role of endometrial extracellular vesicles (EVs)
during the implantation by delivering signaling molecules to embryos, especially miRNAs. However, whether EVs secreted by
RIF patients” endometria have a similar miRNA expression profile of endometrial EVs of fertile women has not been investi-
gated. Therefore, in this study, we compared the miRNA expression profiles between the endometrial EVs of RIF patients (RIF-
EVs) and fertile women (FER-EVs). Endometrial tissues from fifteen RIF patients and nine fertile women were collected and
digested to cells for culture. Endometrial cells were modulated by estrogen and progesterone to mimic the secretory phase, and
the conditioned medium was collected for EV isolation. EVs were determined by western blotting, nanoparticle tracking analysis,
and transmission electronic microscopy (TEM). Three pairs of EV samples from two groups were used for miRNA sequencing,
and twelve RIF-EV samples and six FER-EV samples were used for validation using quantitative reverse transcription poly-
merase chain reaction (QRT-PCR). Results showed that a total of 11 miRNAs were differently expressed in the RIF-EVs.
Besides, four of the differently expressed miRNAs were validated using qRT-PCR. Target genes of the differently expressed
miRNAs were predicted, and the functional analysis was performed. Besides, we proved that the most significantly different
miRNA, 6131, inhibited the growth and invasion of HTR8/SVneo cells. Our study suggested that the altered miRNAs in the RIF-
EVs might be involved in the pathogenesis of RIF.
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Introduction

The impressive advances of assisted reproductive technology
(ART) have allowed numerous infertile couples to achieve
clinical pregnancy [1]. However, a new challenge has
emerged: recurrent implantation failure (RIF). RIF refers to a
condition in which women experience repeated implantation
failures after transferring good-quality embryos [2, 3].
Although a universal definition of RIF has not been

P< Hanwang Zhang
hwzhang605@126.com

P< Cong Sui
csui0904@163.com

' Reproductive Medicine Center, Tongji Hospital, Tongji Medical

College, Huazhong University of Science and Technology, Jiefang
Avenue 1095#, Wuhan 430030, People’s Republic of China

established, it is widely accepted that three or more consecu-
tive implantation failures meet the criteria [4]. The incidence
of RIF is difficult to predict as definition and populations vary,
with figures up to 10% being reported [5]. Clarifying the path-
ogenesis of RIF, which may provide benefits to treatments, is
in great demand.

A successful implantation depends on the synchronized
interactions between a receptive endometrium and func-
tional embryos [6, 7]. Among these two factors, the en-
dometrium is considered to be more important, since en-
dometrial factors are responsible for approximately two-
thirds of implantation failures [7, 8]. Therefore, many
studies have aimed to characterize the differences between
the endometria of RIF patients and fertile women to in-
vestigate the possible mechanisms. They demonstrated
that the RNA and protein profiles in the endometria of
RIF patients were altered [9—11]. Moreover, several em-
bryonic implantation—related pathways, including Wnt
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and cellular adhesion pathways, were greatly affected [9].
These findings confirmed the aberrant nature of RIF pa-
tients’ endometria. However, the detailed mechanisms, by
which such distorted endometria interfered with implanta-
tion, have not been clarified.

Extracellular vesicles (EVs) are nanometer-sized,
membrane-enclosed vesicles, acting as mediators of inter-
cellular communication [12—-14]. EVs can be secreted
from almost all cell types [15], whereas they display com-
positional heterogeneity according to their original cell
type and of its status [16]. Given the altered molecular
repertoires in the RIF patients” endometria, it is legitimate
to speculate that the contents in the endometrial EVs of
RIF patients are different compared to those of fertile
women.

