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Defective autophagy contributes to endometrial epithelial-mesenchymal transition
in intrauterine adhesions
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ABSTRACT

Intrauterine adhesions (IUA), characterized by endometrial fibrosis, is a common cause of uterine infertility.
We previously demonstrated that partial epithelial-mesenchymal transition (EMT) and the loss of epithelial
homeostasis play a vital role in the development of endometrial fibrosis. As a pro-survival strategy in
maintaining cell and tissue homeostasis, macroautophagy/autophagy, conversely, may participate in this
process. However, the role of autophagy in endometrial fibrosis remains unknown. Here, we demonstrated
that autophagy is defective in endometria of IUA patients, which aggravates EMT and endometrial fibrosis,
and defective autophagy is related to DIO2 (iodothyronine deiodinase 2) downregulation. In endometrial
epithelial cells (EECs), pharmacological inhibition of autophagy by chloroquine (CQ) promoted EEC-EMT,
whereas enhanced autophagy by rapamycin extenuated this process. Mechanistically, silencing DIO2 in
EECs blocked autophagic flux and promoted EMT via the MAPK/ERK-MTOR pathway. Inversely, overexpres-
sion of DIO2 or triiodothyronine (T3) treatment could restore autophagy and partly reverse EEC-EMT.
Furthermore, in an IUA-like mouse model, the autophagy in endometrium was defective accompanied by
EEC-EMT, and CQ could inhibit autophagy and aggravate endometrial fibrosis, whereas rapamycin or T3
treatment could improve the autophagic levels and blunt endometrial fibrosis. Together, we demonstrated
that defective autophagy played an important role in EEC-EMT in IUA via the DIO2-MAPK/ERK-MTOR
pathway, which provided a potential target for therapeutic implications.

Abbreviations: ACTA2/a-SMA: actin alpha 2, smooth muscle; AMPK: adenosine 5-monophosphate-
activated protein kinase; AKT/protein kinase B: AKT serine/threonine kinase; ATG: autophagy related;
CDH1/E-cadherin: cadherin 1; CDH2/N-cadherin: cadherin 2; CQ: chloroquine; CTSD: cathepsin D;
DIO2: iodothyronine deiodinase 2; DEGs: differentially expressed genes; EECs: endometrial epithelial
cells; EMT: epithelial-mesenchymal transition; FN1: fibronectin 1; IUA: intrauterine adhesions; LAMP1:
lysosomal associated membrane protein 1; LPS: lipopolysaccharide; MAP1LC3/LC3: microtubule
associated protein 1 light chain 3; MAPK: mitogen-activated protein kinase; MTOR: mechanistic target
of rapamycin kinase; Rapa: rapamycin; SQSTM1/p62: sequestosome 1; T3: triiodothyronine; T4: tetra-
iodothyronine; TFEB: transcription factor EB; PBS: phosphate-buffered saline; TEM: transmission
electron microscopy; TGFB/TGFf: transforming growth factor beta.
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Introduction Macroautophagy (hereafter referred to as autophagy) is con-

Intrauterine adhesions (IUA) is a common uterine factor of
infertility [1]. Around one in five women undergoing miscar-
riage suffer from it [2]. Its main histopathological lesion is
endometrial fibrosis, which often follows curettage related to
pregnancy termination or infection [1]. Few interventions
improve live-birth rates in endometrial fibrosis [3,4], indicating
that in most cases the underlying mechanisms are incompletely
understood. Recently we demonstrated that the partial transition
of endometrial epithelial cells (EECs) to mesenchymal pheno-
type, a hybrid phenotype of both epithelial and mesenchymal
traits, plays an important role in the pathogenesis of endometrial
fibrosis in TUA [*7’]. Loss of the epithelial integrity indicates the
destruction of epithelial homeostasis [3-19].

sidered to play a housekeeping role in maintaining cellular
homeostasis [11]. After engulfing target structures into autopha-
gosomes, they fuse with lysosomes for degradation and serve as
an intracellular recycling system [12]. With this mechanism,
autophagy helps to eliminate misfolded proteins, damaged orga-
nelles and lipid droplets, enabling cells to function continuously
and properly [11]. However, whether it participates in endome-
trial epithelial-mesenchymal transition (EEC-EMT) and endo-
metrial fibrosis is not known. In fact, several studies have
uncovered that autophagy defect is involved in the EMT process
of lung, liver and kidney fibrosis ['*"'°]. To investigate the
relationship between autophagy and EEC-EMT, we compared
the transcriptome profiles between IUA and normal endometria,
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and identified that autophagy deficiency was evident in ITUA
patients and DIO2 decreased most significantly among the
downregulated genes. DIO2 is a selenoenzyme responsible for
the deiodination of the outer ring of pro-hormone thyroxine
(T4) into bioactive T3 to maintain local thyroid metabolic home-
ostasis [17]. In this study, we proved that autophagy deficiency
in IUA patients was related to DIO2 downregulation via the
MAPK/ERK-MTOR signaling pathway, which promoted EEC-
EMT and endometrial fibrosis. Overexpression of DIO2 or giv-
ing its product T3 could attenuate endometrial fibrosis through
restoring autophagic activity in IUA-like mice model.
Collectively, our study reveals the unexpected role of autophagy
and DIO2-T3 in the EEC-EMT process in IUA patients and
provides insights into novel therapeutic targets.

