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Abstract

The growth of endometrial stromal cells (ESCs) at implantation sites may be a po-
tential factor affecting the success rate of embryo implantation. Incremental proofs
demonstrated that ncRNAs (e.g. miRNAs, IncRNAs and circRNAs) were involved in
various biological procedures, including proliferation and apoptosis. In this study, the
role of miR-100-5p on proliferation and apoptosis of goat ESCs in vitro and embryo
implantation in vivo was determined. The mRNA expression of miR-100-5p was sig-
nificantly inhibited in the receptive phase (RE) rather than in the pre-receptive phase
(PE). Overexpression of miR-100-5p suppressed ESCs proliferation and induced apop-
tosis. The molecular target of MiR-100-5p, HOXA1, was confirmed by 3’-UTR assays.
Meanwhile, the product of HOXA1 mRNA RT-PCR increased in the RE more than that
in the PE. The HOXA1-siRNA exerted significant negative effects on growth arrest.
Instead, incubation of ESCs with miR-100-5p inhibitor or overexpressed HOXA1 pro-
moted the cell proliferation. In addition, Circ-9110 which acted as a sponge for miR-
100-5p reversed the relevant biological effects of miR-100-5p. The intrinsic apoptosis
pathway was suppressed in ESCs, revealing a crosstalk between Circ-2110/miR-100-
5p/HOXA1 axis, PISBK/AKT/mTOR, and ERK1/2 pathways. To further evaluate the
progress in study on embryo implantation regulating mechanism of miR-100-5p in
vivo, the pinopodes of two phases were observed and analysed, suggesting that, as
similar as in situ, miR-100-5p was involved in significantly regulating embryo implanta-
tion in vivo. Mechanistically, miR-100-5p performed its embryo implantation function
through regulation of PI3K/AKT/mTOR and ERK1/2 pathways by targeting Circ-9110/
miR-100-5p/HOXA1 axis in vivo.
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1 | INTRODUCTION

Successful breeding in mammals requires precise timing control and
complex interaction in the uterine endometrium.} Abnormal endo-
metrial function results in female infertility by causing implantation
failure, recurrent pregnancy loss and other pathologies.1 A receptive
endometrium is the key to successful implantation, which depends
on stromal cell proliferation and differentiation.? The morphology
and function of a receptive endometrium changes during its de-
velopment because of orchestrated interactions among many pro-
cesses, including cell proliferation and apoptosis.>* Moreover, it is
noteworthy that complex biological processes and pathways may
involve in endometrial receptivity.” Significantly, the proliferation
and apoptosis of endometrial cells and related regulatory mecha-
nisms exert important effect on the successful implantation of dairy
goat embryos. The microRNAs (miRNAs), which are small endoge-
nously conserved non-coding regulatory RNA molecules, recently
have been identified to be a promising anticancer candidate for the
treatment of cancers. However, underlying molecular mechanisms
of many vital microRNAs in endometrial receptivity remain elusive.
The microRNAs which silenced their target genes at the post-
transcriptional level regulated many signalling pathway in varied
of cells.® Besides, some exceptional miRNAs changed drastically at
the different developmental stages of cells development.” In recent
years, many investigations have indicated that miRNAs are involved
in cells growth, cells differentiation and programmed cells death.
MicroRNAs acted as gatekeepers of apoptosis.8 For example, mi-
croRNA-183 promoted proliferation and invasion in oesophageal
squamous cell carcinoma by targeting programmed cell death.? Our
group primarily conduct research to study the different effects of
different microRNA in dairy goats breeding. The related research
work is as follows: Mir-101-3p exhibited differential expression level
in the ovaries of single lamb and multi lamb dairy goats, indicating
that mir-101-3p played an important role in regulating the growth
and development of follicles.’® In addition, novel-mir-3880 played
a regulatory role in breast development and milk synthesis, which
showed high expression in the mammary gland of dairy goats at
the peak of lactation.! What is more, Circ-8073, as a ceRNA, co-
operated with mir-449/34 family through CEP55-FOXM1-VEGFA to
regulate the establishment of milk goat receptive endometrium.'?
Based on their special regulatory function in cells, in dairy goat
breeding, some miRNAs play important roles in the establishment
of endometrial receptivity. MiR-449a regulated caprine endometrial
stromal cell apoptosis and endometrial receptivity.®® Testin was reg-
ulated by circRNA3175-miR182 and inhibited endometrial epithelial
cell apoptosis in pre-receptive endometrium of dairy goats.!! In our
previous study, the RNA-seq analysis of dairy goats endometria with
two stages demonstrated that few miRNAs were downregulated sig-
nificantly in the RE but not in the PE.** The miRNA profile related
to the biology of the goat receptive endometrium during embryo
implantation was constructed, suggesting that miRNAs might play
important roles in the formation of endometrial receptivity. There
were 110 up-expressed miRNAs and 33 down-expressed miRNAs

in the RE phase, rather than in the PE phase. These results indicated
that miRNAs influence the establishment of endometrial receptiv-
ity, providing experimental basis for the detection of endometrial
receptivity in dairy goats. In addition, miR-100-5p was significantly
downregulated in the RE phase in the differential expression profile
of miRNAs, demonstrating that miR-100-5p was involved in regu-
lating the establishment of endometrial receptivity during embryo
implantation in dairy goats. The results of gRT-PCR were identical
with the sequencing results that the expression of miR-100-5p was
lower in the RE comparing with that in the PE, but the function of
miR-100-5p in the endometria of dairy goats is rare.