Recent evidence indicated that EVs played an important
role in the embryonic implantation. Previous studies have
identified a significant role of embryonic-derived EVs in the
implantation [17]. For example, embryo-derived EVs could
be internalized by maternal endometrial cells [18].
Moreover, peri-implantation embryos secreted specific
miRNAs regulating the migration of endometrial stromal
cells, which might promote the success of implantation [19].
Meanwhile, endometrium also transferred EVs to peri-
implantation embryos [20]. Moreover, the signaling mole-
cules packaged in the EVs could be transferred to embryonic
cells, modulating implantation. The contents in the EVs are
various, including proteins, mRNAs, and non-coding RNAs
[21]. Among all these components, microRNA (miRNA) has
been intensively studied, not only for its abundance in the EV's
but also for the potent modulating capacity in the recipient
cells [22, 23]. Studies identified several specific miRNAs in
the endometrial EVs functional in the embryos. For example,
miR-21 in the endometrial EVs facilitated the growth of mu-
rine fertilized embryos [24]. Moreover, EVs from secretory
endometrium enhanced the adhesive capacity of pre-
implantation embryos via miR-30d [20]. These studies em-
phasized a crucial role of miRNAs in the endometrial EVs.
However, the miRNA expression and its functions in the EV's
secreted by the endometria of RIF patients have not been
investigated.

Therefore, in this study, we aimed to compare the miRNA
profiles between endometrial EVs of RIF patients and fertile
women. High-throughput sequencing was used to investigate
the miRNA profiles in the endometrial EVs. The functions of
differently expressed miRNAs were annotated. HTR8/SVneo
cells, which are derived from the first trimester villous explant,
are widely accepted as an ideal cell line to investigate the
invasion capacity of embryos during implantation [25].
Therefore, we transfected the most significantly different
miRNA, 6131, into HTR8/SVneo cells and investigated the
role of miR-6131 on the growth and invasion of embryonic
cells.
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Materials and Methods
Patients

A total of 24 women were recruited in this study. All partic-
ipants were under 40 years of age and had regular menstrual
cycles. The clinical characteristics of the two groups are sum-
marized in Table 1. Women who experienced consecutive
three or more implantation failures after transferring good-
quality embryos (both cleavage embryos and blastocysts)
were included in the RIF group (n = 15). The quality of cleav-
age embryos and blastocysts was determined morphological-
ly, and the detailed grading methods were described in the
previously published literature [26, 27]. The good-quality
cleavage embryos were defined as having the correct number
of cells corresponding to the day of its development, evenness
of cell division, and less than 20% fragmentation by volume.
Besides, the quality of blastocysts was assessed using a pre-
viously published grading system [26], and embryos graded at
4AA, 4AB, 4BA, and 4BB were considered good-quality em-
bryos. In this study, RIF patients asked for assisted reproduc-
tive technology therapy because of unexplained infertility or
tubal factors. Meanwhile, women who conceived naturally
and delivered a live birth in the previous 2 years via cesarean
section without associated comorbidities were considered fer-
tile (n=9). Besides, these women also had their fallopian
tubes ligated during the cesarean section. They intended to
have another child with the help of assisted reproductive tech-
nology. Some clinicians suggested that hysteroscopy and en-
dometrial scratching prior to IVF-ET treatments might be ben-
eficial to the pregnancy outcomes [28, 29]. Therefore, patients
who consented and intended to accept hysteroscopy and en-
dometrial sampling were recruited in the study. The exclu-
sion criteria were uterine abnormalities, endocrinological
disorders (including diabetes, impaired glucose tolerance,
insulin resistance, thyroid diseases, polycystic ovarian
syndrome, hyperprolactinemia, diminished ovarian re-
serve, and premature ovarian failure), antiphospholipid
antibody syndrome, and karyotype anomalies. Besides,
the endometrial tissues were examined histologically.
Women presented with endometritis or endometrial

Table 1 Clinical characteristics of RIF patients and fertile women
Variables RIF (n =15) FER (n=9) p value
Age (years) 33.27 +4.43 33.00 + 1.55 0.891
BMI (kg/m?) 21.32 +1.99 21.76 £2.5 0.660
Menstrual cycle (days) 28.87 £ 1.35 28.78 +£2.33 0.919
FSH (mIU/mL) 7.08 +1.21 8.57 +2.56 0.130
LH (mIU/mL) 412 £220 2.87 £ 1.16 0.083
E2 (pg/mL) 46.42 £ 153 46.47 + 1.36 0.995

Data were presented as mean + standard deviation (SD)
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polyps were also excluded. Endometrial tissues were ob-
tained during hysteroscopy on days 9—11 of the menstrual
cycle. The endometrial samples were conserved in cold
sterile phosphate-buffered saline (PBS) and transferred
to the laboratory immediately. Written informed consent
was obtained from all participants. This study was ap-
proved by the Institutional Review Board of Tongji
Hospital (TJ-IRB20190420).