Results

Autophagy is downregulated in endometria of IUA
patients

The endometrial transcriptional profiles of IUA patients and
normal controls in the late proliferative phase of menstrual
cycle were compared. As shown in the volcano plot
(Figure 1A), 553 genes were differentially expressed between
normal controls and IUA patients (fold change > 2, P < 0.05).
The hierarchical clustering analysis of top 50 differentially
expressed genes (DEGs) separated into two groups
(Figure 1B). We performed KEGG analysis of all DEGs and
found that among Topl0 pathways, autophagy changed sig-
nificantly (Figure 1C). Then, the endometrial autophagy levels
in IUA patients and normal controls were further analyzed.
First, we used transmission electron microscopy (TEM) to
analyze the number of autophagic vacuoles. The results
showed that a large amount of autophagosomes existed in
endometria of normal controls, which were significantly
decreased in IUA patients (Figure 1D). Then, we analyzed
the expression of autophagy-related markers. The results
showed that the mRNA expression levels of LC3B and
BECNI (beclin 1) were reduced by 54.82% and 66.92% respec-
tively in endometria of IUA patients (Fig. S1B). The protein
expression levels of LC3B-II (autophagosome marker),
BECNI1 (autophagy activation marker) and LAMPI1 (lysoso-
mal associated membrane protein 1; early lysosome marker)
were decreased by 57.04%, 62.41% and 51.04%, whereas
SQSTM1/p62 protein (a receptor and degradation substrate
of autophagy) was increased by a mean of 2.64-fold in TUA
assessed by Western blotting (Figure 1F), suggesting impaired
formation of autophagosome and lysosome. The results of
immunohistochemical staining showed that the autophagy
levels of endometrial epithelial and stromal cells in IUA
patients were all reduced, but mainly in EECs (Figure 1E
and Fig. S1C).

Alteration of autophagy affects phenotype of EECs

Epithelial homeostasis is critical to endometrial function and
EMT plays an important role in IUA process ] (Fig. S1A).
To investigate the relationship between epithelial autophagy
and EEC-EMT, the primary EECs (>95% purity identified

with cytokeratin 7 and vimentin staining as shown in Fig.
S1D) were treated with CQ (50 uM, an autophagy inhibitor)
or rapamycin (100 nM, an autophagy inducer) for 48 h. The
cell viability was not affected by CQ or rapamycin treatment
(Figure 2A and B). After inhibition of autophagy in EECs, the
protein levels of mesenchymal markers (CDH2/N-cadherin,
FN1 and ACTA2/a-SMA) were significantly increased and the
epithelial marker (CDHI/E-cadherin) was decreased
(Figure 2C). On the contrary, activated autophagy signifi-
cantly downregulated the expression of mesenchymal markers
and upregulated epithelial marker (Figure 2D). Then we used
TGFB/TGFp to induce EEC-EMT in combination with CQ or
rapamycin. The results showed that CQ significantly
enhanced EMT (CDH2, FN1 and ACTA2 increased and
CDH1 decreased) (Figure 2E). However, rapamycin alleviated
TGFB-induced EEC-EMT (CDH2, FN1 and ACTA2
decreased and CDHI increased) (Figure 2F).

DIO2 is related to endometrial autophagy

To explore the molecular mechanism underlying the reduced
autophagic activity in EECs in IUA, we further analyzed
autophagy-related genes based on RNA-seq. Among the
downregulated genes, DIO2 decreased most significantly
(Figure 3A). We proved this result by qRT-PCR and
Western blotting and the results showed that the mRNA
and protein levels of DIO2 in endometria of IUA patients
were significantly decreased to 40.97% and 30.80% of normal
controls (Figure 3B and 3C). According to immunohisto-
chemistry analysis, DIO2 was mainly expressed in the luminal
and glandular epithelium and weakly expressed in the stroma
of endometria (Figure 3D). Moreover, the correlation between
the expression of DIO2 and autophagy-related molecules in
IUA endometria was analyzed. Interestingly, the mRNA
expression of DIO2 was positively correlated with LC3B
(r = 0.7648) and BECNI (r = 0.8109) (Fig. S1E and S1F). In
TGFB-induced EECs, the mRNA (Figure 3E) and protein
(Figure 3F) levels of DIO2 were also downregulated by
51.29% and 45.49% respectively in the progress of EEC-EMT.

