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Loss of miR-29a impairs decidualization
of endometrial stromal cells by TET3 mediated
demethylation of Col1A1 promoter

Aixia Liu,1,2,3,* Mengmeng Jin,1 Laidi Xie,1 Mengyu Jing,1 Ying Zhou,1 Minyue Tang,1,2 Tingting Lin,1

and Dimin Wang1,*

SUMMARY

A conceptual framework for understanding abnormal endometrial decidualiza-
tion, with considerable significance for the diagnosis and treatment of abnormal
decidualization-related changes in non-receptive endometrium in implantation
failure during early pregnancy is very important. Here, we found the expression
levels of miR-29a in endometrial tissues were associated with the menstrual
phases and pregnancy outcome. Inhibition of miR-29a led to decreased decidual-
ization of endometrial stromal cells (ESCs) in vitro, whereas Tet methylcytosine
dioxygenase 3 (TET3) and its potential demethylation target, the collagen type
I alpha 1 chain (Col1A1), were restored. The binding capacity of TET3 to the
Col1A1 promoter could be enhanced by the inhibition of miR-29a. Finally, dele-
tion of TET3 rescued the inhibitory effect of the miR-29a antagomir on the prolif-
eration of decidualized ESCs in vitro and embryo implantation in vivo. Thus, loss
of miR-29a causes implantation failure because of the limitation of ESCs decidu-
alization-related changes in non-receptive endometrium during early pregnancy.

INTRODUCTION

Maternal-foetal communication is the basis for maintaining a successful and healthy pregnancy (Vento-Tormo

et al., 2018). Endometrial stromal cells (ESCs) proliferate and differentiate significantly to achieve the states of

decidualization during early pregnancy (Okada et al., 2018; Percharde et al., 2018). Dysregulated decidualiza-

tion of ESCs impairs the invasion of the endometriumby trophoblast cells, whichmay lead to the development

of a variety of pregnancy-associated issues, including infertility, early pregnancy loss (EPL), intrauterine growth

retardation (IUGR), and preeclampsia (Ning et al., 2016; Conrad et al., 2017; Kliman and Frankfurter, 2019). Pre-

vious studies have shown that homeobox A10 (HOXA10) or interleukin 6 (IL-6) regulate cell proliferation and

decidualization of ESCs (Li et al., 2016; Piltonen et al., 2015). Steroid hormones and adhesion molecules are

also reportedly involved in the regulation of ESCproliferation and decidualisation, which further affect embryo

implantation and pregnancy (Salsano et al., 2019; Nallasamy et al., 2019). However, the underlying molecular

mechanism of the decidualization defect remains unclear.

MicroRNAs (miRNAs) are a class of small, noncoding RNAs that negatively regulate gene expression by

binding to the 30-untranslated region (30-UTR) of target mRNA (Saadatpour et al., 2016). Recent studies

have found that miRNAs are differentially expressed in the endometrium during the process of decidual-

ization and the window period of embryo implantation (Liang et al., 2017; Ferlita et al., 2018). It has been

demonstrated that downregulation of miR-98 promotes proliferation of ESCs and inhibits apoptosis of

ESCs by targeting Bcl-xl in the rat uterus during the receptive phase (Xia et al., 2014b). A recent study

has found that miR-24 is downregulated in the decidual tissue from patients with recurrent miscarriage,

thus affecting the pregnancy process by regulating the proliferation and apoptosis of ESCs (Li and Li,

2016). However, there are numerous unknown miRNAs that control the decidualization process of ESCs.

MiR-29a reportedly induces trophoblast cell apoptosis and regulates the function of trophoblast cells in

recurrent miscarriage and placenta accreta (Gu et al., 2016; Yang et al., 2018). It has been revealed that

miR-29a promotes granulosa cell proliferation by reducing aromatase expression and oestradiol biosyn-

thesis in polycystic ovary syndrome (Li et al., 2019). Furthermore, it has been demonstrated that miR-

29a-5p inhibits endometrial cancer-derived cell proliferation by targeting TPX2 (Jiang et al., 2018). Notably,

another previous study has revealed that miR-29a inhibits apoptosis of ESCs by targeting apoptotic factors
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during embryo implantation (Xia et al., 2014a). However, the effects of miR-29a on the proliferation and de-

cidualization of ESCs remain to be elucidated.

Here, we found aberrant expression of miR-29a in endometrial tissues from the secretory phase, prolifer-

ative phase, normal early pregnancy, and EPL. The inhibition of miR-29a by miR-29a antagomir treatment

led to decreased decidualization and cell viability of ESCs in vitro. Previous studies have proved that there

are many aberrant DNAmethylation events during decidualization (Hong et al., 2020; Gao et al., 2012). TET

family members, involved in DNA demethylation, reportedly play an important role in embryo implantation

and development, and were reported to be potentially targeted by miR-29 (Kremer et al., 2018). Interest-

ingly, TET3 is regulated by multiple miRNAs in the progress of epigenetic regulation (Dong et al., 2020).

Therefore, we hypothesized the correlation between miR-29 and TET family molecules during decidualiza-

tion. Here, we found TET3 negatively associated with miR-29a in decidual tissues from patients with EPL

and decidualized ESCs in vitro. Using bioinformatics analysis, TET3 was predicted to be a potential direct

downstream target of miR-29a, and this was further confirmed by luciferase reporter assay.