Cell Culture

Endometrial tissues were washed thrice in PBS to remove the
blood. Tissues were minced and digested in 1 mg/mL IV
collagenase at 37 °C for 20 min. Cell suspension was filtered
through a 70-um aperture sieve to remove the debris. During
the window of implantation (WOI), both endometrial epithe-
lial cells and stromal cells underwent hormone modulation
and endometrial proliferation-differentiation switching to pre-
pare a receptive status [30, 31]. Given the importance of epi-
thelial cells and stromal cells during WOI, therefore, endome-
trial tissues were digested to endometrial cells to imitate the
in vivo environment, and both cell types were included in this
study. Endometrial cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM)/F12 (Boster, Wuhan, China)
supplemented with 10% fetal bovine serum (FBS, Sijiging,
Hangzhou, China). Since the endometrial tissues were obtain-
ed at the proliferation phase, to mimic the secretory phase,
cells were modulated by 10~® M estrogen and 10~ M proges-
terone following a protocol as previously reported [32, 33].
When cells reached 80% confluence, the culture medium was
discarded, and the confluent cells were washed thrice in PBS
to remove the remaining FBS. Then, cells were replenished
with serum-free DMEM/F12 and primed with 10™® mol/L es-
trogen and 10~ mol/L progesterone. Cells were treated for
2 days, and the conditioned medium was collected every
24 h to isolate EVs.

EV Isolation

EVs secreted by endometrial cells of RIF patients (RIF-
EVs) and fertile women (FER-EVs) were isolated from
the conditioned medium by ultra-centrifugation as previ-
ously described [34]. Briefly, the conditioned medium
was centrifuged at 2000g for 20 min at 4 °C followed
by centrifugation at 10,000g for 30 min at 4 °C to re-
move debris. The suspension was centrifuged at
120,000g for 80 min at 4 °C to precipitate the vesicles.
The precipitant was resuspended in PBS and ultra-
centrifuged again at 120,000g for 80 min to pelleted
EVs. EV-enriched pellets were resuspended with 30—
50 uL of PBS and stored at —80 °C.

Western Blotting

EV or cell samples were lysed by the mixture of
radioimmunoprecipitation assay (RIPA) and proteinase inhib-
itor cocktail (Servicebio, Wuhan, China) at 4 °C for 30 min.
Then, the lysates were centrifuged at 12,000g for 20 min at
4 °C. The protein concentration of the supernatant was detect-
ed using a BCA assay Kit (Boster, Wuhan, China) according
to the manufacturer’s protocols. Proteins were mixed with
loading buffer and incubated in the boiling water for 10 min
to prepare the loading samples. Each sample (5 pg protein)
was separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gel and transferred to
polyvinylidene difluoride (PVDF) membranes. The mem-
branes were blocked with 5% skim milk and incubated with
the following primary antibodies at 4 °C overnight: CD9
(AF5139, affinity, 1:1000); calnexin (#2433, CST, 1:1000);
Alix (DF9027, affinity, 1:1000); and TSG101 (A2216,
Abclonal, 1:1000). Then, the membranes were incubated with
secondary antibodies (anti-rabbit immunoglobulin G (IgG),
horseradish peroxidase (HRP)-linked antibody, 70748,
CST, 1:1000) at 37 °C for 1 h. After that, membranes were
immersed in electrochemiluminescence (ECL) substrate
(abs920, Absin, Shanghai, China), and the signals were cap-
tured using a chemiluminescence imaging system (Gene
Gnome XRQ; Syngene, Frederick, MD, USA).

Transmission Electronic Microscopy

An aliquot of EV sample was placed on the surface of a
carbon-coated copper grid for 5 min, and the extra liquid
was removed. The attached EV's were negatively stained using
2% phosphotungstic acid and air-dried. EV-containing grids
were observed using a transmission electron microscope
(HT7700, HITACHI, Tokyo, Japan).

Nanoparticle Tracking Analysis

The size and distribution of EVs were analyzed using
ZetaView (PMX110-S, Meerbusch, Germany) according to
the manufacturer’s instructions. All EV samples were diluted
at a ratio of 1:500 to 1:2000 with distilled water to meet the
concentration recommended by the instrument. All nanopar-
ticle tracking analysis (NTA) measurements were performed
with a ZetaView sensitivity of 70 and a shutter value of 70.
Each experiment was performed in triplicate.