Studies have reported that fluctuations in serum T3 and T4
concentrations could also lead to changes in the expression of
DIO2 in organs [18]. In order to exclude the influence of
circulating thyroid hormone levels on local DIO2 expression,
we tested the serum thyroid hormones including TSH, fT3
and fT4 in normal controls and IUA patients, and the results
showed no differences between two groups (Table 1).
Furthermore, we examined the level of thyroid hormone in
the endometrial tissues and found that the level of T3 in
endometria of IUA had a downward trend (Fig. S1G), sug-
gesting that the dysregulation of thyroid hormone metabolism
took place in local endometria of TUA.

DIO2 and T3 induce autophagic flux in EECs

To investigate the effect of DIO2 on autophagy, we performed
the overexpression and suppression of DIO2 in primary EECs.
We conducted the knockdown of DIO2 through siRNA trans-
fection, and the three interference sequences (si-1, si-2 and si-
3) significantly suppressed the mRNA and protein expression
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Figure 1. Autophagy is downregulated in endometria of IUA patients. (A) Volcano plot of DEGs in endometria of normal controls (n = 4) and IUA patients (n = 4)
based on RNA-sequencing analysis. Green dots represent downregulated DEGs and red dots represent upregulated DEGs (fold change > 2, P < 0.05). (B) Heatmap
showing top 50 DEGs in endometria of normal controls (n = 4) and IUA patients (n = 4). (C) Top 10 pathways based on KEGG analysis of all DEGs. (D) Top:
Representative transmission electron microscopy (TEM) images of endometria of normal controls (n = 3) and IUA patients (n = 3). Arrowheads indicate
autophagosomes. Scale bars: 1 um. Bottom: Quantitative analysis of the numbers of autophagic vacuoles. (E) Top: Immunohistochemical staining of LC3B, BECN1,
SQSTM1 and LAMP1 in endometria of normal controls (n = 5) and IUA patients (n = 5). Scale bars: 50 pm. Arrowhead: luminal epithelial cells; arrow: glandular
epithelial cells. Bottom: Relative optical densities (OD) analyzed by Image-pro plus. (F) Left: The protein levels of LC3B, SQSTM1, BECN1 and LAMP1 in endometria of
normal controls (n = 5) and IUA patients (n = 5) detected by Western blotting. Right: Relative band intensities analyzed by ImageJ. Error bars, mean + SEM. *P < 0.05,
**P < 0.01.
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Figure 2. Inhibition of autophagy promotes EEC-EMT and activation of autophagy prevents EEC-EMT. (A) The cell viability in IK cells incubated with CQ (50 pM) for
48 h detected by CCK-8. (B) The cell viability in IK cells incubated with Rapamycin (Rapa, 100 nM) for 48 h detected by CCK-8. (C) Left: The protein levels of ACTA2,
CDH1, CDH2, FN1 in EECs (n = 3) incubated with CQ (50 pM) for 48 h detected by Western blotting. Right: Relative band intensities analyzed by Image). (D) Left: The
protein levels of ACTA2, CDH1, CDH2 and FN1 in EECs (n = 3) incubated with rapamycin (Rapa, 100 nM) for 48 h detected by Western blotting. Right: Relative band
intensities analyzed by ImageJ. (E) Left: The protein levels of ACTA2, CDH1, CDH2 and FN1 in EECs (n = 3) incubated with CQ in the presence of TGFB for 48 h
detected by Western blotting. Right: Relative band intensities analyzed by Imagel. (F) Left: The protein levels of ACTA2, CDH1, CDH2 and FN1 in EECs (n = 3)
incubated with rapamycin in the presence of TGFB for 48 h detected by Western blotting. Right: Relative band intensities analyzed by ImageJ. Error bars, mean +
SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significant difference.