Col1A1, a component of type I collagen, is involved in the regulation of decidualization in ESCs. Collagen

type I alpha 1 chain (Col1A1), an effective component of collagen fibers and bone marrow, participates in

cell proliferation, infiltration, metastasis, and angiogenesis (Kim et al., 2019a, 2019b). The aberrant tran-

scriptional activation of Col1A1 causes a defect of decidualization in mice and in humans (Kim et al.,

2019a, 2019b). Col1A1 expression can be affected by DNA methylation events and promoter demethyla-

tion of COL1A1 is related to its expression and functional properties of human embryonic stem cells

(Hewitt et al., 2011; Kim et al., 2019a, 2019b). In addition, previous study showed that TET3 promotes mul-

tiple TGF-b pathway gene expression by demethylation function (Xu et al., 2020). Col1A1 was a key mole-

cule of the TGF-b pathway and we found loss of miR-29a up-regulated the expression of Col1A1. However,

whether the signaling axis miR-29 and Col1A1 participates in decidualization of ESCs via affecting DNA

methylation events remains unclear. In this study, miR-29a could also inhibit the recruitment of TET3 to

the Col1A1 promoter and could decrease the demethylation function of TET3. Deletion of TET3 was pre-

vented by the inhibitory effect of the miR-29a antagomir on the proliferation of decidualized ESCs in vitro

and embryo implantation in vivo. These results demonstrated that loss of miR-29a suppressed deciduali-

zation of ESCs through the regulation of the TET3-Col1A1 axis during embryo implantation.

RESULTS

Loss of miR-29a suppresses proliferation and decidualization of human ESCs

MiR-29a was reported to be activated in the process of embryo implantation and suppressed the

apoptosis of ESCs by targeting the pro-apoptotic factors Bak1 and Bmf (Kim et al., 2019a). To investigate

the potential role of miR-29a during endometrial tissue development, endometrial tissues from the pro-

liferative phase or the secretory phase, as well as decidual tissues from patients with EPL or normal early

pregnancy, were collected to determine the expression status of miR-29a by qRT-PCR. MiR-29a was pref-

erentially expressed in the endometrial tissues from the secretory phase relative to those from the pro-

liferative phase, whereas miR-29a was downregulated in the decidual tissues from EPL patients compared

to those from normal early pregnancy donors (Figure 1A). To study the significance of the abnormal

expression levels of miR-29a, ESCs were isolated from human endometrial tissues and confirmed by IF

staining of vimentin (Figure 1B) and morphology analysis (Figure 1C). To understand the mechanism

by which loss of miR-29a contributed to decidualization and decreased viability of ECSs, oestradiol, pro-

gesterone, and cAMP were introduced to modulate the decidualization of human ESCs. The normal ESCs

that did not undergo decidualization were used as control. As a result, miR-29a levels were significantly

elevated in the decidualized ESCs compared with the control and inhibition of miR-29a significantly

decreased the miR-29a levels in the decidualized ESCs compared with control antagomir, whereas

miR-29a levels in miR-29a antagomir-treated ECSs were higher than those in the control group (Fig-

ure 1D). Cell viability was also increased in the decidualized ESCs compared to that observed in the initial

state (Figure 1E), whereas inhibition of miR-29a significantly attenuated the enhanced viability of decid-

ualized ESCs (Figure 1E). Interestingly, we found that the cell viability in miR-29a antagomir-treated ECSs

was lower than that in the control group, which was not consistent with the miR-29a levels, suggesting

that inhibition of miR-29a significantly impaired the viability of the decidualized ESCs, whereas upregu-

lation of miR-29a led to a slight increase in cell viability of the decidualized ESCs. Additionally, levels

of the decidualized biomarkers PRL and IGFBP1 were both elevated after decidualization but decreased

when miR-29a expression was inhibited (Figures 1F and 1G).
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TET3 is a target of miR-29a

TET3, involved in DNA demethylation, reportedly plays an important role in embryo implantation and

development (Han et al., 2019). To define the association between miR-29a and the TET family, we

Figure 1. Inhibition of miR-29a attenuated proliferation and decidualization of the human ESCs

(A) The expression status of miR-29a in different stages of endometrial tissues and decidual tissues. qRT-PCR analysis of miR-29a on endometrial tissues and

decidual tissues. All results were relative to endometrial tissues of proliferative phase, and U6 served as an internal control.

(B) Immunofluorescence for Vimentin in human ESCs showing cellular localization. Scale bar: 50 mm.

(C) Phase contrast images of human ESCs. Scale bar: 100 mm.

(D) qRT-PCR analysis of miR-29a levels in decidualized ESCs transfected with Control/miR-29a antagomir relative to control. U6 served as an internal control.

(E–G) (E) CCK-8 assays were performed to evaluate decidualized ESCs viability transfected with Control/miR-29a antagomirfor 48h. Western blot analysis (F) and

quantification (G) of PRL and IGFBP1 in decidualized ESCs transfectedwithControl/miR-29a antagomir (n = 3). Data are represented asmeanG SEM. An unpaired

two-tailed Student’s t-test was used for conducting direct comparison between two groups. Student’s t test: n.s. = not significant, *p < 0.05, **p < 0.01.
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examined the levels of TET1, TET2, and TET3 mRNA following decidualization of ESCs and miR-29a inhi-

bition. Interestingly, ESC decidualization had no effect on TET1 levels but significantly increased TET2

levels, whereas it downregulated TET3 expression levels (Figures 2A–2C, respectively). However, loss of

miR-29a in decidualized ESCs led to a significant decrease in TET2 levels, whereas TET1 and TET3 levels

were both elevated (Figures 2A–2C, respectively). Using the miRNA target prediction program analysis,

miR-29a was predicted to target the 30UTR of TET3 (Figure 2D). Moreover, luciferase activity of the TET3

30UTRWT luciferase construct was increased significantly in the absence of miR-29a, whereas it remained un-

changed in the control or TET3 30UTRMUT constructs, indicating that miR-29a might target the 30-UTR of

Figure 2. TET3 is a target gene of miR-29a

(A–C) qRT-PCR analysis of TET1 (A), TET2 (B) and TET3 (C) mRNA levels in decidualized ESCs transfected with Control/miR-29a antagomir.

(D) Prediction of wild-type (WT) and mutant-type (MUT) sequences of TET3 30UTR with binding site to miR-29a.