RNA Extraction and miRNA Sequencing
Three RIF-EV samples and three FER-EV samples were used
for miRNA sequencing. Total RNAs of EVs were extracted

using Qiagen exoRNeasy Maxi Kit (77,164, Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The
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quality and purity of RNAs were determined using Nanodrop
2000 spectrophotometer, standard denaturing agarose gel
electrophoresis, and RNA Labchip. miRNA library of each
sample was constructed by polyadenylation, cDNA synthesis,
and polymerase chain reaction (PCR) amplification. The li-
braries were gel-purified and quantified by quantitative real-
time PCR. The quality of libraries was accessed on the
Qsep100 system, and miRNA sequencing was performed on
[llumina HiSeq Nova. Based on the sequencing data, differ-
entially expressed miRNAs, defined as (log2 |fold change|) >
1 and p value <0.05, were identified using the DESeq2 R
package. Volcano plots were created on the R platform.

The total RNAs of cells were extracted using RNA-casy
Isolation Reagent (R701-02-AA, Vazyme, Nanjing, China)
following the manufacturer’s instructions.

Target Gene Prediction and Pathway Analysis

Target genes of miRNA were predicted by four online data-
bases, including miRanda, TargetScan, miRDB, and Starbase.
Target genes overlapped in 3 or more databases were calcu-
lated and analyzed. Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment analysis of these target genes was annotated.

Quantitative Real-Time Polymerase Chain Reaction

Another twelve RIF-EV and six FER-EV samples were used
to validate the differently expressed miRNAs. A total of
100 ng RNA extracted from each EV sample was converted
to cDNA immediately. The synthesis of cDNA and quantita-
tive real-time polymerase chain reaction (QRT-PCR) were per-
formed using the All-in-one miRNA qRT-PCR Detection Kit
(QPO15, GeneCopoeia, Guangzhou, China) according to the
manufacturer’s instructions. The relative expression of
miRNA was calculated by the 2722% method and normalized
to miR-16 as previous literature recommended [35, 36]. Each
sample was detected in triplicate.

Cell Transfection

HTR8/SVneo cells were purchased from American Type
Culture Collection (ATCC). HTR8/SVneo cells were
suspended in DMEM/F12 supplemented with 10% FBS and
plated in the 6-well plates at a density of 100,000 cells per well
at 37 °C for 12 h. Then, cells were transfected with miR-6131-
mimics or miR-scramble (relative control) using a PepMute
transfection kit (SignaGen Laboratories, Frederick, MD,
USA) following the manufacturer’s instructions. The
transfected cells were then subjected to RNA extraction or
functional assays.
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Cell Counting Kit-8 (CCK-8) Assays

HTR8/SVneo cells were suspended in FBS-free DMEM/F12
and cultured in 96-well plates at a density of 2000 cells per
well for 12 h. Then, cell viability was assessed using CCK-8
assays (Beyotime, Shanghai, China) following the manufac-
turer’s instructions. The absorbance was measured at 450 nm
by a microplate reader (Bio-Tek Instruments, Inc., Winooski,
VT, USA).

Transwell Invasion Assays

The invasive capacity of HTR8/SVneo cells was evaluated
using a transwell invasion assay. Cultrex Basement
Membrane Extract (BME; 3533-005-02; R&D Systems,
Minneapolis, MN, USA) was diluted with serum-free
DMEM/F12 at a ratio of 1:2, and every transwell insert
(8-um pores and 24-well plates) was pre-coated with 55 pL.
of the diluted BME. HTR8/SVneo cells were suspended in
serum-free DMEM/F12 and loaded on the BME pre-coated
inserts of 24-well plates at a density of 10,000 cells per insert.
The lower chamber was filled with 400 uL. DMEM/F12 con-
taining 10% FBS. RIF-EVs or FER-EVs were co-cultured
with HTR8/SVneo cells for 24 h at 37 °C. Following co-cul-
ture, the upper side of the inserts was erased by cotton swabs
to remove the non-invaded cells. Then, the inserts were fixed
in 4% paraformaldehyde and stained with crystal violet.
Photos of the inserts were captured using a microscope
(Axio Observer Al; Carl Zeiss) and its associated software.
Finally, cell numbers were counted in five random fields.