of DIO2 after transfection for 48 h. Among them, si-1 was the
most efficient siRNA which reduced the mRNA level to
39.75% and protein level to 61.86% (Figure 4A and 4B).
Therefore, we chose si-1 for the following experiments. We
also transfected EECs with a plasmid containing DIO2 cDNA
(pDIO2) for 48 h. Compared to control plasmids, the mRNA
and protein levels of DIO2 were increased by 77.11- and 1.76-
fold respectively (Figure 4C and D). After downregulation of
DIO2, the mRNA levels of LC3B, SQSTMI, BECNI1, ATG5
and ATG7 were decreased (Figure 4E). The protein level of
the LC3B-II was also decreased to about 51.77% while
SQSTM1 was increased by about 1.27-fold (Figure 4F),
which suggested that autolysosomes didn’t exert effective
degradation. We further examined lysosome related indica-
tors. As shown in Figure 4F, the protein levels of LAMPI,

mature CTSD (a principal lysosomal protease, hallmark of
lysosomal maturation and degradative function) and TFEB
(a key transcription factor to regulate autophagy pathway
and lysosomal biogenesis) were declined to 57.34%, 65.19%
and 51.91%, respectively. The DAPGreen fluorescence, repre-
senting autophagosomes and autolysosomes, was significantly
reduced (Figure 4H). On the contrary, after overexpression of
DIO2, the protein levels of LC3B-II, LAMP1, mature CTSD
and TFEB were increased by about 1.59-, 1.86-, 1.5- and 1.61-
fold respectively while the expression of SQSTMI1 was
decreased by 29.1% (Figure 4G), and the DAPGreen fluores-
cence was enhanced (Figure 4I). These results indicated that
DIO2 promoted not only the formation of autophagosome
but also the formation of lysosome and the maturation of
lysosomal acid hydrolases.
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Figure 3. DIO2 is downregulated in endometria of IUA patients. (A) Heatmap showing autophagy-related genes in endometria of normal controls (n = 4) and IUA
patients (n = 4). (B) The mRNA level of DIO2 in endometria of normal controls (n = 24) and IUA patients (n = 20) measured by qRT-PCR. (C) Top: The protein level of
DIO2 in endometria of IUA patients (n = 5) compared to normal controls (n = 5) by Western blotting. Bottom: Relative band intensities analyzed by ImageJ. (D)
Immunohistochemical staining of DIO2 in endometria of normal controls (n = 5) and IUA patients (n = 5). Scale bars: 50 um. Arrow head: luminal epithelial cells;
arrow: glandular epithelial cells. NC: negative control of DIO2 staining. (E) The mRNA level of DIO2 in EECs (n = 3) treated with TGFB for 48 h detected by qRT-PCR. (F)
Top: The protein level of DIO2 in EECs (n = 3) treated with TGFB for 48 h detected by Western blotting. Bottom: Relative band intensities analyzed by ImageJ. Error
bars, mean + SEM. *P < 0.05, **P < 0.01, ****P < 0.0001.



2432 Z. ZHOU ET AL.

Table 1. Characteristics of the two groups.

Parameter normal (n=24) IUA (n=24) P value
Age (y) 32.04 + 3.99 30.04 + 3.69 >0.05
IUA score (AFS) 0 848 £ 153  <0.05
Endometrial thickness (mm)* 10.32 + 3.05 568 + 143  <0.05
Serum TSH (mIU/L) 2.71 £ 1.55 273 +162 >0.05
Serum fT3 (pmol/L) 4,66 + 0.48 488 + 0.53 >0.05
Serum fT4 (pmol/L) 16.75 + 2.35 16.12 £ 246 >0.05

AFS: American Fertility Society, 1988 [50].

TSH: thyroid-stimulating hormone; fT3: free triiodothyronine; fT4: free thyroxine.

* The endometrial thickness was measured by ultrasound scan in the late
proliferative phase according to menstrual cycle (D11-14), progesterone level
(< 5.5 mmol/L) and dominant follicle diameter (15 to 18 mm).

Considering that DIO2 is an enzyme converting T4 into
bioactive T3 [17], we further explored the role of T3 in EECs
autophagic flux. We found that T3 (20 nM, 100 nM) signifi-
cantly increased LC3B-II levels by about 1.36- and 1.89-fold
respectively and decreased SQSTMI levels to 81.69% and
68.79% (Fig. S2A). T3 could also upregulate the expression
of LAMPI, mature CTSD, TFEB (Fig. S2B) and enhance the
green fluorescence representing autophagosomes and autoly-
sosomes (Fig. S2C). Since LC3B-II accumulation could be
caused by autophagosome formation or degradation blockade
[19], we measured LC3B-II turnover in the presence of CQ to
distinguish the above two cases. When we inhibited autopha-
gosome-lysosome fusion by CQ, the LC3B-II levels were
increased compared to control (Fig. S2D). CQ and T3 treat-
ment significantly increased LC3B-II levels compared to T3 or
CQ alone suggesting that T3 increased autophagic flux in
EECs.