(E–G) (E) Luciferase activity in ESCs co-transfected with the NC/miR-29a agomir and WT/MUT TET3 luciferase reporter constructs.Western blot analysis (F)

and quantification (G) of TET3 in different stages of endometrial tissues and the decidual tissues (n = 3). Data are represented as meanG SEM. An unpaired

two-tailed Student’s t-test was used for conducting direct comparison between two groups. Student’s t test: n.s. = not significant, *p < 0.05, **p < 0.01.

ll
OPEN ACCESS

4 iScience 24, 103065, September 24, 2021

iScience
Article



TET3 in ESCs (Figure 2E). Furthermore, we found that TET3 protein levels were significantly downregulated

in the decidual tissues from early pregnancy compared with the endometrial tissues from patients in either

proliferative phase or secretory phase, whereas TET3 expression was remarkably upregulated in the

decidual tissues from patients with EPL compared with the decidual tissues from early pregnancy (Figures

2F and 2G), suggesting that the expression of TET3 was negatively associated with miR-29a expression in

different stages of endometrial and decidual tissues.

Loss of miR-29a induces interaction of TET3 and Col1A1 promoter in human ESCs

Col1A1, a component of type I collagen, is involved in the regulation of decidualization in ESCs (Kim et al.,

2019b). In contrast, promoter demethylation of Col1A1 is related to its expression and functional properties

of human embryonic stem cells (Hewitt et al., 2011). Based on the role of TET3 in DNAdemethylation during

embryo implantation and development, we hypothesized that Col1A1 was a downstream factor of TET3.

First, we found that inhibition of miR-29a significantly upregulated Col1A1 expression in the decidualized

ESCs (Figures 3A and 3B), which might be the consequence of demethylation of TET3. To confirm this hy-

pothesis, ChIP analysis was performed to determine the binding capacity of TET3 with the promoter region

of Col1A1 in decidualized ESCs. The fold enrichment of TET3 occupancy on the Col1A1 promoter region

was attenuated in the decidualized ESCs, whereas it was restored following transfection with miR-29a an-

tagomir, suggesting that the loss of miR-29a might induce the recruitment of TET3 to the Col1A1 promoter

in the human ESCs (Figures 3C and 3D). To further prove this hypothesis, Col1A1 promoter-luciferase re-

porter plasmids were constructed. Compared with the control reporter, TET3 overexpression did not affect

the relative luciferase activity of the pGL3 empty vector or MUT Col1A1 promoter-luciferase reporter, while

significantly inhibiting the WT Col1A1 promoter-luciferase activity, indicating that TET3 could specifically

bind to the Col1A1 promoter region in ESCs (Figure 3E). Subsequently, hMeDIP-qPCR was performed to

determine whether inhibition of miR-29a could affect the enrichment of 5-hmC at the Col1A1 promoter.

The results showed that the 5-hmC level of the Col1A1 promoter decreased significantly in the decidual-

ized ESCs; however, it was restored by addition of miR-29a antagomir (Figure 3F), suggesting that the in-

hibition of miR-29 promoted the demethylation function of TET3 to suppress the promoter methylation of

Col1A1, and leading to enhanced Col1A1 expression. Taken together, it can be inferredmiR-29amay play a

role in targeting TET3 and inhibiting TET3 from binding to the Col1A1 promoter region, thus methylating

the promoter and suppressing the transcription of Col1A1.

Loss of miR-29a suppresses proliferation and decidualization by activation of TET3/Col1A1

signaling

To determine whether miR-29a regulated ESC proliferation and decidualization through TET3, we intro-

duced three small, interfering RNAs targeting TET3, and the knockdown efficiency was confirmed by west-

ern blotting (Figure 4A). Themost effective RNA was selected for the subsequent experiments. Knockdown

of TET3 reversed the inhibitory effect of miR-29a antagomir on the proliferation of decidualized ESCs (Fig-

ure 4B). In addition, PRL and IGFBP1 protein levels were also partially restored in the absence of TET3 (Fig-

ures 4C–4E). The elevated mRNA level of Col1A1 in the presence of the miR-29a antagomir in decidualized

ESCs was abrogated by TET3 knockdown, indicating that TET3 was a key effector in miR-29a-associated

proliferation and decidualization of human ESCs (Figure 4F).

Loss of miR-29a impairs embryo implantation in vivo

Intravenous injections with either miR-29a inhibitor (antagomir) or adenovirus containing TET3 shRNAwere

administered to 6- to 8-week-old C57BL/6 femalemice, resulting in different embryo implantation on gesta-

tion day 8. Implantation sites were visualised by using the Chicago Sky Blue 6B reaction and were repre-

sented as blue spots on gestation day 8. As shown in Figure 5A, embryos were observed in the uterine horns

of the pregnant mice. Compared with the pregnant mice treated with inhibitor NC adenovirus vectors, the

number of embryos implanted in the uterus and the weight of the uterus were significantly reduced in the

pregnant mice treated with themiR-29a inhibitor-containing adenovirus vectors (Figures 5B and 5C). More-

over, the number of uterine embryo implantation events and the weight of the uterus remained unchanged

in the pregnant mice treated with control adenovirus vectors (scramble) compared with the pregnant mice

treatedwithmiR-29a inhibitor-containing adenovirus vectors (Figures 5B and 5C). In addition, the number of

uterine embryo implantation events and uterine weight recovered in the absence of TET3 (Figures 5B and

5C), thereby demonstrating that TET3 acted as a downstream factor of miR-29a in the embryo implantation

process. The expression levels of miR-29a in the endometrial tissue were significantly increased in the

normal pregnancymice comparedwith the non-pregnant control group, whereas theywere downregulated
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in the endometrial tissue of the pregnant mice injected with miR-29a inhibitor-containing adenovirus vec-

tors (Figure 5D). Furthermore, downregulation of TET3 did not significantly change the expression levels

of miR-29a in the endometrium of pregnant mice compared with miR-29a inhibitor-containing adenovirus

vector-treated pregnant mice (Figure 5D). These results showed that miR-29a inhibitor-containing adeno-

virus vectors could significantly inhibit the increase in miR-29a content, whereas downregulation of TET3

demonstrated a less remarkable effect on the content ofmiR-29a in the endometrial tissue of pregnantmice.