Statistical Analysis

The clinical characteristics of all women were presented
as mean =+ standard deviation (SD), and statistical differ-
ences were calculated by Student’s ¢ test using SPSS 24.0
(IBM, Chicago, IL, USA). The experimental data (includ-
ing qRT-PCR, CCK-8 assays, and transwell invasion as-
says) were expressed as mean =+ standard error of mean
(SEM). Data were analyzed by the Mann-Whitney test
(qRT-PCR) or Student’s ¢ test (CCK-8 and transwell
invasion assays) using GraphPad Prism 5.0 (GraphPad
Software, La Jolla, CA, USA). Statistical significance
was set at p <0.05.

Results
Clinical Characteristics
A total of fifteen RIF patients and nine fertile women

were recruited in this study. The clinical characteristics
of the study groups are shown in Table 1. No differences
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were found in age, BMI, length of the menstrual cycle,
and hormonal levels on day 3 of the menstrual cycle be-
tween the two groups.

Characterization of EVs

The classic protein markers of EVs, including Alix, CD9,
and TSG101, were detected in the RIF-EVs and FER-
EVs, and endometrial cells from RIF patients (RIF ECs)
or fertile women (FER ECs) served as controls. The re-
sults showed that CD9, TSG101, and Alix were enriched
in RIF-EVs and FER-EVs. Meanwhile, the endoplasmic
reticulum—specific protein calnexin, which was enriched
in the cell samples (RIF ECs and FER ECs), was unde-
tectable in the EV samples (Fig. 1a). The morphology of
RIF-EVs and FER-EVs (Fig. 1b) was captured using
TEM. Both of them were presented as bilayered mem-
brane vesicles.

The size and distribution of RIF-EVs (n=6) and FER-
EVs (n=06) were evaluated using NTA. The representative
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Fig. 1 Characterization of RIF-EVs and FER-EVs. The expression of EV
protein markers was detected in the RIF-EVs and FER-EVs, and endo-
metrial cells from RIF patients and fertile women served as controls.
Western blotting showed that both RIF-EVs and FER-EVs expressed
Alix, TSG101, and CD9. While the endoplasmic reticulum—specific pro-
tein calnexin, which was positive in the cells, was undetectable in the EV
samples (a). The representative TEM images of RIF-EVs and FER-EVs

NTA images of RIF-EVs (Fig. 1e) and FER-EVs (Fig. 1f)
were shown. The results showed that the number of vesicles
was decreased in the RIF-EVs group; however, no signifi-
cance was found (Fig. 1c). Besides, the mean size of RIF-
EVs and FER-EVs was similar and around 100-200 nm
(Fig. 1d).

Different miRNA Profiles in RIF-EVs and FER-EVs

Three RIF-EV samples and three FER-EV samples were used
to analyze the miRNA profiles using high-throughput se-
quencing. All miRNAs detected in each sample were exhibit-
ed in Supplemental Table 1. After the raw data was normal-
ized, the differential miRNAs were analyzed using DEseq2
with the criteria of p value <0.05 and (log2 [fold change|) >
1. We found that 11 miRNAs were differently expressed in the
RIF-EVs compared to those in the FER-EVs (Fig. 2a). Among
the differently expressed miRNAs, ten of them were upregu-
lated, and one of them, miR-27a-5p, was downregulated
(Table 2).
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were displayed (b). The size of EVs was evaluated using NTA. The
number of EVs (¢) and the mean size of EVs (d) were compared between
the two groups. The representative NTA images of RIF-EVs (e) and FER-
EVs (f) were shown. EVs, extracellular vesicles; RIF, recurrent implan-
tation failure; FER, fertile; EC, endometrial cells; NTA, nanoparticle
tracking analysis; TEM, transmission electronic microscopy
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Table 2  Differently expressed miRNAs in the RIF-EVs