CircRNAs, crucial regulators, have attracted much attention
in recent years because of its specificity of expression and com-
plexity of regulation, as well as its important role in disease occur-
rence.’® CircRNAs regulate miRNAs by competitively binding with
other endogenous RNAs, so they play a critical role in epigenetic,
transcriptional and post-transcriptional regulation,16 For instance,
circLMO7 regulated myoblasts differentiation and survival by act-
ing as a sponge for miR-378a-3p.Y” Circ-8073 regulated CEP55 by
acting as a ceRNA sponge for miR-449a.'® However, the regulation
effect of specific CircRNAs on the function of miR-100-5p in endo-
metrial stromal cells (ESCs) remains unknown. In the present study,
we demonstrated that miR-100-5p-induced apoptosis of goat ESCs
through targeting Circ-9110/miR-100-5p/HOXA1 axis, resulting in

performing its embryo implantation function.

2 | MATERIALS AND METHODS

2.1 | Animals and endometrial sample collection

The dairy goats were collected according to the experiment guide
with the No. 5 Proclamation of the Ministry of Agriculture, P. R.
China. The sample collection process followed the rule of the ap-
proval of the Review Committee for the Use of Animal Subjects of
Northwest A&F University. The experimental samples were col-
lected in accordance with the approval of the Review Committee for
the Use of Animal Subjects of Northwest A&F University referring
to the animals and care protocol. The specific operations were as
follows: the endometrias of the experimental goats were taken from
the inner walls of their uterine cavities in the pre-receptive phase
(n = 10) and receptive phase (n = 10).*'* After all the samples of
different groups were washed with phosphate-buffered saline (PBS)

and marked, they were immediately brought back to the laboratory.

2.2 | Cellculture, purification and treatment

Primary ESCs were isolated with trypsin digestive method, then
differential centrifugation and difference tempo adherence were
employed. Cells were cultured in 6-well plates containing DMEM/
F12 medium with 10% FBS and 1% penicillin-streptomycin for 24 h,
then the cellular morphology was observed under a light microscope.
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Cell purification and identification were evaluated immunocyto-

chemically according to a previous report.*’

2.3 | Vector construction and transfection

The full length of Circ-9110 was extended by PCR and then cloned
in a pcD2.1-cir vector (Geneseed Biotech, Guangzhou, China). Given
that the CDSs of HOXA1 X1 were not amplified in dairy goats, the
CDSs of HOXA1 X2 were cloned and inserted in pcDNA3.1(+) vec-
tors (Promega, Madison, USA).

MiR-100-5p mimic, NC mimic, miR-100-5p inhibitor, NC inhib-
itor, Circ-9110-siRNA and HOXA1-siRNA were synthesized with
Ribobio (Guangzhou, China). The ESCs were seeded at a density of
7.5 x 10° cells/well in 6-well plates and then transfected at 60% con-
fluency with miR-100-5p mimic, miR-100-5p inhibitor, NC mimic or NC
inhibitor, pcDNA3.1, pcDNA3.1-HOXA1 and pcD2.1-ciR or pcD2.1-
circ-9110 at 100 nM final concentrations by using Lipofectamine 2000

(Invitrogen, USA) according to the manufacturer's specifications.

2.4 | Quantitative real-time PCR and Western blot
The total RNAs of the tissues and ESCs were extracted using Trizol rea-
gent (TaKaRa, Dalian, China) and converted to cDNA by using a Prime
Script RT reagent kit with gDNA eraser (Genstar, Beijing, China) ac-
cording to the manufacturer's specifications. qRT-PCR was performed
with SYBR Green PCR Master Mix (TaKaRa, Dalian, China). The PCR
procedures were as follows: initial denaturation for 30 s at 95°C, de-
naturation for 5 s at 95°C, followed by 40 cycles of annealing for 30 s
at 60°C and extending for 50 s at 72°C. At the end of the total runs, a
melting-curve analysis (95°C for 15 s and 60°C for 1 min at 0.5°C/5 s
until 95°C) was performed for ensuring the specificity of amplification.
All the PCR primers used in this study are listed in Table 1. Intracellular
expression of objective gene and f-actin (as control) was quantitated
by qRT-PCR. Data were analysed by using 2724 values.

Whole cell lysates were prepared in M-PER mammalian protein
extraction reagent (Thermo Fisher) and complete protease inhibitor
cocktail (1:100). Equal amount (30-50 ug/well) of protein samples
was separated on SDS-PAGE and transferred to PVDF membranes.
The membranes were first blocked with 10% non-fat dry milk and
incubated with the primary antibodies. The antibodies applied were
shown in Table 2. After incubation with appropriate secondary an-
tibodies, the immunoblots were incubated with ECL plus Western
blotting substrate (Thermo Fisher). The results were imaged using a
gel image analysis system (Bio-Rad, USA) according to the manufac-
turer's instructions.

