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Endometrial Epithelial Cell Apoptosis Is
Inhibited by a ciR8073-miR181a-Neurotensis
Pathway during Embryo Implantation
Lei Zhang,1,2 Xiaorui Liu,1,2 Sicheng Che,1,2 Jiuzeng Cui,1 XingnaMa,1 Xiaopeng An,1 Binyun Cao,1 and Yuxuan Song1
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Development of the receptive endometrium (RE) from the
pre-receptive endometrium (PE) is essential for embryo
implantation, but its molecular mechanisms have not been fully
understood. In this study, lncRNA-miRNA-mRNA and
circRNA-miRNA-mRNA networks were constructed to explore
the functions of potential competing endogenous RNAs
(ceRNA) during the development of RE in dairy goats. We
observed that circRNA8073 (ciR8073) decreased the levels of
miR-181a by acting as a miRNA sponge. This effect indirectly
increased the expression of neurotensin in endometrial epithe-
lial cells (EECs). Neurotensin then inhibited EEC apoptosis by
increasing the expression of BCL-2/BAX in favor of BCL-2 via
the MAPK pathway and also induced increased expression of
leukemia-inhibitory factor, cyclo-oxygenase 2, vascular endo-
thelial growth factor A, and homeobox A10. We have thus
identified a ciR8073-miR181a-neurotensin pathway in the
endometrium of dairy goats. Through this pathway, ciR8073
functions as a ceRNA that sequesters miR-181a, thereby pro-
tecting neurotensin transcripts from miR-181a-mediated sup-
pression in EECs.
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INTRODUCTION
The establishment of endometrial receptivity is known as the “win-
dow of implantation” (WOI), which is a spatially and temporally
restricted stage.1 During this period, the endometrium undergoes
pronounced structural and functional changes that prepare it to be
receptive to adhesion by the qualified embryo.2 An abnormal recep-
tive endometrium (RE) is one of the major reasons for the failure
of embryo transplantation during assisted reproduction with good-
quality embryos.3 Notably, many studies have reported that attaining
endometrial receptivity is a complex process involving numerous
molecular mediators.1

It has been speculated that non-coding RNAs (ncRNAs) serve as
key regulators of gene expression under physiological and patholog-
ical conditions.4 These include miRNAs, long non-coding RNAs
(lncRNAs), and circular RNAs (circRNAs; a class of RNAs derived
mostly from non-canonical splicing in which the exon ends are
joined to form a loop).5,6 ncRNAs are reportedly crucial for a variety
of physiological processes, including the establishment of endome-
trial receptivity.7–9
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lncRNAs and circRNAs contain miRNA response elements (MREs)
and compete with mRNAs for MREs. This enables them to act as mo-
lecular sponges for miRNAs and ultimately de-repress miRNA target
genes10 to influence the post-transcriptional regulation. The competing
endogenous RNA (ceRNA) hypothesis suggests that a non-coding
function of any uncharacterized RNA transcript can be predicted by
the identification of putative miRNA binding sites. This hypothesis is
now supported by experimental evidence for an accumulating number
of lncRNAs11–13 and circRNAs.14,15 For example, lncRNA-MIAT effec-
tively decreases the expression of miR-150-5p and the target gene
VEGF,11 lncRNA-CCAT1 increases Bmi1 expression by competitively
spongingmiRNA-218-5p,12 and lncRNA-MD1 acts as anmiR-133 and
miR-135 sponge.13 Although the function of most circRNAs remains
elusive, at least three circRNAs have been experimentally showed to
act as ceRNAs: ciRS-7 inhibits miR-7 activity in the CNS,15 a Sry-
derived circRNA acts as a sponge for miR-138,14 and ciR-ITCH con-
trols the level of itchy E3 ubiquitin protein ligase by sponging miR-7,
miR-17, and miR-214 in esophageal squamous cell carcinoma.16

The reported results outlined above suggest that a better under-
standing of ceRNAs could provide new insight into the mechanisms
of RE. Our findings here contribute to a better understanding of
the molecular regulation of RE and may provide essential informa-
tion in support of further research on the development of endome-
trial receptivity.

RESULTS
Differentially Expressed miRNA, mRNA, lncRNA, and circRNA

between the RE and PE in Dairy Goat

In our previous study, a total of 145 differentially expressed
miRNAs (DEmiRs) with p values < 0.05 and fold changes > 2
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Figure 1. The ceRNA Network Centered on miR-181a and ciR8073 in Endometrium of Dairy Goats

(A) The differentially expressed targets of miR-181a; (B) the ceRNA network centered on ciR8073. Red hexagon, ciR8073; yellow diamond, NTS; green triangle, miRNAs; red

circle, circRNAs; blue circle, lncRNAs; pink circle, mRNAs.
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(Data S1), including 111 upregulated and 34 downregulated
DEmiRs, were identified in the RE compared with the pre-recep-
tive endometrium (PE).8 Moreover, miR-181a had a high expres-
sion level, which decreased 0.38-fold in the RE compared with
the PE.