Loss of miR-29a suppresses pinopodes of endometrium during embryo implantation

To determine the effect of miR-29a inhibitor on the histological morphology of the endometrium during

embryo implantation, the decidua tissues of the uterus were collected from mice subjected to different

Figure 3. The binding capacity of TET3 to Col1A1 promoter was enhanced in the absence of miR-29a in human ESCs

(A and B) Western blot analysis (A) and quantification (B) of Col1A1 in decidualized ESCs transfected with Control/miR-29a antagomir (n = 3).

(C) ChIP analysis of TET3 occupancy in the promoter regions of Col1A1 in indicated ESCs relative to Control. The fold enrichment represents the binding

amount normalized to respective inputs.

(D) Control ESCs, decidualised ESCs, control/miR-29a antagomir-challenged decidualised ESCs were collected to perform CHIP assay using antibodies

against IgG and TET3. Agarose gel electrophoresis showed PCR results from each ChIP assay. The band indicated the Col1A1 promoter was binded to TET3.

(E) Luciferase reporter assays were performed to detect the luciferase activity in ESCs after co-transfected with TET3 vectors andWT or Mut of pGL3-Col1A1

luciferase reporters.

(F) hMeDIP-qPCR analysis of 5-hmC enrichment in the Col1A1 promoter in indicated ESCs. Data are represented as mean G SEM. An unpaired two-tailed

Student’s t-test was used for conducting direct comparison between two groups. Student’s t test: n.s. = not significant, *p < 0.05, **p < 0.01.
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treatments. The nucleus was round or oval with larger nucleoli and darker staining of cytoplasm was

observed in samples obtained from the pregnant mice injected with inhibitor NC-containing adenovirus

vectors compared to that observed in samples in the non-pregnant control group (Figures 6A and 6B).

Moreover, the nucleus was smaller and cytoplasmic staining was less intense in miR-29a inhibitor-contain-

ing adenovirus vector-treated pregnant mice than that observed in the inhibitor NC-containing adeno-

virus vector-treated mice (Figures 6A and 6B). Furthermore, the morphology of decidual tissues showed

vacuolization, and the cell arrangement was disordered in the pregnant mice injected with miR-29a

Figure 4. Loss of miR-29a suppressed proliferation and decidualization via TET3

(A) Western blot analysis of TET3 in ESCs transfected with siRNAs.

(B–E) (B) CCK-8 assays were performed to evaluate human ESCs viability post decidualization and transfected with miR-29a antagomir and TET3 siRNA.

Western blot analysis (C) and quantification of PRL (D) and IGFBP1 (E) in indicated ESCs (n = 3).

(F) qRT-PCR analysis of COL1A1 mRNA levels in indicated ESCs.

Data are represented as mean G SEM. An unpaired two-tailed Student’s t-test was used for conducting direct comparison between two groups. Student’s t

test: *p < 0.05, **p < 0.01.
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Figure 5. Loss of miR-29a impaired embryo implantation in vivo

On gestation D1 (Day 1), 100 mL adenovirus containing control inhibitor, miR-29a inhibitor, miR-29a inhibitor and scramble, or miR-29a inhibitor and TET3

shRNA were intravenously (i.v.) injected into female C57BL/6 mice for two consecutive days. Animals were sacrificed on day 8, the uterus was photographed,

and the number of embryonic implants and the weight of the uterus were determined.

(A and B) On gestation day 8, uterus samples were acquired and photographed. Subsequently, the implantation sites and fetal number were determined in

the uterine following treatment with miR-29a inhibitor and TET3 shRNA adenovirus vectors on gestation day 8 (n = 5 per group).

(C) The uterine weight (g) was measured following treatment with miR-29a inhibitor and TET3 shRNA adenovirus vectors on gestation day 8 (n = 5 per group).

(D) The expression levels of miR-29a in the uterine following various treatments as analyzed by qRT-PCR. Data are represented as meanG SEM. An unpaired

two-tailed Student’s t-test was used for conducting direct comparison between two groups. Student’s t test: n.s. = not significant, **p < 0.01.
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inhibitor-containing adenovirus vectors compared with the inhibitor NC-containing adenovirus vector-

treated mice (Figures 6A and 6B). However, we found that downregulation of TET3 improved the

miR-29a inhibitor-associated detrimental effects on histological morphology of decidual tissue in the

pregnant mice (Figures 6A and 6B). The number of pinocytes in the endometrium obtained from different

groups was observed by scanning electron microscopy. As shown in Figure 6C, the pinopodes were in the

development stage, and few had short microvilli in their endometrial surface of the non-pregnant control

group. The number of pinocytes in the normal pregnancy group was significantly higher compared to that

in the non-pregnant control group, whereas the miR-29a inhibitor treatment significantly decreased the

number of pinocytes in the endometrium compared to the normal pregnancy group (Figure 6C). Interest-

ingly, the downregulation of TET3 expression partially rescued the miR-29a inhibitor-associated effects

and decreased the number of pinocytes on the endometrial surface (Figure 6C).

DISCUSSION

MiRNAs can participate in the post-transcriptional regulation of multiple physiological and pathological

processes, including gene expression, modification, transcription, and translation (Bhaskaran and Mohan,

2014). MiR-29a is a key regulator of cell differentiation in diverse cell types, including bone marrow cells,

T cells, hematopoietic stem cells, and myoblasts (Hu et al., 2015; Galimov et al., 2016; Xuan et al., 2017).

A previous study has shown that highly expressed miR-29a is necessary for establishing early pregnancy

in the rat uterus during embryo implantation (Xia et al., 2014a). Our study demonstrated that the expression

of miR-29a in decidual tissues from early pregnant women was higher than that in non-pregnant women,

whereas miR-29a expression was remarkably downregulated in the decidual tissues from patients with

Figure 6. Loss of miR-29a impaired histological morphology of endometrium during embryo implantation

On gestation day 1, adenovirus containing inhibitor, miR-29a inhibitor, miR-29a inhibitor and scramble, or miR-29a inhibitor and TET3 shRNA were

intravenously (i.v.) injected into female C57BL/6 mice for two consecutive days. Uterus samples in each group were acquired on gestation day 8. After

embedding with paraffin, 5-mm sections were used to perform HE staining assay.