2.5 | Luciferase assay

For the production of reporter structures for the luciferase
assay, the 3'-UTRs of HOXA1 and Circ-9110 that was bound with

miR-100-5p were cloned and inserted into the psiCHECKTM-2 vec-
tors (Promega, Madison, USA). The mutated plasmids with mutated
target sites (psiCHECK2-Mut) were constructed. The constructs
produced by the primers were verified by sequencing analysis. The
primer sequences were shown in Table 1. NC, miR-100-5p mimic, NC
inhibitor and miR-100-5p inhibitor were individually co-transfected
with a wild-type plasmid (psiCHECK2-WT) into 293T cells for 48h,
and the same procedure was conducted with mutated plasmid
(psiCHECK2-Mut). Luciferase assay was performed and analysed as

previously described *°.

2.6 | Cell proliferation, cycle and apoptosis assay

ESCs were seeded at ~2000 cells/well in 96-well plates. After 24 h,
the cells were incubated with or miR-100-5p mimic alone, miR-
100-5p inhibitor, NC mimic or NC inhibitor, pcDNA3.1, pcDNA3.1-
HOXA1 and pcD2.1-ciR or pcD2.1-circ-9110 for 24 and 48 h. Cell
viability was determined using CCK-8 assay (EnoGene, Nanjing,
China), and cell proliferation was further investigated using EdU
(Ribobio, Guangzhou, China) according to the manufacturer's speci-
fications.?° After cells (2 x 10° cells/well) with different treatment
in 6-well plate for 24 h, cells were detached using 0.05% trypsin
from the plates and washed. The cell apoptosis detection and cell
cycle analysis were performed using Annexin V-FITC/PI apopto-
sis kit (TransGen Biotech, Beijing, China) and cell cycle staining kit
(Liankebio, Hangzhou, China) with flow cytometer, respectively. Cell

apoptosis was analysed using the FlowJo software.

2.7 | Animal experiments

To further investigate the expression pattern of miR-100-5p in
early pregnancy in vivo, the ICR mice models were established.
Three ICR males (8-10 weeks old) and six ICR females (6-8 weeks
old) were caged in the evening (6:00 p.m.) at a ratio of 1:2 to in-
duce mating, and the morning of vaginal plug visualization was
designated as day 1 of pregnancy (D1). At day 3 of pregnancy (D3),
three mice were anaesthetized at 08:00 h and 10 pl solution con-
taining 10 nmol miR-100-5p agomir (RiboBio, Guangzhou, China)
was injected into the left horn of uterus of each mouse, while the
right horn was injected with agomir NC. The experimental mice
were separated into two groups, four mice uterus specimens
were collected at day 4.5 of pregnancy (D4.5) and then fixed with
2.5% glutaraldehyde. Other four mice were dissected at day 9 of
pregnancy (D9) of pregnancy to observe the number of embryo
implantation.

2.8 | Scanning electron microscopy

Uterine tissues were fixed in 2.5% glutaraldehyde in phosphoric
acid buffer solution lasting more than 2 h. The samples were
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TABLE 1 gRT-PCR Primers used in the present study

Gene

Circ-9110(Check?2)

Circ-9110(pc2.1)

Circ-9110(qPCR)

miR-100-5p-RT Primer
miR-100-5p-FW
REVERSE Primer

ué

GenBank accession no

Primer sequences (5'—3’)

F:CGCTCGAGCCCGGGAGTCGCTAGAGTTG
R:ATGCGGCCGCCTCCAACCACAGTGGAGGCA

F:GGGGTACCTGAAATATGCTATCTTACAGAGCCACCAACCAAATACCAAATCTCC
R:CGGGATCCTCAAGAAAAAATATATTCACCTTCAGAACCTTGAGATAGGGCAGCC

F: CCCAGCCCCATATCCAGTGG
R: CAACTCTAGCGACTCCCGGG

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCACAAG
CCGCGAACCCGTAGATCCGAA

ATCCAGTGCAGGGTCCGAGG

F:CTCGCTTCGGCAGCACA

R:AACGCTTCACGAATTTGCGT

HOXA1(Check?2) -

F:AGCTCGAGACCAGCTTCTTCCTTCCACAGT

R:ATGCGGCCGCATATATTTATTACAGACATCTTAAGACCCGT

HOXA1(qPCR) -

F:CCAGCCGACAACCTATCAGACTTC

R:AGGCTTCTTGGTGGTTCTGCTTC

HOXA1(pcDNA3.1) =

F:GCGAAGCTTATGGACAATGCAAGAATGAGCTCCTTC

R:CGGGATCCTCAAAGGTCTGTGCTGGAGAAGAGG

B-Actin XM_018039831.1

F:GATCTGGCACCACACCTTCT

R:GGGTCATCTTCTCACGGTTG

Note: The characters with underscore were restriction enzyme cutting site of Xho | and Not | for constructing psiCHECK2. The italicized characters
with underscore were restriction enzyme cutting site of BamH | and Hind Ill for constructing pcDNAS3.1. The italicized characters with underscore
were restriction enzyme cutting site of Kpn I and BamH | for constructing pCD2.1-ciR.

rinsed three times with 0.1 M phosphoric liquid for 2 h, and each
for 15 min. After treatment with 1% osmium tetroxide for 2 h, the
cells were rinsed three times with 0.1 M phosphoric acid solution,
each for 15 min. They were dehydrated with a series of incuba-
tions in ethanol. Dehydration was continued by incubations in
95% ethanol, followed by absolute ethanol. The change of uterine
tissues preincubated with miR-100-5p agomir was detected and
photographed by Scanning electron microscope (SEM) (SU8100,
Hitachi, Japan).