DIO2 prevents EEC-EMT through autophagy

To investigate the role of DIO2 in the EMT, we conducted
DIO2 knockdown and overexpression in EECs and then
examined the EMT-related indicators. Compared to the con-
trol group, the mRNA and protein levels of CDH2, FN1 and
ACTA2 were upregulated, while the expression of CDH1 was
downregulated in EECs transfected with si-DIO2 (Figure 5A
and B). In contrast to the results of DIO2 downregulation, the
overexpression of DIO2 prevented EECs from EMT
(Figure 5C and D). Furthermore, we transfected pDIO2 into
EECs pre-stimulated with TGFB for 24 h and found that the
protein level of CDHI was increased while the levels of
ACTA2, CDH2 and FN1 were all reduced after pDIO2 trans-
fection for 48 h, (Figure 5E). Importantly, the cytoprotective
effect of DIO2 overexpression was lost in the CQ pre-treated
EECs (Figure 5F), suggesting that DIO2 prevented EEC-EMT
through autophagy induction.

We further explored the role of T3 in EEC-EMT. After pre-
treatment with TGFB for 24 h, the EECs were incubated with
T3 (20 nM, 100 nM) for another 24 h. Compared with the
TGFB-induced group, T3 could reverse the TGFB-induced
EEC-EMT (Fig. S3A-S3C).

DIO2 and T3 regulate autophagy through MAPK/
ERK-MTOR signaling

MTOR (mechanistic target of rapamycin kinase) is an impor-
tant negative regulatory molecule of autophagy and the

phosphorylation of MTOR (p-MTOR, associated with its acti-
vation) inhibits the formation of autophagosomes [20,21]. In
order to explore the possible signaling pathway that DIO2
induced autophagy, we examined the level of p-MTOR. As
shown in Figure 6A and B, downregulation of DIO2 increased
the phosphorylation of MTOR without changing the level of
total MTOR in EECs. However, the overexpression of DIO2
decreased the level of p-MTOR and activated autophagy.
Thus, these results suggested that MTOR was a downstream
target in DIO2-mediated autophagy.

Since p-MTOR is regulated by MAPK/ERK, AKT and
AMPK [21], we examined the phosphorylation of MAPK/
ERK, AKT and AMPK in EECs after transfecting with si-
DIO2 and pDIO2. The results showed that si-DIO2 signifi-
cantly induced the phosphorylation of MAPK/ERK but not
AMPK and AKT, while the overexpression of DIO2 inhibited
the phosphorylation of MAPK/ERK (Figure 6C and D).
Importantly, as shown in Figure 6E, we found increased levels
of p-MTOR and p-MAPK/ERK in endometria from IUA
patients, which was consistent with the results obtained in
EECs (Figure 6E). Next, U0126 (MAPK/ERK inhibitor) was
employed to further ascertain the critical role of MAPK/ERK
in EECs. The protein level of CDHI1 was significantly
increased while the levels of ACTA2, CDH2 and FN1 were
significantly decreased after pre-treatment of U0126 com-
pared with si-DIO2 group. Meanwhile, we also observed that
the activation of MTOR was inhibited by pre-treatment of
U0126 (Figure 6F). Additionally, we examined the effect of T3
on MAPK/ERK-MTOR signaling pathway and the results
showed that T3 could also reduce p-MTOR by inhibiting
p-MAPK/ERK to maintain autophagic activity (Fig. S4A
and S4B).

Thyroid hormone (T3) improves autophagy and
attenuates endometrial fibrosis in IUA murine model

To further study the role of thyroid hormone in vivo, we
established a dual-damage IUA-like mice model by mechani-
cally injuring endometria and injecting LPS as reported in the
previous research [5]. Compared with the sham-operated
group, the IUA-like mice model had fewer endometrial glands
and more collagen deposition, and EECs underwent EMT
(Fig. S5A). Of note, the expression of DIO2 was significantly
reduced in endometria (Fig. S5B) and the expression levels of
LC3B, BECN1, CTSD and TFEB were all downregulated,
while SQSTM1 was accumulated in endometria of IUA-like
mice model (Fig. S5C), suggesting defective autophagy in I[UA
mice.