Additionally, 810 mRNAs were found to differ significantly between
the PE and RE, and the full list of differentially expressed mRNA
(DEmR) with p values < 0.05 and fold changes > 2 is provided in
Data S2. NTS mRNA levels decreased 6.08-fold in the RE compared
with the PE in dairy goats, but this result was inconsistent with pre-
vious results, where NTS was remarkably increased in the RE.17

Furthermore, a total of 668 differentially expressed lncRNAs
(DElncRs) were found (Data S3), and TCONS_00376915 (lncR915)
was significantly higher in the RE compared with the PE. There
were 334 differentially expressed circRNAs (DEciRs) (Data S4), of
which 77 were upregulated and 257 were downregulated in the RE
compared with the PE. Notably, ciR8073 was highly and specifically
expressed in the RE.

Prediction of miRNA Binding Sites and Construction of ceRNA

Network

To examine the molecular mechanism of ncRNAs involved in the
development of the RE, all possible interactions of each DEmiR
with all DEmRs (Data S5), DElncRs (Data S6), and DEciRs (Data
S7) were analyzed using Targetscan and miRanda. As a result, NTS,
lncRNA915 (lncR915), and ciR8073 were predicted as a target of
miR-181a.
Based on the theoryof ceRNA, theDEmiR-DEmR,DEmiR-DEciR, and
DEmiR-DElncR pairs were used to construct the ceRNA networks. As
shown inData S8, 144DEmiRs shared239,385MREswith 305DEmRs,
105DEciRs, and 887DElncRs in the ceRNA network. The ceRNA net-
works were visualized by importing the above interactions into the
Cytoscape software to assemble the regulation network. For example,
miR-181a sharedMREs with 24 DEmRs, 105 DEciRs, and 16 DElncRs
in the ceRNA network (Figure 1A; Data S9). Notably, ciR8073 shared
MREs with nine DEmiRs, including miR-181a (Figure 1B; Data S10).
As described above, the regulatory role of ncRNAs in the RE was
very complicated and warrants an in-depth study in the future.

To explore the function of the ceRNA network, the interrelated genes
within the network were imported with the Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways. Based on the GO enrichment analysis, 755 GO functions were
found to be the significant components relating the genes in the
network, involved in processes such as regulation of cell growth
(GO: 0001558), cell differentiation (GO: 0030154), multicellular
organismal development (GO: 0007275), cell-cell signaling (GO:
0007267), apoptosis (GO: 0006915), focal adhesion (GO: 0005925),
and metallopeptidase activity (GO: 0008237) (Data S11; Figure S1A).
Analysis of the functional pathways demonstrated that the ceRNA
network potentially modulated multiple signaling pathways, such as
focal adhesion (ko04510), the mammalian target of rapamycin
(mTOR) signaling pathway (ko04150), the insulin signaling pathway
(ko04910), the neurotrophin signaling pathway (ko04722), and
apoptosis (ko04210) (Data S12; Figure S1B).
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Figure 2. miR-181a Was Significantly Decreased in RE Compared with PE

(A) The miR-181a was expressed in various tissues of dairy goats; (B) the miR-181a levels in endometrium in PE and RE. The miR-181a levels were measured by stem-loop

qRT-PCR and normalized to U6; the values are shown asmeans ±SD (n = 3); **p < 0.01, *p < 0.05. (C) The NC for in situ hybridization; themiR-181a in the endometrium in PE

(D) and RE (E) were detected by in situ hybridization. UC, uterine cavity; LE, luminal epithelium; GE, glandular epithelium; SC, stroma cell. Original magnification �200; scale

bars, 100 mm.
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miR-181a andNTSWereDifferentially Expressed in the PEandRE

Stem-loop qRT-PCR was used to validate the expression levels of
miR-181a in various tissues of dairy goats, and the results showed
that it was expressed ubiquitously (Figure 2A). The highest expression
level was observed in the ovary, followed (in order) by the spleen,
oviduct, liver, longissimus dorsi, kidney, lungs, heart, and hypothala-
mus. In the endometrium of dairy goats, the expression level of
miR-181a in the RE was lower than that in the PE (Figure 2B). The
miRNA in situ hybridization (MISH) assay further revealed that
miR-181a was significantly decreased in the RE compared with the
PE (Table 1), especially in the endometrial epithelial cells (EECs) (Fig-
ures 2C–2E).

NTS was widely expressed in a series of tissues, and the lowest expres-
sion levels were observed in the ovary, and increased expression was
observed (in order) in the oviduct, lung, liver, spleen, kidney, longis-
simus dorsi, hypothalamus, and heart (Figure 3A). Furthermore, the
expression level of NTS increased 195-fold in the endometrium in
the RE compared to the PE (Figure 3B), which was consistent with
previously reported sequencing data.17 Immunohistochemistry
(IHC) results further showed that the NTS protein was upregulated
in the RE (Table 2), especially in the EECs (Figures 3C–3F).

The Levels of miR-181a and NTSmRNAWere Affected by E2 and

P4 in EECs In Vitro

To investigate the response of miR-181a and NTS levels to sex hor-
mones in EECs in vitro, estrogen (E2) and progesterone (P4) were
diluted in cell medium to different concentrations. The results
264 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
showed that miR-181a levels were significantly decreased in a concen-
tration-dependent manner in the presence of E2 alone and enhanced
in the presence of P4 alone in EECs (Figure 4A). Furthermore, the
highest levels were observed with 20 ng/mL P4 alone, and the lowest
levels were observed with 100 pg/mL E2 alone, suggesting that E2
decreased but P4 increased the miR-181a levels in EECs in vitro.
Furthermore, E2 and P4 also regulated the NTS mRNA levels but
without obvious regularity in EECs in vitro, and the highest levels
appeared when a combination of 100 pg/mL E2 and 20 ng/mL P4
were used (Figure 4B).