2.9 | Immunohistochemistry

Slides cut from uterine tissues underwent drying, rehydration, an-
tigen retrieval and permeation before the samples were blocked
in goat serum for 20 min and incubated in the primary antibody
(HOXA1, 1:1000) then in the second antibody. Colour development
was performed with a DAB Substrate kit (Solarbio, DA1010, Beijing,
China) and counterstained with haematoxylin (Solarbio, H8070,

Beijing, China).

2.10 | Statistical analysis

Data were analysed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
t-Test or one-way ANOVA, followed by the least significant dif-
ference, was used to compare the differences between two or

among three groups, respectively. Each result was expressed as the
means + standard error. Differences were considered significant and

very significant at p < 0.05 and p < 0.01, respectively.

3 | RESULTS

3.1 | Endometrial cell isolation and identification
The ESCs were isolated from the uterus by the previous descrip-
tion.' After 48 h of culture, the ESCs reached sub-confluence and
exhibited a fibroblast-like appearance (Figure S1A). As shown in
Figure S1B-D, we carried out morphological analysis of the cells in
the RE and PE with DAPI staining, clearly presenting that the nuclei
of cells displayed blue. The cell membrane which turned green after
staining with vimentin was negative after staining with cytokeratin
(Figure S1E-H).

3.2 | MiR-100-5p inhibited the proliferation of
ESCs and induced ESCs apoptosis in vitro

Stem-loop gRT-PCR was used to detect the efficiency of miR-100-5p
transfection in the ESCs. These results indicated that miR-100-5p
expression was prominently improved by the miR-100-5p mimic
but significantly inhibited by the miR-100-5p inhibitor (p < 0.01,
Figure 1B). The function of miR-100-5p on ESCs was evaluated after
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TABLE 2 Antibodies used in the

present study Name

Cytokeratin 20
Vimentin

BAX

BCL2
Caspase3

p-PI3K p110 beta (Ser1070)

PI3K p110 beta
AKT

p-AKT (Ser473)
p-mTOR (52448)
mTOR

HOXA1

B-Actin

ERK1/2
p-ERK1/2

RAS

HRP-labelled Goat Anti-Rabbit 1gG (H

+L1)

HRP-labelled Goat Anti-Mouse IgG (H

+L)

transfecting the miR-100-5p mimic, NC, miR-100-5p inhibitor and
NC inhibitor into ESCs. The CCK-8 analysis showed that the miR-
100-5p treatment with 48 h had significantly suppressed ESCs vi-
ability (p < 0.05, Figure 1C) but it had no obvious effect with 24 h.
The ESCs viability was slightly increased with the increasing of miR-
100-5p inhibitor treatment duration (from 24 to 48 h) (p < 0.05,
Figure 1D). The EdU assay further revealed that miR-100-5p reduced
ESC proliferation, whereas the miR-100-5p inhibitor raised ESCs
proliferation (Figure 1E). After being treated with miR-100-5p and
miR-100-5p inhibitor, ESCs viability was measured by flow cytom-
etry (FCM). Apoptosis rate occurred in 8.18% cells after 48 h of MiR-
100-5p treatment induced, which was higher than that of the control
(5.86%). After the ESCs were treated with the miR-100-5p inhibi-
tor, the rate of apoptotic cells decreased from 17.29% to 11.38%
(Figure S2A). The results showed that miR-100-5p significantly in-
duced ESCs apoptosis and the miR-100-5p inhibitor obviously de-
pressed the apoptosis proportion of ESCs (p < 0.01, Figure 1F). The
effect of miR-100-5p on the cell cycle of ESCs was assessed by TCM.
The results indicated that the NC treatment yielded 20.37% cells at
the G2/M phase, whereas the miR-100-5p treatment caused the ac-
cumulation of the ESCs at the G2/M phase with 24.26% (Figures 1G
and 2B). The miR-100-5p inhibitor treatment decreased the per-
centage of the G2/M cells (21%) compared with the percentage
obtained through the NC inhibitor treatment (24.34%) (Figures 1G
and 2B). The protein expression levels of BAX, BCL2 and Caspase3
were also detected by Western blot. The results suggested that miR-
100-5p significantly improved Caspase3 expression and significantly

Product
Manufacturer number
Abcom, America Ab76126
Boster Co, Wuhan, China BMO0135
Beyotime, Shanghai, China ABO026
Beyotime, Shanghai, China AB112
Cell Signaling, America #9662
Bioss, Beijing, China bs-6417R
Bioss, Beijing, China bs-6423R
Cell Signaling, America #9272
Cell Signaling, America #9271
Boster, Wnhan, China BM4840
Boster, Wnhan, China BM4182
BBI, Shanghai, China D152305
Beyotime, Shanghai, China AA128
ABclonal, Wuhan, China A16686
ABclonal, Wuhan, China AP0472
Bioss, Beijing, China bs-1515R
Beyotime, Shanghai, China A0208
Beyotime, Shanghai, China A0216

reduced the BCL2/BAX value in the ESCs in vitro (p < 0.01,
Figure 1H). Conversely, the miR-100-5p inhibitor significantly raised
the BCL2/BAX value (p < 0.01, Figure 1H). The results showed that
miR-100-5p may induce ESCs apoptosis by reducing the BCL2/BAX
value. The all above data illustrated that miR-100-5p could inhibit
the proliferation of ESCs, induce ESCs apoptosis and has a function
opposite that of the miR-100-5p inhibitor.