To investigate the potential role of autophagy in fibrotic
endometria, we induced autophagy impairment in mice by
intraperitoneal injection of CQ (60 mg/kg) for 2 weeks and
then examined the effect of CQ on EMT and endometrial
fibrosis. As shown in Figure 7A and B, CQ treatment blocked
lysosomal degradation and thus caused accumulation of LC3B
and SQSTMI1. The pathological sections showed mild collagen
deposition and an EMT trend (Figure 7A and B), though with
no statistical significance. Then we treated IUA-like mice
model induced by dual damage with CQ to further detect
the effect of autophagy on endometrial fibrosis. Accompanied
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Figure 4. DIO2 induces autophagic flux in EECs. (A and B) The mRNA and protein levels of DIO2 in EECs (n = 3) transfected with three different small interfering RNA
sequences of DIO2 (si-1, si-2, si-3) or negative control (si-NC) for 48 h by gRT-PCR and Western blotting. (C and D) The mRNA and protein levels of DIO2 in EECs
(n = 3) transfected with DIO2 plasmid (pDIO2) or control plasmid (pNC) for 48 h by gRT-PCR and Western blotting. (E) The mRNA levels of LC3B, SQSTM1, BECN1, ATG5
and ATG7 in EECs (n = 3) transfected with si-DIO2 (si-1) for 48 h detected by qRT-PCR. (F and G) Left: The protein levels of LC3B, SQSTM1, mature CTSD (m-CTSD),
LAMP1 and TFEB examined by Western blotting in EECs (n = 3) after transfected with si-DIO2 and pDIO2 for 48 h. Right: Relative band intensities analyzed by ImageJ.
(H and 1) Representative images of DAPGreen of EECs (n = 3) transfected with si-DIO2 and pDIO2 for 48 h. Scale bars: 100 um. Error bars, mean + SEM. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.

with CQ treatment, the expression levels of CDH2 and
ACTA2 in EECs were increased, whereas of CDH1 was
further declined in endometria, compared with dual damage
(Figure 7C and D). However, administration of rapamycin
(2 mg/kg) on IUA-like mice was effective in ameliorating
dual-damage induced EEC-EMT and endometrial fibrosis

(Figure 7C and D). These results indicated that impaired
autophagy was a consequence of injury and could further
aggravate fibrosis, while activation of autophagy could ame-
liorate fibrosis.

Since the main function of DIO2 is to regulate the local
thyroid hormone levels and we have demonstrated the T3
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Figure 5. DIO2 prevents EEC-EMT through autophagy. (A and B) The mRNA and protein levels of EMT-related genes (CDH1, CDH2, FN1, ACTA2) in EECs (n = 3)
transfected with si-DIO2 or si-NC for 48 h by qRT-PCR and Western blotting. (C and D) The mRNA and protein levels of EMT-related genes (CDH1, CDH2, FN1, ACTA2)
in EECs (n = 3) transfected with DIO2 plasmid (pDIO2) or control plasmid (pNC) for 48 h by qRT-PCR and Western blotting. (E) Left: The protein levels of ACTA2, CDH1,
CDH2, FN1 in EECs (pre-treated with TGFB for 24 h) transfected with pD/O2 or pNC for 48 h. Right: Relative band intensities analyzed by Imagel. (F) Left: The protein
levels of ACTA2, CDH1, CDH2 and FN1 in EECs (n = 3, pre-treated with CQ) transfected with pDIO2 for 48 h detected by Western blotting. Right: Relative band
intensities analyzed by ImageJ. Error bars, mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6. DIO2 regulates autophagy through MAPK/ERK-MTOR pathway. (A and B) Left: The protein levels of p-MTOR and MTOR in EECs (n = 3) transfected with si-
DIO2 and pDIO2 for 24 h detected by Western blotting. Right: Relative band intensities analyzed by ImageJ. (C and D) Left: The protein levels of p-MAPK/ERK, MAPK/
ERK, p-AKT, AKT, p-AMPK and AMPK in EECs (n = 3) transfected with si-DIO2 and pDIO2 for 24 h detected by Western blotting. Right: Relative band intensities
analyzed by ImageJ. (E) Top: The protein levels of p-MAPK/ERK, MAPK/ERK, p-MTOR and MTOR in endometria of IUA patients (n = 5) compared to normal controls
(n = 5) by Western blotting. Bottom: Relative band intensities analyzed by Imagel. (F)Top: The protein levels of p-MTOR, ACTA2, CDH1, CDH2 and FN1 in EECs (pre-
treated with 5 uM U0126) transfected with si-DIO2 for 48 h. Bottom: Relative band intensities analyzed by ImageJ. Error bars, mean + SEM. *P < 0.05, **P < 0.01,
*#**p < 0,001, ****P < 0.0001, ns: no significant difference.
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Figure 7. Pharmacological inhibition of autophagy by CQ aggravates endometrial fibrosis and activation of rapamycin ameliorates endometrial fibrosis in vivo. (A and
B) The mice were divided into the following two groups: saline (intraperitoneal injection of saline, n = 4) and CQ (intraperitoneal injection of CQ, 60 mg/kg/d,
2 weeks, n = 4). (A) HE, Masson staining (scale bars of HE and Masson: 250 um) and Immunohistochemical staining of LC3B, SQSTM1, CDH1, CDH2 and ACTA2 in
endometria of mice. Scale bars: 50 um. (B) Relative optical densities (OD) analyzed by Image-pro plus. Error bars, mean + SEM. *P < 0.05, **P < 0.01, ns: no significant
difference. (C and D) The mice were divided into the following four groups: sham operation (n = 4), curettage+LPS+saline (n = 4), curettage+LPS+CQ (60 mg/kg/d,
2 weeks, n = 4) and curettage+LPS+Rapa (rapamycin, 2 mg/kg, 2 weeks, n = 4). (C) HE, Masson staining (scale bars of HE and Masson: 250 pm) and
Immunohistochemical staining of CDH1, CDH2 and ACTA2 in endometria of mice. Scale bars: 50 um. (D) Relative optical densities (OD) analyzed by Image-pro
plus. Arrow head: luminal epithelial cells; arrow: glandular epithelial cells. Error bars, mean + SEM. *P < 0.05, **P < 0.01, ns: no significant difference.