NTS Expression Was Downregulated by miR-181a in EECs

In Vitro

Transfection of miR-181a mimics successfully led to a greater than
168-fold increase, whereas miR-181a inhibitors led to a 0.39-fold
decrease in EECs (Figure S2A). To determine whether miR-181a
directly targeted goat NTS through the predicted binding sites in
the NTS 30 UTR, the psiCHECK-2 reporter and mutated plasmids
were constructed (Figure 5A). The luciferase activity of the
miR-181a group was significantly lower than that of the negative
control (NC) group (p < 0.01), but these reductions were not observed
with the mutated plasmid (Figure 5B).

TheNTSmRNA levels decreased in EECs after transfection withmiR-
181a mimics (p < 0.05), whereas, miR-181a inhibitors increased the
NTSmRNA levels (p < 0.01; Figure 5C) in EECs in vitro. NTS protein
levels were evaluated by western blot (WB) analysis, and the quanti-
fication of protein expression is shown in Figure 5D, demonstrating



Table 1. MISH Staining Results of miR-181a in the Uterus of Dairy Goats

Index

Area Density IOD

Mean Sum Mean Sum Mean Sum

PE (D5) 758.416 1,623,011 0.156 333.794 210.80 451,112.63

RE (D15) 160.026* 189,631** 0.204 242.259 33.922** 40,197.79*

MISH,miRNA in situ hybridization; IOD, integrated optical density. *p < 0.05, **p < 0.01.

Figure 3. NTS Was Significantly Increased in RE Compared with PE

(A) The NTS was expressed in various tissues of dairy goats; (B) the NTS levels in

endometrium in PE and RE. The NTS levels were measured by qRT-PCR and

normalized to GAPDH; the values are shown as means ± SD (n = 3). **p < 0.01, *p <

0.05. (C and D) The NC for immunohistochemical staining in PE (C) and RE (D); NTS

levels were detected by immunohistochemical staining in the endometrium in PE

(E) and RE (F). LE, luminal epithelium; GE, glandular epithelium; SC, stroma cell.

Original magnification �100; scale bars, 50 mm.
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that the NTS protein was significantly decreased in miR-181a-
transfected cells compared with the NC (p < 0.05; Figure 5D). Addi-
tionally, miR-181a inhibitors significantly increased the NTS protein
in EECs (p < 0.05; Figure 5D). Thus, these results suggested that goat
NTS was a target of miR-181a in EECs.

miR-181a Did Not Regulate lncR915 in EECs In Vitro

Transfection with pcDNA3.1(+)-lncR915 successfully led to an
89-fold increase of lncR915 in EECs in vitro (p < 0.01; Figure S2B).
The psiCHECK-2 reporter and mutated plasmids were constructed
(Figure 6A), and the luciferase activity of the miR-181a mimics and
inhibitor groups did not significantly change compared to the NC
group (p > 0.05; Figure 6B). Furthermore, there was no significant
change in the expression levels of lncR915 (Figure 6C) in EECs that
were treated with miR-181a mimics and inhibitors. In addition,
lncR915 did not change the miR-181a (Figure 6D) and NTS mRNA
levels (Figure 6E) in EECs. Thus, these results suggested that
miR-181a did not regulate lncR915 in the EECs of dairy goats.

ciR8073 Served as a miR-181a Sponge in EECs In Vitro

Transfection with pcDNA3.1(+)-ciR8073 resulted in a 27.57-fold in-
crease of ciR8073 compared with NC in EECs in vitro (p < 0.01; Fig-
ure S2C). To determine whether miR-181a directly targeted ciR8073
through the predicted binding sites, the psiCHECK-2 reporter and
mutated plasmids were constructed (Figure 7A), and the luciferase
activity of the miR-181a mimics group was significantly lower than
that of the NC group (p < 0.01), whereas these reductions were not
observed with the mutated plasmids (p > 0.05; Figure 7B).

Furthermore, the level of ciR8073 decreased significantly when
the cells were treated with miR-181a mimics (Figure 7C), and the
miR-181a level was also decreased by ciR8073 in EECs (Figure 7D).
On the contrary, the level of NTS mRNA was significantly increased
when ciR8073 was overexpressed and decreased when ciR8073 was
mutated in EECs in vitro (Figure 7E). Furthermore, the expression
levels of NTS were increased by ciR8073, and this increase was coun-
teracted by miR-181a at both the mRNA and protein levels (Figures
7E–7G). Thus, these results suggested that miR-181a targeted
ciR8073, thereby demonstrating the accuracy of the ciR8073-miR-
181a-NTS network interaction.

miR-181a Promoted Cell Apoptosis of EECs In Vitro

Methyl thiazolyl tetrazolium (MTT) assays were used to demonstrate
that miR-181a mimics inhibited the proliferation of EECs (Figure 8A;
p < 0.05), whereas the miR-181a inhibitor promoted the proliferation
of EECs (p < 0.05). Flow cytometry (FCM) was used to analyze
the changes in the cell cycle, demonstrating that the numbers of cells
in S phase was higher in EECs treated with the miR-181a mimics
compared to the NC (Figures 8B and S3). Furthermore, an
Annexin-V-fluorescein isothiocyanate (FITC)/PI assay combined
with FCMwas used to detect the effects of miR-181a on cell apoptosis,
demonstrating that miR-181a induced the apoptosis of EECs (p <
0.01; Figure 8C), whereas the miR-181a inhibitor inhibited apoptosis
(p < 0.05; Figure S4).