3.3 | HOXAA1is a target gene of miR-100-5p

To find the target genes of miR-100-5p, we predicted the potential
target genes using two publicly available programs (Targetscan 7.0
and miRanda). The candidates of target genes were validated using a
psiCHECK2 reporter (WT) and mutated plasmid (MUT) (Figure S3A).
The results showed that the miR-100-5p mimic significantly re-
duced luciferase activity in WT-HOXA1-3'UTR compared with the
activity in NC (p < 0.05), whereas no significant activity difference
was found in the MUT-HOXA1-3'UTR (Figure S3B). Furthermore,
the HOXA1 expression was significantly suppressed after the miR-
100-5p treatment (p < 0.05) but significantly increased after the
miR-100-5p inhibitor treatment (p < 0.01, Figure S3C). The relative
protein expression of HOXA1 was considerably decreased in the
miR-100-5p mimic-transfected ESCs (p < 0.01), and miR-100-5p in-
hibitor slightly increased the amount of ESCs in vitro (Figure S3D). In
summary, these results suggested that miR-100-5p targeted HOXA1
and downregulated HOXA1 expression in ESCs in vitro.
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3.4 | HOXA1 promoted the cell proliferation and
inhibited the apoptosis of ESCs in vitro

The level of HOXA1 expression significantly was much higher in the RE
compared with those in the PE (p < 0.05, Figure 2A). HOXA1, a target

gene of miR-100-5p, was widely expressed in various dairy goats’
tissues. The highest expression level was found in the kidneys, fol-
lowed (in order) by the expression levels in the oviducts, livers, lungs,
uterus, breasts, spleens, hearts, ovaries, fats and muscles (Figure 2B).

The efficiency of HOXA1 transfection in the ESCs was determined
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HOXA1 was expressed in various dairy goat tissues. (C) ESCs were transfected with pcDNA3.1, pcDNA3.1(+)-HOXA1, NC or HOXA1-siRNA,
and cell viability was assessed using the cell counting kit-8(CCK-8) assay. (D) Cell proliferation indices were assessed after treatment with
EdU. Scale bar = 100 um. (E) ESCs were transfected with pcDNA3.1, pcDNA3.1(+)-HOXA1, NC or HOXA1-siRNA, and the apoptosis analysis
of ESCs was performed with FCM. (F) ESCs were transfected with pcDNA3.1, pcDNA3.1(+)-HOXA1, NC, or HOXA1-siRNA, and cell phases
were analysed by FCM. (G) The Caspase3, BCL2 and BAX protein levels in the ESCs that were transfected with pcDNA3.1, pcDNA3.1(+)-
HOXA1, NC or HOXA1-siRNA. The protein levels were normalized to $-actin from the same lane. The values are shown as mean + SEM for

three individuals. ** indicates that p < 0.01; * indicates that p < 0.05
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through gRT-PCR analysis. The results indicated that the transfection
HOXA1 markedly raised the mRNA and protein expression of HOXA1
in the ESCs (p < 0.01). HOXA1 knocked down by siRNA saliently re-
duced HOXA1 mRNA and protein expression (p < 0.05, Figure S4A-C).

Thefunctionof HOXA1 onthe ESCswasinvestigated, pcDNA3.1(+)-
Control, pcDNA3.1(+)-HOXA1, NC and HOXA1-siRNA were separately
transfected into the ESCs. CCK-8 analysis indicated that HOXA1 treat-
ment for 48 h caused significant increase in ESCs viability (p < 0.05),
but the effect of 24 h HOXA1 treatment was not significant. By con-
trast, both 24 and 48 h HOXA1-siRNA treatment obviously decreased
ESCs viability (p < 0.05, Figure 2C). Besides, EAU assays revealed that
HOXA1 and HOXA1-siRNA significantly promoted and reduced ESCs
proliferation in vitro, respectively (p < 0.01, Figure 2D).

Annexin V-binding assay was used for the quantitative analysis
of the effects of HOXA1 on ESC apoptosis induction. As presented
in Figure S3A, HOXA1 reduced ESC apoptosis rate to 4.87% com-
pared with the pcDNA3.1(+)-Control (7.89%), whereas the HOXA1-
siRNA increased the apoptosis rate to 12.57% in the ESCs compared
with NC (4.35%). The results showed that the apoptosis proportion
of the ESCs was considerably decreased after the introduction of
HOXA1, and the apoptosis rate of ESCs was markedly increased
after the introduction of HOXA1-siRNA (p < 0.01, Figure 2E and
Figure S5A). We further analysed the cell cycle distribution of the
cell population. The results in Figure 2F and Figure S5B showed that
the pCDNA3.1(+)-HOXA1 vyielded 7.53% cells at the G2/M phase
of the cell cycle, but the pCDNAS3.1(+)-Control treatment resulted
in the accumulation of the ESCs at the G2/M phase (12.00%). No
salient difference in cell cycle distribution was found between the
NC and HOXA1-siRNA treatments. Some apoptosis-related genes
were detected by Western blot when HOXA1 was overexpressed
or knocked down in the ESCs in vitro. The protein expression lev-
els of BCL2/BAX and Caspase 3 were considerably increased and

decreased, respectively, after the introduction of HOXA1 (p < 0.01).
The protein expression levels of BCL2/BAX and Caspase 3 were
substantially decreased and increased, respectively, after the intro-
duction of HOXA1-siRNA (p < 0.01, Figure 2G).