activated autophagy and was anti-fibrotic in vitro, we con-
tinuously injected T3 intraperitoneally 5 days after the opera-
tion. Compared with saline administration, T3 treatment
significantly promoted the expression levels of LC3B,
BECN1, CTSD and TFEB, and downregulated the accumula-
tion of SQSTM1 (Figure 8A), suggesting that T3 could ame-
liorate autophagy impairment in IUA model. Additionally, T3
attenuated endometrial fibrosis as demonstrated by Masson
and THC staining (Figure 8B).

Discussion

In the present study, we revealed that autophagy deficiency
exists in the endometria of IUA patients on multiple levels (a
series of molecules at early and late stage of autophagy). Both
in vitro and in vivo, inhibition of autophagy disturbed the
endometrial epithelial homeostasis, contributing to EEC-EMT
and endometrial fibrosis, while activation of autophagy effec-
tively inhibited EEC-EMT and fibrosis. DIO2 (T3)-MAPK
/ERK-MTOR pathway was the underlying molecular mechan-
ism of defective autophagy in EECs. These results provide
a feasible therapeutic strategy for IUA patients.

Autophagy plays an important role in maintaining endo-
metrial homeostasis throughout the menstrual cycle [22,23].
Despite the dramatic changes such as proliferation, decidua-
lization, shedding (when a woman is not pregnant) and
regeneration, the endometrium keeps normal morphology in
this physiological process [24]. Under pathological conditions,
same as studies researching autophagy in other organs [***’],
contradictory studies exist in researching endometrial auto-
phagy in endometriosis [***]. This discrepancy was at least
in part due to different sampling time points in the menstrual
cycle. To avoid this caveat, in this study all the endometrial
specimens were specifically taken in the late proliferative
phase since physiologically endometrial epithelium in this
phase has no EMT and is suitable for researching epithelial
characteristics, while in the secretory phase, the epithelium
undergoes abrupt and discontinuous changes frequently [33].
Few studies focus on autophagy in the pathogenesis of IUA.
Although recently Wei et al. reported that endometrial stro-
mal cells in the proliferative phase of IUA patients are char-
acterized with impaired autophagy [34], it only focused on
stromal cells, without connecting autophagy with EMT. Our
research, conversely, confirmed the defective autophagy in
both epithelia and stroma, but more obvious in epithelia
(Figure 1).

In searching for the underlying molecules that cause auto-
phagy changes, we found DIO2, the most significant down-
regulated gene according to RNA-seq. DIO2 is the highest
expressed deiodinase in endometrial tissue, and is involved in
maintaining the level of local thyroid hormone in both the
nonpregnant and pregnant state [35,36]. We demonstrated
endometrial DIO2 and T3 downregulation in I[UA endometria
in euthyroid patients, which was different from the studies
that found serum thyroid hormone abnormality (hyperthyr-
oidism or hypothyroidism) in close relationship with fibrosis
of the heart [37], liver [337%°], lung [*1-%%], and kidney [44].

Additionally, because DIO2 is responsible for converting
local T4 to T3, we chose the more common T3 as
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pharmaceutic treatment. T3 is widely used in clinical practice
and has been verified of its security. We showed that T3
increased autophagic flux, which was similar to its induction
of autophagy in other organs [43,"*®]. The dose as low as
40 ug/(kg*d) of intraperitoneal injection (for dosage accuracy)
of T3, 8% of the hyperthyroxinemia-inducing threshold
according to previous studies [49], is effective enough for
inducing autophagic flux. This also indicates potential clinical
application of T3 for the treatment of IUA.

Different from results in vitro, inhibition of autophagy in
mice models by CQ only led to mild EMT. However, dual
damage of the IUA-like mice model presented continuous
decline of autophagy and severe EMT and fibrosis. This is
mainly because it is injury rather than autophagy that initiates
EMT and fibrogenic process. However, when mice were pre-
treated with rapamycin to promote autophagy before dual
damage, endometrial EMT and fibrosis were significantly
alleviated, supporting an unequivocal role for autophagy in
this damage-initiated process.