(A and B) (A) H&E (10X, scale bar: 100 mm) and (B) H&E (40X, scale bar: 20 mm) staining of decidual tissue collected from different treatment groups.

(C) Scanning electron microscopy photomicrograph from the endometrial surface. The endometrium tissues were acquired from C57BL/6 mice in different

treatment groups, scale bar: 2mm. Representative SEM photomicrograph showed the pinopodes of endometrial surface in different groups (n = 5 per group).

Red arrow: pinocytes.
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EPL compared to those from normal controls, suggesting that miR-29a might be involved in the decidual-

ization of the endometrium during early pregnancy. The important prerequisite for embryo implantation is

decidualization of the endometrium when the uterus enters a receptive state (Lessey and Kim, 2017). The

number of embryos implanted in the uterus was reduced in the miR-29a inhibitor treated pregnant mice,

which indicated that miR-29a exerted an important role in embryo implantation in mice in vivo. Moreover,

we showed inhibition of miR-29a impeded the pinopodes of endometrium in pregnant mice, which sug-

gested that loss of miR-29a might be associated with impaired endometrial decidualization as well as

miR-29a was critical to the receptive endometrium in pregnant mice.

Decidualization of ESCs is a complicated biological mechanism involving crosstalk betweenmultiple genes

involved in a myriad cellular processes, including ESC proliferation and differentiation, which affects em-

bryo implantation, maintenance of pregnancy, placental development, and fetal growth (Okada et al.,

2014, 2018). Although miR-29a is highly expressed in the rat uterus during early pregnancy and targets

the pro-apoptotic factor genes Bak1 and Bmf in ESCs (Xia et al., 2014a), whether miR-29a can regulate pro-

liferation and decidualization of ESCs and the underlying molecular mechanism remain unknown. In this

study, we found that the expression of miR-29a was significantly elevated in decidualized ESCs and that

inhibition of miR-29a significantly attenuated the proliferation of ESCs and the decidualized biomarkers

PRL and IGFBP1, which suggested that miR-29a expression was required for the proliferation and decidu-

alization of ESCs.

DNAmethylation and demethylation are critical for the regulation of pregnancy as a pathway of epigenetic

modification (Guo et al., 2014). A study has revealed that DNA methylation of Chromobox homolog 4

initiates stromal cell decidualization during early pregnancy (Gao et al., 2012). DNA demethylation is a

chemical process which results in the removal of a methyl group (CH3) from a methylated variant of cyto-

sine, 5-hydroxymethylcytosine (5-hmC), to generate 5-methylcytosine (5-mC). It has been demonstrated

that demethylation modifications of H3K27 regulate the states of decidualization in uterine stromal cells

during early and late pregnancy stages (Nancy et al., 2018). Previous studies have shown that TET-mediated

demethylation is essential for normal embryo implantation and development (Khoueiry et al., 2017;

Blaschke et al., 2013). In addition, another study has demonstrated that TET levels are implicated in embryo

development during pregnancy (Vasconcelos et al., 2019). In this study, we found that the expression of

TET3, but not TET1 and TET2, was negatively regulated by miR-29a in decidualized ESCs. The luciferase

activity of the 30-UTR of wild-type TET3 was significantly inhibited by the treatment with miR-29a agomir,

suggesting that TET3 was a potential target of miR-29a in ESCs. Moreover, we showed that TET3 was signif-

icantly upregulated in the decidual tissues of patients with EPL, in contrast to the expression status of

miR-29a. A previous study has shown that miR-29a may regulate the methylation level of mouse embryos

by targeting Dnmt3a and Dnmt3b (Movahed et al., 2019). Our results revealed that downregulation of miR-

29a increased the 5-hmC level of Col1A1 in the decidualized ESCs, indicating that miR-29amight inhibit the

demethylation capacity of TET3 in decidualized ESCs. A recent study has shown that TET3-mediated de-

methylation promotes embryo development by regulating the pluripotency gene levels (Cheng et al.,

2019). Interestingly, we found that downregulation of miR-29a decreased PRL and IGFBP1 protein expres-

sion levels, whereas it reversed the loss of TET3, suggesting that miR-29a-mediated negative regulation of

TET3 demethylation might be associated with the process of ESC decidualization, which contributed to the

pathophysiology of impaired decidualization in women with EPL.

Col1A1, a component of type I collagen, is reportedly targeted by histone deacetylase 3 (HDAC3), which

regulates decidualization of ESCs (Kim et al., 2019b). Here, we demonstrated that Col1A1 expression was

significantly upregulated following downregulation of miR-29a expression in the decidualized ESCs, sug-

gesting that downregulation of miR-29a enhanced the demethylation function of TET3 to suppress the pro-

moter methylation of Col1A1, leading to an enhanced Col1A1 expression. Loss of HDAC3 causes a defect

in decidualization through interaction with Col1A1 (Kim et al., 2019b), indicating that Col1A1 affects de-

cidualization and may be involved in the interaction with HDAC3. However, miR-29a could not directly

target the 30-UTR of Col1A1 (Figures S1A and S1B). Interestingly, we found that loss of miR-29a enhanced

the interaction of TET3 and Col1A1 and reversed the inhibitory effect of the miR-29a antagomir on the

proliferative activity and the expression of decidualized biomarkers in the decidualized ESCs. In addition,

inhibition of the TET3 downregulated miR-29a antagomir enhanced the expression of Col1A1 in the decid-

ualized ESCs, which was involved in the loss of TET3 demethylation function. Thus, the binding of TET3 to

Col1A1 functioned as a critical switch during miR-29a-mediated decidualization. Promoter demethylation
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of COL1A1 is observed during the differentiation of human embryonic stem cells (Hewitt et al., 2011). As

described previously, TET3 demethylation might be associated with the process of ESC decidualization.