The BCL-2 expression levels were decreased significantly by miR-
181a mimics and increased significantly by inhibitors (p < 0.05; Fig-
ure 8D). On the contrary, the BAX protein levels were increased and
decreased by miR-181a mimics and inhibitors, respectively (p < 0.05;
Figure 8D). Furthermore, miR-181a mimics facilitated the phosphor-
ylation of JNK (p-JNK) and increased the levels of P27, whereas
miR-181a inhibitors decreased the levels of P27 and phosphatidylino-
sitol 3-kinase (PI3K) (p < 0.05; Figure 8D).

In addition, the changes in LIF, COX2, VEGFA, HOXA10, and osteo-
pontin (OPN) protein levels were investigated in endometrial cells
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Table 2. ISH Staining Results of NTS in the Uterus of Dairy Goats

Index

Area Density IOD

Mean Sum Mean Sum Mean Sum

PE (D5) 76.71 181,276 0.296 699.196 21.410 50,592.813

RE (D15) 72.699 151,650 0.432* 900.430 32.879* 68,585.008*

ISH, in situ hybridization; IOD, integrated optical density. *p < 0.05.

Figure 4. E2 and P4 Regulated the Expression Levels of miR-181a and NTS

in EECs

(A) The levels of miR-181a; (B) the levels of NTS mRNA. The values are shown as

means ± SD (n = 3).
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after the cells were treated with miR-181a mimics or inhibitors. The
LIF and COX2 protein levels were increased in EECs treated with
miR-181a mimics (p < 0.05) and decreased in the inhibitor group
(p < 0.05; Figure 8D). However, the opposite results were observed
for the OPN protein levels, which suggested that miR-181a inhibited
OPN in EECs in vitro (p < 0.05; Figure 8D).

NTS-Inhibited Cell Apoptosis of EECs In Vitro

To further investigate the function of NTS in EECs, the overexpres-
sion vector pcDNA3.1(+)-NTS was constructed and small interfering
RNA (siRNA)-NTS was synthesized, and NTS was overexpressed or
inhibited successfully in EECs in vitro (Figure S5). In addition, the
levels of miR-181a decreased and increased due to NTS and
siRNA-NTS, respectively (Figure S6), suggesting a negative relation-
ship between NTS and miR-181a in EECs.

The MTT assay showed that overexpression of NTS markedly pro-
moted proliferation of EECs (p < 0.05; Figure 9A), whereas siRNA-
NTS significantly inhibited proliferation of EECs (p < 0.05; Fig-
ure 9D). No notable change was observed in the analysis of cell cycle
(p > 0.05; Figures 9B and 9E), but overexpression of NTS inhibited
EEC apoptosis (p < 0.05; Figure 9C), whereas siRNA-NTS dramati-
cally induced EEC apoptosis (p < 0.05; Figures 9F, S6, and S7).
Thus, some apoptosis-related genes were detected when NTS was
overexpressed in EECs, and the results showed that NTS increased
the protein levels of BCL-2, Caspase-8, FAS, and pleiotrophin
(PTN), and decreased BAX and Sp1 transcription factor (SP1) (p <
0.05; Figure 10). In addition, NTS also increased p-ERK1/2, JNK,
p-JNK, and p-P38 but decreased the total level of JNK. At the same
time, NTS decreased the protein levels of P27 and PI3K (p < 0.05; Fig-
ure 10). Furthermore, the protein levels of BCL-2 and BAX were also
detected in EECs when NTS was silenced by siRNA-NTS, and the
results showed that BCL-2 and BAXwere downregulated and upregu-
lated, respectively (Figure S9). These results were in accordance with
the function of miR-181a but contrary to what was observed when
NTS was overexpressed in EECs in vitro. All these results suggested
that miR-181a induced EECs apoptosis by targeted NTS.

Finally, we analyzed the expressions of biochemical endometrial
receptivity biomarkers. WB analysis revealed that NTS induced an
increase in LIF, COX2, VEGFA, and HOXA10 (p < 0.05; Figure 10).
In addition, the endometrial receptivity biomarkers were detected in
EECs when NTS was knocked out by siRNA-NTS, and the results
showed that siRNA-NTS resulted in an increase in the VEGFA levels
in EECs in vitro (Figure S10).
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DISCUSSION
Previous studies have revealed that ceRNAs could serve as post-
transcriptional regulators of protein-coding gene expression by
sequestering miRNAs from other target transcripts, such as lncRNAs,
mRNAs, pseudogenes, and circRNAs.18,19 In this study, based on the
high-throughput RNA-sequencing data, we constructed putative
ceRNA networks by integrating lncRNAs, circRNAs, mRNAs, and
miRNAs in the endometrium of dairy goats. This is the first study
to comprehensively identify ncRNAs in the development of the RE
from the PE by regulatory network analysis. Notably, ciR8073 shared
MREs with nine DEmiRs, including miR-181a. Furthermore,
miR-181a shared MREs with 24 mRNAs, 105 circRNAs, and 16
lncRNAs in the ceRNA networks, and NTS mRNA, ciR8073, and
lncR915 shared the same MRE as miR-181a.