3.5 | Circ-9110 served as a sponge for miR-100-5p
The miR-100-5p was predicted to functionally target Circ-9110 by
bioinformation analysis. The predicted binding sites between Circ-
9110 and miR-100-5p were validated using a constructed WT and
the mutated plasmid (MUT) (Figure 3A). The luciferase activity of the
WTCirc-92110 + miR-100-5p mimic group was significantly lower than
that of the WTCirc-9110 + NC group (p < 0.01). The luciferase activity
of the WTCirc-9110 + miR-100-5p inhibitor group was significantly
higher than that of the WTCirc-9110 + NC inhibitor group (p < 0.01),
and the luciferase activity of the MUT-Circ-2110 + miR-100-5p mimic
group had no changed (Figure 3B). Furthermore, the gRT-PCR results
showed that Circ-9110 could inhibit miR-100-5p expression in ESCs
(Figure 3C, p < 0.05). siRNAs were used to silence the expression of
Circ-9110. gRT-PCR was used in detecting the efficiency of Circ-9110
and two siRNA transfection in the ESCs. The results indicated that
overexpressed Circ-9110 markedly improved the mRNA expression of
Circ-9110 in the ESCs (p < 0.05) and siRNA1 and siRNA2 significantly
reduced Circ-9110 mRNA expression (Figure 3D, p < 0.01).

3.6 | Circ-9110 promoted the cell proliferation and
inhibited the apoptosis of ESCs in vitro

Circ-9110 expression levels were much higher in RE compared
with that in PE (p < 0.05, Figure 4A). For the investigation of the
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function of Circ-9110 on the ESCs, pc2.1 pc2.1-Circ-9110, pc2.1-
Circ-9110+miR-100-5p, NC, siRNA1 and siRNA2 were transfected
into the ESCs. CCK-8 analysis results suggested that ESCs viability
had no obvious change after the 24 h pc2.1-Circ-9110 treatment
but significantly increased after the 48 h pc2.1-Circ-9110 treatment
(p < 0.05). ESCs viability was significantly suppressed after the 48 h
siRNA1 and siRNA2 treatments (p < 0.01) but showed non-significant
effect after 24 h siRNA1 and siRNA2 treatments (Figure 4B). EAU
assays manifested that Circ-9110 could promote ESCs proliferation
(Figure 4C, p < 0.01) and miR-100-5p could weaken the effect of
Circ-9110 on ESCs proliferation. By contrast, Circ-9110 siRNA1 and
siRNA2 could reduce ESCs proliferation (Figure 4D, p < 0.01).

Annexin V-binding assay was used for the quantitative analysis
of the effects of Circ-9110 on ESCs apoptosis induction. As pre-
sented in Figure S6A and Figure 4E1, Circ-9110 reduced ESCs apop-
tosis rate (p < 0.05). Circ-9110 siRNA1 and siRNA2 promoted ESC
apoptosis rate (Figure S6B and Figure 4E2, p < 0.05). We further
analysed the cell cycle distribution of the cell population. The results
in Figure S6C,D and Figure 4F showed that Circ-9110 increased the
number of the ESCs at the S phase but decreased the proportion of
the ESCs at the G2 phase. Otherwise, siRNA1 increased the number
of ESCs at the G2 phase but decreased the proportion of ESCs at the
S phase. However, no salient difference in cell cycle distribution was
found between NC and the siRNA2 treatments.

Some apoptosis-related genes were detected by Western blot
in the overexpressed or knocked down Circ-9110 in ESCs in vitro.
Marked increase and decrease in the relative protein expression lev-
els of BCL2/BAX and Caspase 3, respectively, were observed after
the introduction of Circ-9110 (Figure 4G1, p<0.01). Meanwhile, sig-
nificant decreasement and increasement in the relative protein ex-
pression levels of BCL2/BAX and Caspase 3, respectively, were found
after the treatment of siRNA1 and siRNA2 (Figure 4G2, p < 0.01).

3.7 | MIiR-100-5p and HOXA1 regulated the PI3K/
AKT/mTOR and ERK1/2 signal pathways in ESCs

The relative proteins involved in the PISK/AKT/mTOR and ERK signal
pathways were detected and used in estimating the effects of miR-
100-5p and HOXA1 on ESCs survival. As shown in Figure 5A,B, in
ESCs, the relative protein expression levels of p-PI3K/PI3K, p-AKT/
AKT, p-mTOR/mTOR and p-ERK1/2/ERK1/2 decreased substan-
tially (p < 0.01) after the miR-100-5p treatment, but that of p-PI3K/
PI3K, p-AKT/AKT, p-mTOR/mTOR and p-ERK1/2/ERK1/2 increased
considerably (p < 0.01) after the miR-100-5p inhibitor treatment.
The relative protein expression levels of p-PISK/PI3K, p-AKT/AKT,
p-mTOR/mTOR and p-ERK1/2/ERK1/2 showed obvious increase
(p < 0.01) after the introduction of HOXA1. The relative protein ex-
pression levels of p-PI3K/PI3K, p-AKT/AKT, p-mTOR/mTOR and p-
ERK1/2/ERK1/2 significantly decreased (p < 0.01) after HOXA1 was
knocked down. The above results suggested that miR-100-5p, which
targets HOXA1, can regulate cell proliferation and apoptosis by the
PI3K/AKT/mTOR and ERK1/2 signal pathways in ESCs in vitro.