Thus, a miR-29a downregulation-mediated increased expression of Col1A1 might depend on the function

of TET3 demethylation. In fact, the hMeDIP-qPCR assay confirmed that TET3 demethylated the Col1A1

promoter in decidualized ESCs, which showed a more pronounced effect in the absence of miR-29a. These

results suggested that the loss of miR-29a suppressed proliferation and decidualization of ESCs by activa-

tion of TET3/Col1A1 signaling. Embryo implantation in vivo revealed that inhibition of miR-29a significantly

reduced the number of uterine embryo implantation and uterine weight compared with the NC group,

whereas knockdown of TET3 restored the number of uterine embryo implantation and uterine weight, sug-

gesting that TET3 was a downstream factor of miR-29a and downregulation of TET3 could reverse miR-29a

inhibitor impaired embryo implantation in mice. Interestingly, loss of miR-29a impaired the histological

morphology and decreased the number of pinocytes, whereas downregulation of TET3 could restore

the effect of miR-29a inhibitor on the histological morphology and pinopodes in the endometrium during

embryo implantation in mice, which suggested that downregulation of TET3 could also reverse miR-29a

inhibitor impaired endometrial decidualization and receptive state in pregnant mice. These results indi-

cated that the miR-29a/TET3 signaling was a key regulator in endometrial decidualization and embryo im-

plantation in mice.

In conclusion, our study found that loss of miR-29a could suppress proliferation and decidualization of ESCs

by enhancing the function of TET3 demethylation and the interaction of TET3 and Col1A1 in vitro, and that

it impaired embryo implantation in vivo, which elucidated the important role of miR-29a/TET3/Col1A1 in

regulating the process of decidualization and maintenance of decidual function during early pregnancy.

These results suggest that the loss of miR-29a causes implantation failure because of the limitation of

ESC decidualization-related changes in non-receptive endometrium during early pregnancy. Thus, our re-

sults provide a conceptual framework for understanding abnormal endometrial decidualization, with

considerable significance for the diagnosis and treatment of abnormal decidualization-related changes

in non-receptive endometrium in implantation failure during early pregnancy.

Limitations of the study

Despite miR-29a/TET3 signaling was a key regulator in endometrial decidualization and embryo implanta-

tion in mice, the changes and role of Col1A1 in uterine embryo implantation in miR-29a- or TET3-shRNA

challenged mice remains to be explored by more research. Second, the role of miR-29a/TET3/Col1A1 in

regulating the process of decidualization and maintenance of decidual function during early pregnancy

will be further validated in the clinic.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Vimentin (1:100) Proteintech Cat#10366-1-AP; RRID: AB_2273020

Rabbit monoclonal anti-IGFBP1 (1:1000) Cell Signaling Technology Cat#31025; RRID: AB_2798998

Rabbit Polyclonal anti-PRL (1:1000) Affinity Biosciences Cat#DF6506; RRID: AB_2838468

Rabbit Polyclonal anti-TET3 (1:1000) Merck Millipore Cat#ABS463

Rabbit Polyclonal anti-Col1A1 (1:1000) Abcam Cat#ab34710; RRID: AB_731684

Rabbit Polyclonal anti-GAPDH (1:3000) Abcam Cat#ab9485; RRID: AB_307275

HRP-conjugated secondary antibody (1:5000) Abcam Cat#ab6721; RRID: AB_955447

Cy3-tagged secondary antibody (1:500) Boster Cat#BA1032; RRID: AB_2716305

Rabbit monoclonal anti-5hmC Abcam Cat#ab214728; RRID: AB_2797407

Rabbit Polyclonal anti-TET3 (ChIP) Sigma-Aldrich Cat#ABE290

Bacterial and virus strains

BJ5183 Unibio Cat#ST1039

XL1-Blue Unibio Cat#ST1054

Biological samples

Human endometrial tissues of

proliferative-phase women and

secretory-phase women

Department of Reproductive Endocrinology,

Women’s Hospital, School of Medicine,

Zhejiang University

N/A

Human decidual tissues of EPL patients and

normal early pregnancy women

Department of Reproductive Endocrinology,

Women’s Hospital, School of Medicine,

Zhejiang University

N/A

Chemicals, peptides, and recombinant proteins

TRIzol Invitrogen Cat#15596-026

DMEM/F12 Procell Cat#PM150312

Fetal bovine serum (FBS) Procell Cat#164210-500

Trypsin Procell Cat#PB180225

Penicillin-Streptomycin Solution Procell Cat#PB180120

PBS Procell Cat#PB180327

Collagenase I Sigma Cat#C0130-100MG

TritonX-100 Beyotime Cat#ST795

PFA Beyotime Cat#P0099

Lipofectamine 3000 Thermo Fisher Scientific Cat#L3000-015

RIPA lysis buffer Beyotime Cat#P0013K

PMSF Beyotime Cat#ST505

DAPI Beyotime Cat#C1002

Oestradiol Targetmol Cat#T1048

Progesterone Targetmol Cat#T5040

cAMP Targetmol Cat#TC02745

DL2000 DNA Marker TIANGEN Cat#MD114-02

Critical commercial assays

SYBR Green PCR kit VAZYME Cat#Q111-02

Plasmid Midi kit Qiagen Cat#12143

CCK-8 assay kit Beyotime Cat#C0037

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Dr. Aixia Liu (liuaixia@zju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All relevant data and analyses are included in the present manuscript and its supplemental information.