Table 3 miRNA expression of EV samples detected by RT-PCR

FER-EV median ACt

microRNA log2 [fold change]| p value miRNA p value RIF-EV median ACt
Upregulated miR-6131 0.0043  —0.619 1.512
miR-6131 5.244 0.001 miR-1246 0.0218 —5.264 —-3.272
miR-1246 1.639 0.012 miR-218-5p  0.0023 3.348 5.978
miR-7-5p 1.876 0.014 miR-433-3p  0.3254 1.350 0.513
miR-1290 1.675 0.023
miR-433-3p 4713 0.024 ACt difference gene of interest minus endogenous control (miR-16)
miR-4093p 1 0.027 Target and Functional Analysis of the Differently
miR-218-5p 2.355 0.034 Exoressed miRNAs
miR-1307-3p 1.717 0.036 P
ziiﬁzzi 13‘2; ggiz The target genes of the 11 differently expressed miRNAs were
Downregulated pr.edlcted by 4 online .databases (TargetScan, mlRanfia,
) miRDB, and Starbase) simultaneously. To reveal the function
miR-27a-5p 1.251 0.045

The differently expressed miRNAs were defined as (log2 |fold change|) >
1 and p value <0.05

MiRNA Validation

We validated the expression of miR-6131, miR-1246, miR-
218-5p, and miR-433-3p in 12 RIF-EV samples and 6 FER-
EV samples using qRT-PCR. Relative fold change of the dif-
ferently expressed miRNAs was normalized to miR-16. As
shown in Fig. 2b, miR-6131, miR-1246, and miR-218-5p
were significantly increased in the RIF-EV samples, while
the expression of miR-433-3p was similar between the two
groups. The detailed qRT-PCR data are displayed in Table 3.

of these differently expressed miRNAs, GO and KEGG path-
way analyses were performed on their target genes, which
overlapped in at least three databases. GO terms consisted of
three domains, biological process, cellular component, and
molecular function. For the biological process of predicted
target genes of the different miRNAs in RIF-EVs, the rhyth-
mic process and cell-cell junction organization were the most
associated (Supplemental Fig. 1). For the cell component,
postsynaptic density and protein phosphatase type 2A com-
plex were the most significantly enriched terms
(Supplemental Fig. 2). As for the molecular function, tran-
scription cofactor binding and RNA polymerase II core pro-
moter proximal region sequencing—specific DNA binding
were the most associated (Supplemental Fig. 3). KEGG path-
way analysis showed the top 15 pathways that the predicted
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Fig. 2 The different miRNA expression profiles in RIF-EVs. The
differently expressed miRNAs were visualized in a volcano plot (a).
Red and blue dots represented the significantly upregulated miRNAs
and downregulated miRNAs, respectively. The relative expression of
miRNAs was detected in another 12 RIF-EV samples and 6 FER-EV
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samples (b). The relative fold change was normalized to miR-16. Data
were expressed as mean + standard error of mean (SEM). *p value < 0.05;
**p value < 0.01. EVs, extracellular vesicles; RIF, recurrent implantation
failure; FER, fertile
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genes were involved in, and the PI3K-Akt pathway and
MAPK pathway were the most associated pathways (Fig. 3).

MiR-6131 Inhibited the Proliferation and Invasion of
Embryonic Cells

After transfection, the expression of miR-6131 was significant-
ly increased in the miR-6131-mimics group compared to the
miR-scramble group (Fig. 4a). Besides, the viability and inva-
sion were compared between two groups using CCK-8 assays
and transwell invasion assays, respectively. The results showed
that cellular viability was significantly decreased in the miR-
6131-mimics group compared to that in the miR-scramble
group (Fig. 4b). Moreover, the invasion capacity was also de-
creased in the miR-6131-mimics group (Fig. 4e). The represen-
tative images of invaded cells were shown (Fig. 4c, d).

Discussion

EVs are emerging as important messengers between embryos
and maternal endometrium [37]. Previous literature reported

that embryos secreted EVs in the culture medium [38].
Besides, embryo-derived EVs could be internalized by endo-
metrium [18]. Meanwhile, accumulating evidence recognizes
the role of endometrial EVs in the regulation of implantation
[20]. Studies indicate that endometrial EVs promote the
growth and implantation of embryos, and several specific
molecules, especially miRNAs, have been reported to be func-
tional during the implantation process [20, 24]. However,
whether EVs secreted by the endometria of RIF patients ex-
hibit similar miRNA repertoires that present in the normal
condition has not been clarified. Therefore, in this study, we
compared the miRNA expression profiles between endome-
trial EV's from RIF patients and fertile women.