In pigs, miR-181a was found to be highly expressed on day 15 of
gestation, followed by decreased expression on gestational days 26
and 50 in the endometrium during pregnancy.20 Furthermore,
miR-181a could promote human endometrial stromal cells (hESCs)
decidualization-related gene expression and morphological trans-
formation; conversely, inhibition of miR-181a expression compro-
mised hESC decidualization in vitro.21 In addition, the higher
expression levels of NTS in the endometrial epithelial and glandular
epithelial cells were detected in the bovine endometrium and were
more abundant in the endometrium from summer than that from
autumn.22 In this study, miR-181a directly inhibited NTS expres-
sion levels at the mRNA and protein levels via its 30 UTR in EECs
of dairy goats.

Hansen identified a highly expressed ciRS-7 that contained more than
70 selectively conserved miRNA target sites, markedly suppressed
miR-7 activity, resulting in increased levels of miR-7 targets.14 In
EECs of dairy goats, ciR8073 displayed a sponging effect for miR-
181a, and the NTS levels were significantly increased when ciR8073
was overexpressed and decreased when ciR8073 was mutated in
EECs, suggesting a high degree of endogenous interaction. To our
knowledge, this study served as the first functional analysis of a natu-
rally expressed circRNA in dairy goats.



Figure 5. miR-181a Downregulated the Expression

Level of NTS via the 30 UTR
(A) Schematic diagram illustrating the design of luciferase

reporters with the WT-NTS 30 UTR (Wt-NTS) or the site-

directed mutant NTS 30 UTR (Mu-NTS). The nucleotides

in red represent the “seed sequence” of miR-181a; the

mutation nucleotides are in gray. (B) The NTS-30 UTR
luciferase reporter vectors were co-transfected with

miR-181a mimic (or negative control) into 293T cells;

luciferase assay was performed 24 h after transfection.

(C) miR-181a downregulated the NTS mRNA levels in

EEC; NTS mRNA levels were measured by qRT-PCR and

normalized to GAPDH. (D) NTS protein levels in EECS

were measured by WB, and the densitometry was

normalized to the b-actin density from the same lane.

Each experiment was repeated three times in triplicate;

the results are represented as mean ± SD (n = 3).

*p < 0.05, **p < 0.01.
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In many mammals, endometrial cells were remodeled by apoptosis
and proliferation throughout the estrous cycle,23 and studies had
been performed in humans,24 mice,25 and pigs.26 Furthermore, a co-
ordinated regulation of the embryonic induction of EEC apoptosis
was crucial for the embryo to breach the epithelial barrier in vitro.27

In this study, miR-181a promoted EEC apoptosis, and a further study
showed that miR-181a resulted in a decreased of BCL-2 and increased
of BAX, consistent with a previous study that reported that miR-181a
could directly target BCL-2 in endothelial cells.28 Furthermore,
miR-181a increased p-JNK and P27, and these results suggested
that miR-181a may play an important role as an apoptosis-regulatory
factor via the MAPK pathway in EECs of dairy goat.

Recently, several morphological and biochemical biomarkers of endo-
metrial receptivity were proposed, including LIF, COX2, VEGFA,
HOXA10, and OPN. LIF was observed in the cytoplasm of EECs29

and has been widely acknowledged as biochemical markers of the
RE.30 COX2 was a rate-limiting enzyme for the synthesis of prosta-
glandin, which was a critical factor for maintaining the uterine envi-
ronment during early pregnancy,31 and we found that the COX2 pro-
tein levels were decreased by miR-181a in EECs. In addition, VEGFA
was expressed in the mouse and rabbit endometrium and likely
contributed to the increased angiogenesis and vascular permeability
necessary for implantation.32,33 Evidence suggests that the expression
of VEGFA is highly regulated in a temporal and spatial manner at the
early stage of implantation.34 HOXA10, a homeobox-containing tran-
scription factor, was expressed cyclically during themenstrual cycle in
the endometrium under the influence of steroid hormone and had
the highest expression level during the WOI.35,36 OPN played an
important role in endometrial receptivity due to its consistent
upregulation during the WOI.37 In this study, miR-181a significantly
increased LIF and COX2 protein levels but decreased the levels of
OPN in EECs in vitro. These results suggested that miR-181a might
participate in the formation of endometrial receptivity.
NTS was detected in the bovine endometrium, and the expression
levels showed differences between the breeding and non-breeding
seasons.22 However, there has been no relevant literature on the
function of NTS in the formation of endometrial receptivity in
dairy goats, and this study was the first to investigate the function
of NTS in EECs of dairy goats. In the present study, we determined
that NTS could promote the proliferation of EECs and inhibit cell
apoptosis in vitro; however, NTS did not affect the protein level of
Caspase-8 but did increased the protein level of Caspase-3 in EECs.
In addition, NTS did not affect the protein levels of FAS, which is a
critical factor for the progression of extrinsic apoptosis in the human
endometrium.24,38