This study did not generate original code. Any additional information required to reanalyze the data re-

ported in this work paper is available from the Lead Contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BCA Protein Assay Kit Beyotime Cat#P0010S

Dual Luciferase Reporter Kit Beyotime Cat#RG027

hMeDIP Kit Abcam Cat#ab117134

Experimental models: Organisms/strains

Mouse: C57BL/6 Vital River Animal Center,

Beijing, China

Cat#213

Oligonucleotides

Primers for miR-29a-3p: 5’-

TGCGCTAGCACCATCTGAAATC-3’ and

5’-CCAGTGCAGGGTC CGAGGTATT-3’

This paper N/A

Primers for U6: 5’-

CGCTTCGGCAGCACATATAC-3’ and

5’-AAATATGGAA CGCTTCACGA-3’

This paper N/A

Primers for TET1: 5’-

CCTGCTCACGGCTCGGTTTTGATTG-3’ and

5’-G GGAGAGGCGGGTTGGATGATTACG-3’

This paper N/A

Primers for TET2: 5’-

CCATTCCTGATACCATCAC CTCCCA-3’ and

5’-GGCTTACCCCGAAGTTACGTCTTTC-3’

This paper N/A

Primers for TET3: 5’-CCAAC

GAGGAAATAGCGATTGACTG-3’ and

5’-CCCATTGTAGAGGTTATGCTGGTCC -3’

This paper N/A

Primers for Col1A1: 5’-

GTTCCTCCCTGCTCTCCATC-3’ and

5’-GAGGTCCACAAAG CTGAACA-3’

This paper N/A

Primers for GAPDH: 5’-

TCAAGAAGGTGGTGAAGCAGG-3’ and

5’-TCAA AGGTGGAGGAGTGGGT-3’

This paper N/A

MiR-29a agomir and antagomir GenePharma N/A

Control agomir and antagomir GenePharma N/A

Recombinant DNA

pAd5 vector Addgene Cat#122555

pGL3 reporter vector promega Cat#E1751

pRL-TK reporter promega Cat#E2241

Software and algorithms

SPSS 17.0 software SPSS Inc. N/A
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sample collection

Human endometrial tissues of proliferative-phase women (10 cases) and secretory-phase women (15

cases), as well as human decidual tissues of EPL patients (23 cases) and normal early pregnancy women

(22 cases) with the age of 24 to 38 years old, were collected from December 2018 to December 2019 at

the Department of Reproductive Endocrinology, Women’s Hospital, School of Medicine, Zhejiang Univer-

sity, Hangzhou, China. The EPL diagnosis was conducted based on medical history, physical examination,

and transvaginal ultrasound scanning (detection of embryo sac without foetal heart activity in the uterine

cavity). Inclusion criteria included presence of embryo at 8–10 gestational weeks at the time of diagnosis,

with no maternal history of recurrent spontaneous abortion, chromosomal abnormalities, endocrine dis-

ease, anatomical abnormalities of the genital tract, immunological disease, infection, or trauma. All sam-

ples were washed in normal saline to remove excess blood. Samples were immediately snap-frozen in

liquid nitrogen and stored at �80�C. Informed consent was obtained from all participants prior to sample

collection. This study was performed in accordance with the ethical standards of the Declaration of Hel-

sinki. This study protocol was approved by the Ethical Committee of theWomen’s Hospital, School of Med-

icine, Zhejiang University, Hangzhou, China (file no. 20180192).

Mice

C57BL/6 mice (female=30, male=15; age: 6- to 8-week-old) were bred at a room temperature of approxi-

mately 22�C and a 12L:12D photoperiod. The handling of all animals complied with the relevant regulations

for experimental animals. Animal care followed the guidelines recommended by the Animal Care and Use

Committee (ACUC) of the School of Medicine, Zhejiang University.

METHOD DETAILS

In vivo mice embryo implantation

Female and male mice were placed in cages at a ratio of 2:1, and the day of observation of the first vaginal

plug was recorded as the first day of pregnancy (Day 1). Mice were randomly divided into five animals per

group. Mice were injected with control, miR-29a inhibitor (antagomir), and TET3 shRNA adenovirus vectors

(13109 pfu permouse in a 100 mL volume) through the tail vein for two consecutive days fromDay 1. Animals

were sacrificed on Day 8, and uterus samples were acquired for subsequent treatment. On Day 8, the uterus

was photographed, and the number of embryonic implants and the weight of the uterus were determined.

RNA isolation and RT-PCR

RNA was isolated using TRIzol following the manufacturer’s instructions. In total, 20 mL template, 175 ng

cDNA, 400 nM primers, and 10 mL of the RT-PCR Master Mix (2X) were gently mixed together. RT-qPCR

was performed according to the manufacturer’s instructions using the SYBR Green PCR kit. Primers used

in the present study are listed in Supplementary tables. U6 and GAPDH served as internal miRNAs and

mRNA controls, respectively. All relative expressions were calculated using the 2-DDCt method and re-

ported as fold change relative to the internal control and control groups.

Isolation, culture, and identification of ESCs

ESCs were isolated from the normal endometrium. Briefly, endometrial tissue was rinsed twice with sterile

phosphate-buffered saline (PBS) and cut into 0.5–1-mm3 fragments with ophthalmic scissors, and frag-

ments were then digested in collagenase solutions for 1 h at 37�C. The digestion reactions were terminated

using DMEM/F12 containing 10% fetal bovine serum (FBS), and the samples were filtered through wire

sieves with various pore sizes to remove cell impurities and epithelial cells. After performing centrifugation

at 800 g for 5 min, ESCs were resuspended in DMEM/F12 containing 10% FBS and incubated in a 5% CO2

incubator at 37�C. Immunofluorescence (IF) staining was performed to determine the purity of isolated

ESCs using monoclonal anti-Vimentin. To induce decidualisation, ESCs were cultured with DMEM/F12

containing 2% FBS in the presence of 10 nM oestradiol, 1 mMprogesterone, and 0.5 mM cAMP for 5 consec-

utive days, as per methods previously reported (Le et al., 2017). decidualization was confirmed by the in-

duction of IGFBP-1 and PRL protein expression, which are specific markers of decidualization (Grasso et

al., 2018).
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MiRNA, adenoviral vectors, and transfection

Cells were seeded in 6-well plates at a density of 2 3 105 cells per well. At 24 h after seeding, miR-29a ago-

mir and antagomir or control agomir and antagomir were transfected into the cells using Lipofectamine

3000 according to the manufacturer’s instructions. Cells were harvested for subsequent assays 48 h after

transfection. The shuttle vectors were linearised and subjected to homologous recombination with the lin-

earised Ad5 backbone in the E. coli BJ5183 strain. The pAd5 plasmids were amplified in the E. coli strain

XL1-Blue and prepared using the Plasmid Midi kit according to the manufacturer’s instructions. The

pAd5 plasmids were then linearised and transfected into HEK-293 cells to produce the respective adeno-

virus vectors. The cell lysates and culture media were harvested 48 h post-infection.