In the current study, EVs were isolated from the condi-
tioned medium of endometrial cells, treated with hormones
to imitate the receptive status as previously documented
[33]. Via modulation in vitro, the discrepancies in hormonal
profiles between different individuals may be avoided. The
characterization of RIF-EVs and FER-EVs was determined.
Data showed that both RIF-EVs and FER-EVs were positive
for classic EV markers and negative for calnexin, which con-
firmed the purity of EVs and excluded the possibility that cells

Fig. 3 KEGG pathway analysis
of the target genes of the altered
miRNAs in RIF-EVs. The target
genes of the differently expressed
miRNAs were predicted and their
functions were annotated by
KEGG pathway analysis. The top
15 pathways that were enriched
were shown. The size of dots
represented the number of target
genes that were involved. p values
of pathways were indicated by the
color of dots
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Fig. 4 miR-6131 overexpression inhibited the proliferation and invasion
of HTR8/SVneo cells. HTR8/SVneo cells were transfected miR-6131-
mimics or miR-scramble (served as relative control). The expression of
miR-6131 was significantly increased in the miR-6131-mimics
transfected cells (a). Cell viability was compared between the two groups

and their debris contaminated EV samples. The size and dis-
tribution of RIF-EVs and FER-EVs were detected using NTA.
Data showed that the sizes of RIF-EVs and FER-EVs were
around 100200 nm, which was in accordance with previous
literature [39]. Besides, the mean size and number of vesicles
were similar between RIF-EVs and FER-EVs. Moreover, the
morphology of RIF-EVs and FER-EVs was visualized by
TEM, and our data suggested that both types of EVs presented
with the classic bilayer-membrane structure (Fig. 1b).

We found that eleven miRNAs were differently expressed
in RIF-EVs; of these, ten miRNAs were upregulated, and one
was downregulated. Although no previous study has identi-
fied miRNA expression in the endometrial EVs of RIF pa-
tients, several studies have reported the miRNA profiles of
RIF patients’ endometria [10, 40]. By comparing our data
with miRNA expression in the endometria, we found several
miRNAs, including miR-6131, miR-1290, and miR-218-5p,
which were highly enriched in the RIF patients’ endometria,
were also upregulated in the RIF-EVs [40]. It has been
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using CCK-8 assays (b). The invasion capacity was determined using
transwell invasion assays. The representative images of the two groups
were displayed (¢, d). Scale bar =50 um. The number of invaded cells
was significantly decreased in the miR-6131-mimics group

postulated that EVs could function as tools to maintain cellu-
lar homeostasis by delivering the aberrantly upregulated mol-
ecules [41]. In this regard, several specific molecules, which
were highly enriched in the RIF patients’ endometria, might
also display an increased expression pattern in the endometrial
EVs. Based on this hypothesis, the similar miRNA expression
pattern in the endometria and endometrial EVs was reason-
able. Our data showed that miR-1246 and miR-1290 were also
enriched in the RIF-EVs. These two miRNAs have been re-
ported to be negatively correlated with endometrial receptivity
[42]. According to the abovementioned hypothesis, the in-
creased level of miR-1246 and miR-1290 in the RIF-EVs
may indicate the inadequate endometrial receptivity of RIF
patients.

However, not all the miRNAs exhibited the same expres-
sion pattern in the RIF-EVs as they presented in the endome-
tria. We speculated that two possibilities might be responsible
for this discrepancy. On the one hand, women with RIF
showed great discrepancies among themselves since the
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inclusion criteria of RIF and fertile women varied in different
researches due to the lack of universal definition. Even similar
studies on endometrial miRNA profiles of RIF patients did not
meet a common result [10, 40, 43]. On the other hand, some
miRNAs might be specific to EVs. Instead of secreting
miRNAs randomly, recent evidence indicates that EVs pack-
age miRNAs following a selective mechanism [44, 45].
Though EVs are derived from endometrial cells, the miRNA
expression profiles may differ from those of the originating
cells [14, 41, 46]. Therefore, although some miRNAs were not
overexpressed in the endometria of RIF patients, their high
abundance in RIF-EVs was reasonable.