3.8 | Circ-9110 regulated the PISK/AKT/mTOR and
ERK1/2 signal pathways in ESCs

The relative protein expression levels of p-PISK/PI3K, p-AKT/AKT,
p-mTOR/mTOR, RAS and p-ERK1/2/ERK1/2 showed obvious in-
crease (p < 0.01) after the addition of Circ-9110. Comparing with the
pc2.1-Circ-9110 group, the Circ-9110+miR-100-5p group reduced
the protein levels of p-PI3K/PI3K, p-AKT/AKT, p-mTOR/mTOR, RAS
and p-ERK1/2/ERK1/2 (Figure 5C, p < 0.01). Circ-9110 to siRNA1
and siRNA2 knocked down the protein levels of p-PI3K/PI3K, p-
AKT/AKT, p-mTOR/mTOR, RAS and p-ERK1/2/ERK1/2 (Figure 5D,
p < 0.01).

3.9 |
in vivo

MiR-100-5p reduced embryo implantation

We further verified the role of miR-100-5p in uterine receptivity
and embryo implantation by mouse models in vivo. The SEM images
showed that more rich pinopodes were observed on the endome-
trial surface in the agomir NC group compared with the miR-100-5p
agomir group (Figure 6A,B). Expression patterns of HOXA1 proteins
in dairy goat endometrium was shown in Figure S7, which showed
a higher expression in the agomir NC group. As seen in Figure 6C,
miR-100-5p was injected into one horn of mouse uterus while NC
was injected into the other horn as control at D3 of pregnancy.
Meanwhile, in bar graph, it was clearly found that miR-100-5p sig-
nificantly decreased embryo implantation rate in mouse dissected at
D9 of pregnancy (Figure 6D).

4 | DISCUSSION

In this study, the miR-100-5p levels significantly decreased in RE,
consistent with the previous sequencing data. Caprine miRNAs in
the RE and PE libraries showed that miR-100-5p which is one of the
33 down-expressed miRNAs decreased 1.14-fold in the RE relative

to that in PE in dairy goat.'*

The expression patterns and epigenetic
regulation of miRNAs were found on the endometrium in the PE and
RE.** Furthermore, some IncRNAs and miRNAs acted as regula-
tors in endometrium cells and contributed to endometrial receptiv-
ity.}*20 Therefore, miR-100-5p maybe exert critical role in regulation
of endometrial receptivity.

The endometrium underwent a series of events including cell
proliferation and cell apoptosis during the oestrous cycle and em-
bryo implantation in many mammals.?»?? Consistent with other
special miRNAs, in this study, overexpressed miR-100-5p prevented
ESCs proliferation and induced ESCs apoptosis. Contrarily, miR-
100-5p inhibitor promoted ESCs proliferation and inhibited ESCs
apoptosis.

In this study, it was confirmed that miR-100-5p directly tar-
geted 3'UTR of HOXA1 by luciferase assay as same as previous
findings.?® And miR-100-5p decreased HOXA1 mRNA and protein
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FIGURE 4 Circ-9110 promoted ESCs proliferation inhibited ESCs apoptosis in vitro. Note: (A) Circ-9110 levels in endometrium PE and
RE. (B) ESCs were transfected with pc2.1, pc2.1-Circ-9110, pc2.1-Circ-9110+miR-100-5p, NC, siRNA1 or siRNA2, and cell viability was
assessed using the cell counting kit-8(CCK-8) assay. (C, D) Cell proliferation indices were assessed after treatment with EdU. (E1) ESCs were
transfected with pc2.1, pc2.1-Circ-9110 or pc2.1-Circ-9110+miR-100-5p, and the apoptosis analysis of ESCs was performed with FCM.

(E2) ESCs were transfected with NC, siRNA1 or siRNA2, and the apoptosis analysis of ESCs was performed with FCM. (F1) ESCs were
transfected with pc2.1, pc2.1-Circ-9110 or pc2.1-Circ-9110+miR-100-5p, and cell phases were analysed by FCM. (F2) ESCs were transfected
with NC, siRNA1 or siRNA2, and the cell phases were analysed by FCM. (G1) Caspase3, BCL2 and BAX protein levels in ESCs transfected
with pc2.1, pc2.1-Circ-9110 or pc2.1-Circ-9110+miR-100-5p. (G2) Caspase3, BCL2 and BAX protein levels in ESCs that were transfected
with NC, siRNA1 or siRNA2. Protein levels were normalized to $-actin. Scale bar = 100 um. The values are shown as mean + SEM for three
individuals. ** indicates that p < 0.01; * indicates that p < 0.05

levels in caprine ESCs. Hox genes, which were related to miRNAs, line was established. The overexpression of HOXA1 in ESCs sig-
acted as leading candidates in regulating the differentiation of the nificantly enhanced cell proliferation and reduced cell apoptosis
endometrium during embryonic implantation.?*?> Based on the compared with those in the control group. By contrast, the knock-
data that the HOXA1 gene expression was upregulated in the RE down of HOXA1 by siRNA suppressed cell proliferation and in-
compared with in the PE, overexpressed HOXA1 stable ESCs cell duced cell apoptosis in the ESCs. So, these results suggested that