Iwahori et al.39 reported that SP1 might play a role in DNA repair at
damage sites and inhibit cell apoptosis, and NTS dramatically
decreased the SP1 protein levels in EECs, which was consistent
with the FCM results. PTN is a secreted cytokine that participates
in diverse biology process, such as cell adhesion, migration, survival,
growth, and differentiation.40 In this study, the protein levels of PTN
increased with the increase of NTS in EECs. Since PTN was mainly
expressed in the caruncular areas of the bovine endometrium,41 it
might also participate in the proliferation of endometrial cells in dairy
goats. Further investigation revealed that NTS decreased the total
levels of MAPK and JNK but increased the phosphorylation levels
of MAPK, JNK, and P38. Meanwhile, NTS decreased the protein
levels of P27 and PI3K in EECs in vitro. Additionally, NTS could
inhibit apoptosis by increasing BCL-2 and decreasing BAX. All these
results suggested that NTS played very important and complex func-
tions in EEC apoptosis. Notably, NTS also increased Caspase-3, FAS,
and PTN and decreased SP1 in EECs in vitro. This difference may
have been because NTS prevented EEC apoptosis, which was contrary
to normal processes. Thus, we hypothesized that miR-181a plays a
role in the regulation of endometrium cell apoptosis by downregulat-
ing NTS in EECs of dairy goats. Furthermore, NTS resulted in an
increase in some biochemical markers of the RE, including LIF,
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 267
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Figure 6. lncR915 Was Not a Target of miR-181a in

EECs

(A) Schematic diagram illustrating the design of lucif-

erase reporters with the Wt-lncR915 or the site-directed

mutant (Mu-lncR915). The nucleotides in red represent

the “seed sequence” of miR-181a, and the mutation

nucleotides are in gray. (B) The lncR915 luciferase re-

porter vectors were co-transfected with miR-181a

mimic (or negative control) into 293T cells; luciferase

assay was performed 24 h after transfection. (C)

miR-181a did not regulate the lncR915 levels in EECs;

lncR915 levels were measured by qRT-PCR and

normalized to GAPDH. (D) lncR915 did not regulate the

miR-181a levels in EECs. (E) lncR915 did not regulate

the NTS mRNA levels in EECs. Each experiment was

repeated three times in triplicate, and the results are

represented as mean ± SD (n = 3).
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COX2, and HOXA10 in EECs in vitro, suggesting that NTS contrib-
uted to the formation of endometrial receptivity.

In conclusion, this study provides direct evidence demonstrating that
ciR8073 could function as a ceRNA, which sequestered miR-181a,
thereby protecting NTS transcripts from miR-181a-mediated sup-
pression (Figure 11). As it was well established that NTS could
promote EEC proliferation and increase the protein levels of some
biochemical markers of RE, these data suggested that ceRNA regula-
tion was of crucial importance in the formation of endometrial recep-
tivity in dairy goats. This study facilitates the understanding of the
role of ceRNAs in the regulatory mechanism of the RE and helps
improve the understanding of the molecular regulation of endome-
trial receptivity.

MATERIALS AND METHODS
Ethics Statement

All animals in this study were maintained according to the No. 5
proclamation of the Ministry of Agriculture, P.R. China. And animal
protocols were approved by the Review Committee for the Use of
Animal Subjects of Northwest A&F University.

Study Design and Tissue Collection

A total of 20 healthy 24-month-old multiparous dairy goats (Xinong
Saanen) were induced to estrous synchronization for this study. The
first day of mating was considered to be day 0 of pregnancy; D5 (PE)
and D15 (RE) were important time points for the embryo implanta-
tion in goats.42 The goats were euthanized when the goats lost con-
sciousness caused by intravenous injection of barbiturate (30 mg/
kg) in the PE and RE. Endometrium samples were obtained from
the anterior wall of the uterine cavity. All tissue samples were washed
briefly with PBS and then immediately frozen in liquid nitrogen.

miRNA and Transcript Differential Expression Analysis

miRNA library construction, sequencing, and identification of poten-
tial novel miRNAs were shown as before.8 Expression levels of all of
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the transcripts, including putative mRNAs, lncRNAs, and circRNAs,
were quantified as fragments per kilobase of exon per million frag-
ments mapped (FPKM) using the Cuffdiff program from the
Cufflinks package.7 Differential gene expression was determined us-
ing Cuffdiff with a p value of < 0.05.

Construction of ceRNA Network

The putative miRNA-mRNA, miRNA-lncRNA, and miRNA-
circRNA interactions were evaluated using the algorithms of Targets-
can version 6.2 (http://www.targetscan.org/) and miRanda version
3.3a (http://www.microrna.org/microrna/home.do). The miRNA
binding-site prediction in lncRNAs was based on their full-length
sequence in consideration of their non-coding properties. High-
confidence miRNA-mRNA/-lncRNA/-circRNA pairs had a Targets-
can context + score percentile > 50 and miRanda max energy
<�20. The ceRNA relationships were integrated using an in-house
Perl script. The information including all of the above interactions
was imported into Cytoscape software version 2.8.0 (https://
cytoscape.org/) to construct a regulatory network.