Among the upregulated miRNAs, several of them, such as
miR-423-5p, miR-433-3p, and miR-409-3p, were reported to
inhibit tumor cell proliferation and invasive capacity [47, 48].
It is widely accepted that trophoblast cells and cancer cells
share similar biological behaviors, including proliferation, mi-
gration, and invasion [49]. In this regard, it is legitimate to
hypothesize that the abovementioned miRNAs might be trans-
ferred to embryonic cells via EVs and impede the invasion and
proliferation of trophoblast cells, which might be involved in
the pathogenesis of implantation failure. This hypothesis has
been supported by previous literature, demonstrating that the
endometrial EVs of RIF patients attenuated the growth and
invasion of embryos [34].

We validated the expression of several significantly dys-
regulated miRNAs 6131, 1246, 218-5p, and 433-3p, on a
larger set of RIF-EV samples using qRT-PCR. Data showed
the expressions of miR-6131, miR-218-5p, and miR-1246
were significantly increased in the RIF-EVs, which was in
accordance with the sequencing results. The target genes of
the altered miRNAs were predicted, and their functions were
analyzed using the Go and KEGG pathway enrichment anal-
ysis. Results showed that the most relevant pathways were
PI3K-Akt and MAPK pathways, which were of great impor-
tance to the survival of embryos and the implantation process
[50]. Based on the above discussion, we speculated that the
differently expressed miRNAs in the RIF-EVs might affect
embryonic development and implantation by targeting the
MAPK and PI3K-Akt pathways.

Besides, according to KEGG analysis, several other path-
ways, including actin cytoskeleton and focal adhesion path-
ways were also regulated by the differently expressed
miRNAs. The cytoskeleton mainly consisted of microtubules,
intermediate filaments, and microfilaments, which play enor-
mously important roles in embryonic implantation and em-
bryogenesis [51]. Cytoskeletal reorganization and remodeling
allow the symmetric cell divisions and cellular polarization in
the peri-implantation embryos [51]. In addition, focal adhe-
sion is one of the cell communication mechanisms essential
for cell motility, migration, proliferation, and survival [52].
During implantation, focal adhesion pathways play a vital role
by promoting blastocyst invasion [53]. Given the importance

of cytoskeleton and focal adhesion pathways in the embryos,
it is legitimate to postulate that the dysregulated miRNAs
might interfere with embryonic implantation. To further vali-
date our hypothesis, we selected the most significantly differ-
ent miRNA, miR-6131, and investigated its role in the embry-
onic cells. The results showed that the upregulation of miR-
6131 significantly inhibited cellular viability and invasion,
supporting our hypothesis stated above.

The mechanisms for implantation failure have been inten-
sively studied. A number of researches have considered that
embryos might be an active player and investigated their roles
in the implantation [54]. They found that embryos regulated
the endometrial function in the implantation via paracrine ac-
tions [18, 55]. For example, it has been reported that miRNAs
identified in the embryo culture medium regulated the endo-
metrial functions [19]. Besides, the secreted miRNAs in the
embryo culture medium strongly correlated with the pregnan-
cy outcomes [56]. Moreover, embryonic cells secreted EVs
that regulated the proliferation of endometrial cells [57].
Researchers have recently recognized that endometrium is
no longer a passive factor in the implantation [58].
Moreover, several literatures have proposed that endometria
could sense the quality of embryos and even modulate embry-
onic growth [59]. Previous research found that endometria of
RIF patients attenuated embryonic growth and invasion via
the EV pathways [34]. Given the altered miRNAs in the
RIF-EVs and their related functions, our study might provide
possible mechanisms for the attenuated embryos treated by
endometrial EVs of RIF patients.

However, the present study was limited by being based on
in vitro experiments. Endometrial EVs isolated from the con-
ditioned medium might exhibit subtle differences compared to
those secreted in the intrauterine environment. Besides, in the
current study, women who conceived naturally and had a live
birth history without IVF treatments were considered relative
controls. Although this inclusion criterion has been widely
accepted in similar studies [60, 61], it is still limited since
the endocrinological environment might be affected by the
controlled ovarian stimulation during IVF treatment [62]. In
this regard, naturally conceived women might present with
different endocrine profiles compared to RIF patients.
Therefore, further studies with better control groups will be
required.

Conclusions

In the current study, we identified the different miRNA ex-
pression profiles in the endometrial EVs of RIF patients. By
comparing with previous studies, we speculated that these
dysregulated miRNAs might interfere with embryonic im-
plantation by being transferred to embryonic cells via EVs,
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which may provide novel insights to understand the pathogen-
esis of RIF.
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