Cell proliferation assay

Cell proliferation was examined using the CCK-8 assay kit (He et al., 2019). Briefly, cells were transfected

with miR-29a-antagomir or control-antagomir using the Lipofectamine 3000 reagent. After 5 days of trans-

fection, 10 mL of the CCK-8 reagent was added and the mixture was incubated at 37�C for 2 h. The absor-

bance at 450 nm was measured with a Multiskan spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA).

Western blot analysis

Treated ESCs were lysed in RIPA lysis buffer containing 1% 100mMphenylmethanesulfonyl fluoride (PMSF).

Protein concentrations were quantified for all samples using the BCA Protein Assay Kit. The samples were

resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels followed by elec-

trophoretic transfer onto polyvinylidene fluoride (PVDF) membranes (Meck Millipore, Burlington, MA,

USA). After blocking with 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween-20 (TBST),

the membranes were incubated overnight at 4�C with primary antibodies as follows: anti-TET3 (1:1000),

PRL (1:1000), IGFBP1 (1:1000), Col1A1(1:1000), or GAPDH (1:3000). The membranes were then washed,

incubated with HRP-conjugated secondary antibodies for 1 h at room temperature (RT), and subjected

to chemiluminescent detection. The western blot bands of the same size in the same gel were first treated

with stripping buffer and re-probed with other antibodies.

Bioinformatics analysis

The putative targets of miR29 were determined using the TargetScan, PITA, miRnada, PicTar, and miRDB

databases. Subsequently, the candidate MREs of miR29 were determined according to the AgoExpNum

value, which was analysed based on the results of Ago CLIP-Seq.

Dual luciferase assays

The fragments containing the wild-type (WT) and the mutant type (MUT) 3’ UTR of TET-3 were cloned into

their respective luciferase reporter target expression vector. Cells were co-transfected with miR-29a ago-

mir and WT or MUT 3ʹUTR-TET-3 luciferase reporter. For TET-3 and Col1A1 promoter detection, the frag-

ments containing the of Col1A1 promoter WT and MUT, respectively, were cloned into the pGL3 reporter

vectors. Cells were co-transfected withTET-3 overexpression vectors, WT or MUT pGL3 Col1A1 luciferase

reporter vectors, and pRL-TK reporter vectors. The luciferase activity of the cells was detected using a

multifunctional microplate reader (Molecular Devices). Renilla activity was used to normalise the luciferase

reporter activity.

Chromatin immunoprecipitation (ChIP) analysis

Cells were treated with 1% formaldehyde in PBS and chromatin was crosslinked for 15 min at 37�C. Cross-
linking reactions were terminated by the addition of 125 mM glycine for 5 min at room temperature. Cells

were washed with PBS, lysed, and the chromatin was solubilised to the desired length by sonication. The

immunoprecipitation of crosslinked proteins was observed by addition of anti-TET3 (2 mg). The IgG anti-

body (1 mg) served as ChIP assay control. Immunoprecipitated DNA was analysed by performing PCR using

specific primers for the Col1A1 promoter flanking the TET3-binding sites.

Methylated and hydroxymethylated DNA immunoprecipitation (hMeDIP)

Immunoprecipitation of 5-hmC was performed using the hMeDIP Kit. DNA in the samples was sonicated

into short fragments for 4 min with on and off cycles of 15 s and was heat-denatured at 95�C for 5 min. An

amount of 0.5 mg of the sonicated DNA was immunoprecipitated with 2 mL of anti-5-hydroxymethylcytosine
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(anti-5hmC). After incubation at 4�C overnight, mouse anti-IgG magnetic beads were added to the DNA-

antibody mixture and incubated at 4�C for 2 h. Immunoprecipitated DNA was purified and subjected to

RT-PCR analysis. The percentage of enrichment was calculated relative to the amount of DNA used in the

IP reaction.

Immunofluorescence staining

The ESCs were fixed and permeabilised with 4% PFA containing 0.5% Triton X-100 for 20 min. Fixed cells

were washed and blocked for 1 h in blocking buffer (1% BSA in PBS) and probed with anti-Vimentin (1:100).

The cells were washed with PBS and probed with Cy3-tagged secondary antibodies. The nuclei were coun-

terstained with DAPI. Images were captured under a fluorescence microscope (Olympus, Tokyo, Japan).

Hematoxylin and eosin (HE) staining

The decidua tissue at the embryo implantation site and the endometrial tissue of the control group were

prepared as paraffin-embedded sections, and histological morphology was observed by HE staining on

Day 8. The tissues were fixed in 10% formalin at room temperature for 24 h. The formalin-fixed tissues

that were embedded in paraffin were cut into 4 mm-thick sections. The sections were then stained with

HE and observed under a light microscope.

Scanning electron microscopy

The mice were euthanised, and the uteri were dissected and immersed in 2% glutaraldehyde. Thereafter,

the endometrium tissues were fixed in 1% osmium tetroxide solution and were dehydrated in ethanol at

increasing concentrations. The specimens were dried, mounted, and coated with gold, and they were

observed by scanning electron microscopy.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was conducted using the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). All experi-

ments were performed in at least three independent biological replicates and reported as mean G SEM.

An unpaired two-tailed Student’s t-test was used for conducting direct comparison between two groups.

Differences were considered statistically significant when P values were < 0.05.
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