Vector Construction

Bioinformatic analysis of miRNA binding sequences in NTS,
ciR8073, and ncR915 were performed to identify the target genes
of miR-181a using miRanda and Targetscan. To construct re-
porters for luciferase assays, 30 UTR of NTS, ciR8073, and
lncR915, respectively, containing the miR-181a target site were
cloned and inserted downstream of the Renilla luciferase gene in
the psiCHECK-2 vector (Promega, Madison, USA), and the
mutated plasmids were constructed.

To construct reporters for overexpression assays, the coding
domain sequence (CDS) of NTS, full length of ciR8073 and
lncR915 were cloned and inserted in the psiDNA3.1(+) vector
(Promega, Madison, USA), and the target site of miR-181a were
mutated and constructed mutant psiDNA3.1(+)-ciR8073(Mu)
and psiDNA3.1(+)-lncR915(Mu).

http://www.targetscan.org/
http://www.microrna.org/microrna/home.do
https://cytoscape.org/
https://cytoscape.org/


Figure 7. Decreased Levels of miR-181a Served as a

miRNA Sponge in EECs

(A) Schematic diagram illustrating the design of luciferase

reporters with the Wt-ciR8073 or the site-directed mutant

(Mu-ciR8073). The nucleotides in red represent the “seed

sequence” of miR-181a, and the mutation nucleotides are

in gray. (B) The ciR8073 or its mutation luciferase reporter

vectors were co-transfected with miR-181a mimic (or

negative control) into 293T cells; luciferase assay was

performed 24 h after transfection. (C) miR-181a

decreased the ciR8073 levels in EECs; the levels were

measured by qRT-PCR and normalized to GAPDH. (D)

The miR-181a levels in EECs were overexpressed or

mutational ciR8073 (Mu-ciR8073). (E) The NTS mRNA

levels in EECs were overexpressed or mutational ciR8073

(Mu-ciR8073). (F) The NTS mRNA levels in EECs were

overexpressed ciR8073 and miR-181a. (G) NTS protein

levels in EECs were overexpressed ciR8073 and

miR-181a; the densitometry was normalized to the b-actin

density from the same lane. Each experiment was

repeated three times in triplicate. *p < 0.05, **p < 0.01.
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Primary Cell Culture and Purification

Primary EECs were isolated and purified by digestion of trypsin,
centrifugation, and difference tempo adherence and observed by
light microscope. Cell purity and identification was evaluated immu-
nocytochemically as previously described.43 The cells were cultured to
the third generation with the same cell culture system to further
purify the cells.

Cell Transfection

Mature miR-181a mimics, inhibitors, and siRNA-NTS were synthe-
sized by GenePharma (Shanghai, China). Cells were plated at a
density of 7.5 � 105 in 6-well plates, then the cells were transfected
at 50% confluency with miR-181a mimics, miR-181a inhibitors,
NC, or NC inhibitors at final concentrations of 100 nM using the
X-tremeGENE siRNA Transfection Reagent (Roche, Switzerland)
according to the manufacturer’s concentrations of 100 nM using
the X-tremeGENE Lip2000 liposome (Invitrogen, USA).

Cell Proliferation and Apoptosis Assays

TheMTT (Sigma, St. Louis, MO, USA) colorimetric assay was used to
screen for cell proliferation as previously described.44 To further
investigate cell proliferation, a cell cycle staining kit was used
(Liankebio, Hangzhou, China) according to the manufacturer’s in-
structions. Cell apoptosis analysis was carried out using the
Annexin-V-FITC and propidium iodide (PI) apoptosis kit, An-
nexin-V-positive and PI-negative cells were defined as early-
apoptotic cells, and the late-apoptotic cells were Annexin-V- and
PI-positive cells. Analyses were performed using a flow cytometer
(BD Biosciences, San Diego, CA).
Molecular Th
Luciferase Assay

The wild-type (psiCHECK-2-Wt) or mutated
(psiCHECK-2-Mu) plasmids were co-trans-
fected with the miR-181a mimic into 293T cells,
respectively. At 24 h post-transfection, firefly (hluc+) and Renilla
(hRluc) luciferase activities were measured with the Dual-Glo lucif-
erase assay system (Promega, USA). Experiments were performed
three times.

RNA Extraction and qRT-PCR

Total RNA was extracted using Trizol reagent (TaKaRa, Dalian,
China), and qRT-PCR was performed using SYBR Green PCRMaster
Mix (TaKaRa, Dalian, China) in a 20 mL reaction. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as the reference
for mRNA and U6 for miR-181a, and all primers for qRT-PCR are
shown in Table S1. The relative expression levels were calculated
using the equation N = 2�DDCt.

Another total RNA was incubated for 15 min at 37�C with or
without (mock) 3 U/mg of RNase R (Epicenter Biotechnologies,
Chicago, USA). To quantify the amount of circRNA, cDNA was
synthesized with the Prime Script RT reagent kit with genomic
DNA (gDNA) Eraser (TaKaRa, Dalian, China) using random
hexamers. In particular, the divergent primers annealing at
the distal ends of circRNA were used to determine the abundance
of circRNA, and the outward-facing primer sets are listed in
Table S1.