FIGURE 5 miR-100-5p, HOXA1 and Circ-9110 regulated the PIBK/AKT/mTOR and ERK1/2 signal pathways in the ESCs. Note: (A) p-
PI3K, PI3K, p-AKT, AKT, p-MTOR, MTOR, p-ERK and ERK protein levels in the ESCs transfected with miR-100-5p mimic or miR-100-5p
inhibitor. (B) p-PI3K, PI3K, p-AKT, AKT, p-MTOR, MTOR, p-ERK and ERK protein levels in the ESCs transfected with pcDNA3.1(+)-HOXA1
or HOXA1-siRNA. (C) p-PI3K, PI3K, p-AKT, AKT, p-MTOR, MTOR, RAS, p-ERK and ERK protein levels in the ESCs transfected with pc2.1,
pc2.1-Circ-9110 or pc2.1-Circ-9110+miR-100-5p. (D) p-PI3K, PI3K, p-AKT, AKT, p-MTOR, MTOR, RAS, p-ERK and ERK protein levels in the
ESCs transfected with NC, siRNA1 or siRNA2. Protein levels were normalized to p-actin. The values are shown as mean + SEM for three
individuals. ** indicates that p < 0.01
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FIGURE 6 MIiR-100-5p reduced
embryo implantation in vivo. Note:
Surface morphology of the endometrium
under a scanning electron microscope.
(A) Mice were injected with the miR-100-
5p agomir. Scale bar: 2 um (B) Mice were
injected with the agomir NC. Scale bar:

2 um (C) Mice uterus was injected with
miR-100-5p agomir and agomir NC at day
3 of pregnancy, and, observed on day 9.
(D) Number of embryo implantation was
significantly decreased in the uterine
horn injected with miR-100-5p agomir.

agomir NC The values are shown as mean + SEM for
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HOXA1, a miR-100-5p target gene, regulated ESCs proliferation
and apoptosis.

In previous studies, it was reported that miR-100-5p inhibited
the activity of mTOR and facilitated the autophagy of hepatocellular
carcinoma cells.?® MiR-100-5p decreases cell proliferation by poten-
tially downregulating the mTOR pathway and reduces MTOR protein
levels after 72 h in LNCaP cells.?” Similarly, as shown in Figure S8,
we found that the relative protein expression levels of p-PI3K/PI3K,
p-AKT/AKT, p-mTOR/mTOR and p-ERK1/2/ERK1/2 on mTOR path-
way showed substantially decrease (p < 0.01) after the miR-100-5p
incubation. In addition, HOXA1 promoted the phosphorylation level
of PI3K, AKT and mTOR, indicating that HOXA1 promoted cell pro-
liferation and inhibited cell apoptosis via the PI3K/AKT/mTOR and
ERK1/2 pathways. Cadherin-6 and ephrin type-A receptor 2(EphA2)
are the direct downstream targets of HOXA1.282? The overexpres-
sion of HOXA1 inhibited apoptosis in human mammary carcinoma
via activating E-cadherin signalling pathway cells.?’ Growth factor-
mediated EphA2 activated IRS1 and RAS by PIBK/AKT/mTOR path-
way.3°'31 We speculate that, in our study, HOXA1 may target EphA2
and CAD6, promote cell proliferation and decrease cell apoptosis
in caprine ESCs through the PISK/AKT/mTOR. Further research to
confirm this hypothesis is highly desirable.

Luciferase assay showed that Circ-9110 served as a sponge for
miR-100-5p. CircRNAs usually acted as ceRNA binding miRNAs
to regulate cell proliferation and apoptosis in various cells.®? Our
study also verified that overexpressed circ-9110 promoted ESCs

proliferation and inhibited ESCs apoptosis, while the knockdown of
circ-9110 induced ESCs apoptosis and prevented ESCs proliferation.
The relative protein expression levels of p-PI3K/PI3K, p-AKT/AKT,
p-mTOR/mTOR, RAS and p-ERK1/2/ERK1/2 showed substantially
increase after the introduction of Circ-9110 in ESCs in vitro.

Pinopodes seem to be a useful maker for endometrium receptiv-
ity in many species.33’34 In this study, the SEM observation showed
that the number of pinopodes was significantly different between
agomir NC group and miR-100-5p agomir group. The number of
pinopodes and length of microvilli in miR-100-5p agomir group sig-
nificantly decreased compared with agomir NC group. So, it was
clearly showed that miR-100-5p may participate in the regulation of
endometrial receptivity. Besides, the mouse model showed that miR-
100-5p expression levels in vivo resulted in low embryo implantation
rate. In disease association studies, miRNAs were involved in the
process of uterine receptivity and embryo implantation.®>3¢ Thus,
this alteration in expression of pinopodes results in an alteration in
the window of implantation. In the present study, we explored the
effects of the miR-100-5p on endometrial receptivity and embryo
implantation for the first time.

5 | CONCLUSION

Taken together, we confirmed the role of miR-100-5p on endometrial
receptivity and embryo implantation. Circ-9110/miR-100-5p/HOXA1
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axis can promote ESCs proliferation and prevented ESCs apoptosis in
vitro by linking PISK/AKT/mTOR and ERK1/2 pathways. Besides, a
sustained high level of miR-100-5p is detrimental to embryo implan-
tation. Downregulation of miR-100-5p could thus be a biomarker to
improve the endometrial receptivity function in dairy goats.
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