Protein Extraction and WB Analysis

Protein extraction was performed as described previously.45 Thirty
micrograms of protein from each treatment was used for 12%
SDS-PAGE and transferred onto nitrocellulose membranes (Milli-
pore, Bedford, MA, USA) at 100 V for 1.5 h in an ice bath.
erapy: Nucleic Acids Vol. 14 March 2019 269

http://www.moleculartherapy.org


Figure 8. miR-181a Promoted EECs Apoptosis

In Vitro

(A) The effect of miR-181a on the proliferation of EECs

that were measured by MTT. Values were shown as

means ± SD (n = 7). The cell cycle (B) and apoptosis (C)

analysis of EECs were detected with FCM. (D) The levels

of BCL-2, BAX, MAPK pathway proteins, and endometrial

receptivity markers (LIF, COX2, VEGFA, HOXA10, and

OPN) were measured by WB after the EECs were treated

with miR-181a. Densitometry was normalized to the

b-actin density from the same lane; **p < 0.01, *p < 0.05.
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Non-specific binding sites were blocked with 5% fat-free powdered
milk (blocking solution) as well as Tris-buffered saline plus Tween
20 (0.2% [v/v]; TBST) at room temperature (RT) for 2 h. After
three washes for 10 min each with TBST, the membranes were
incubated overnight at 4�C with primary antibodies (as showed
in Table S2). After this incubation, the membranes were washed
three times and then incubated at RT for 2 h with the horseradish
peroxidase (HRP)-conjugated second antibody. After three washes
for 5 min each with TBST, proteins were detected using enhanced
chemiluminescence (Advansta, California, USA). Quantification
270 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
was performed using the Quantity One pro-
gram (Bio-Rad, California, USA). The experi-
ments were performed three times.

IHC

For IHC, the paraffin-embedded tissue sections
were de-paraffinized in xylene for 15 min and
rehydrated in descending concentrations of
ethanol (anhydrous ethanol for 5 min, 85% for
5 min, 75% for 5 min, and then rinsed with
distilled water). Antigen retrieval in sodium cit-
rate buffer (pH = 9.0) was performed for 10 min in a microwave oven,
then the tissue sections were placed in PBS (pH = 7.4) and washed
three times (each time 5 min) on a decoloring shaking bed. Endoge-
nous peroxidases of IHC were inhibited by incubation with 3%
hydrogen peroxide for 25 min at RT. The samples were blocked in
5% BSA for 30 min, incubated with a primary antibody (as be shown
in Table S2) at 4�C overnight, and then washed three times (each time
5 min) on a decoloring shaking bed. Then, the samples were incu-
bated with HRP-labeled secondary antibody for 30 min at 37�C. After
washing the cells three times in PBS, the color reaction was developed
Figure 9. NTS Inhibited EECs Apoptosis In Vitro

Overexpressed NTS markedly promoted proliferation of

EECs (A), did not change the cell cycle (B), and inhibited

EEC apoptosis (C). siRNA-NTS significantly inhibited

proliferation of EECs (D), did not change the cell cycle (E),

and dramatically induced EEC apoptosis (F). Values were

showed as means ± SD (n = 7). The cell cycle (B and E)

and apoptosis (C and F) analysis of EECs were detected

with FCM. **p < 0.01, *p < 0.05.



Figure 10. NTS Increased the Expression Levels of BCL-2/BAX and

Increased LIF, COX2, VEGFA, and HOXA10 in EECs In Vitro

The levels of apoptosis-related proteins (A) (BCL-2, BAX, Caspase-8, Caspase-3,

FAS, SP1, and PTN), MAPK pathway proteins (B), and endometrial receptivity

markers (C) (LIF, COX2, VEGFA, HOXA10, and OPN) were measured by WB when

the NTS was overexpressed in EECs. Densitometry was normalized to the b-actin

density from the same lane. **p < 0.01, *p < 0.05.

Figure 11. Proposed Network of ciR8073-miR181a-NTS in the Endometrium

of Dairy Goats

ciR8073 regulates EECs by functioning as a ceRNA, which sequesters miR-181a,

thereby relieving its repressive effect on NTS.

www.moleculartherapy.org
with the substrate diaminobenzidine according to the manufacturer’s
instructions, and the slides were washed under running water for
5 min before being counterstained with hematoxylin (Carnaxide,
Oeiras, Portugal). After re-dying the nucleus with hematoxylin and
ammonia, the slides were dehydrated with concentrations of ethanol
and sealed with xylene for 5 min. The relative density of the positive
cells (density/area) in each slide was analyzed using Image-Pro Plus
6.0 Software (Media Cybernetics, USA).

MISH

An oligonucleotide probe complementary to the miR-181a sequence
was purchased from RiboBio (Guangzhou, China). The sequence of
the probe was 5e 50-ACTCACCGACAGCGTTGAAGA-3TCACCG
ACAGCGTTGAAGA-30 (China). The sequence digoxigenin (DIG)
and some of these bases were modified with a DIG-labeled LNA
(locked nucleic acid). In situ hybridization for miR-181a (MISH)
was performed on fixed paraffin-embedded sections as previously
described.46 The relative density of the positive cells (density/area)
in each slide was analyzed using Image-Pro Plus 6.0 Software (Media
Cybernetics, USA).

Statistical Analysis

All the data were processed with SPSS 17.0 (SPSS, Chicago, IL, USA).
One-way ANOVA was used to compare the differences, and the
method of the least significant difference (LSD) was used for further
analysis. Differences were considered significant when the p value
was < 0.05 (*) and very significant when the p value was < 0.01 (**).
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