In this study, there are some limitations. Firstly, endome-
trial autophagy alterations exist in both epithelial and stromal
cells in endometria of IUA patients, yet our study focused
only on epithelial cells and EMT. Stromal cell autophagy
defect was already revealed by the previous research [34].
Secondly, we showed autophagy defect in endometria of
IUA patients but did not explore its selective target and
degradation substrates through receptor proteins, which
needs further investigation. Lastly, whether patients with
hyperthyroidism or hypothyroidism are more susceptible to
IUA is not known, which requires future research.

In summary, autophagy was downregulated in IUA endo-
metria and DIO2 was the key regulator in this process.
Downregulated DIO2 triggered the defective autophagy by
MAPK/ERK-MTOR pathway and promoted EEC-EMT and
fibrosis. To the best of our knowledge, this is the first time to
connect autophagy with EMT in IUA, to elucidate the func-
tion and mechanism of DIO2-T3 in protection against this
disease, and to provide insight into the potential therapeutic
value of T3.

Materials and methods
Patients and human endometrial tissues

This study was approved by the Ethics Committee of the
Affiliated Drum Tower Hospital of Nanjing University
(N0.2012022) and all participants gave the written informed
consent. The endometrial samples and serum samples were
obtained from April 2016 to October 2019 in the child-
bearing women undergoing hysteroscopy with IUA and nor-
mal endometria of patients with tubal infertility (normal
controls) in the late proliferative phase according to the men-
strual cycle, progesterone level and ultrasound scan (domi-
nant follicle diameter ranged from 15 to 18 mm and
progesterone < 5.5 mmol/L). Fifty-four patients were enrolled
in this study, including twenty-seven normal controls and
twenty-seven IUA patients. The endometrial biopsies were
used for mRNA and protein extraction, immunohistochemis-
try and four normal controls and four IUA endometria
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Figure 8. T3 improves autophagy and attenuates endometrial fibrosis in vivo. The mice were divided into the following three groups: sham operation, curettage+LPS
+saline and curettage+LPS+T3 (40 mg/kg). (A) Immunohistochemical staining of LC3B, SQSTM1, BECN1, CTSD and TFEB in endometria of mice with sham-operation
(sham, n = 4), dual-damage IUA-like mice model (curettage+LPS+saline, n = 4) and IUA with T3 treatment (curettage+LPS+T3, n = 4). Scale bars: 50 um. (B) HE,
Masson staining (scale bars of HE and Masson: 250 pm) and immunohistochemical staining of CDH1, CDH2 and ACTA2 in endometria of mice. Scale bars: 50 pm. (C)
Relative optical densities (OD) analyzed by Image-pro plus. Arrow head: luminal epithelial cells; arrow: glandular epithelial cells. Error bars, mean + SEM. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.



among them were carried on RNA-seq. In addition, three
normal controls and three ITUA endometria were used for
TEM. Two months before sampling all participants had no
taken estrogen or progesterone. The clinical characteristics of
normal controls and IUA patients were summarized in
Table 1.

Isolation of primary endometrium epithelial cells and cell
culture

The fresh endometrial tissues at the late proliferative phase
were rinsed with PBS (Bio-channel, BC-BPBS-01) several
times and then excised into 1 mm”® fragments. The fragments
were digested with a mixture of collagenase type I (Sigma,
C2674), hyaluronidase (Sigma, H3506), DNase (Roche,
10,104,159,001) and BSA (Sigma, A9418) for 3 min, 3 to 5
times at 37°C, followed by filtration through a 40-um (BD
Falcon, 352,340) and 100-pm (BD Falcon, 352,360) pore filter
to obtain stromal cells and epithelial cells. EECs were plated
on Matrigel (Corning, 354,230)-coated dishes and cultured in
defined keratinocyte serum-free medium (K-SFM; Gibco,
10,785-012) supplemented with 1% penicillin-streptomycin
(Wisent, 450-201-EL) at 37°C in a humidified 5% CO, atmo-
sphere. Ishikawa (IK) cells were maintained in DMEM/F12
(Corning, R10-092-CV) supplemented with 10% fetal bovine
serum (Gibco, 10,270-106) and 1% penicillin-streptomycin.
They were purchased from ATCC (HTB-112) and authenti-
cated using STR profiling by ATCC, and they are tested to be
free from mycoplasma contamination.

RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from frozen tissues or cells using
TRNzol reagent (Tiangen, DP424) following the manufac-
turer’s instructions. The purity and quality of the RNA was
assessed by Nano Drop (Thermo Fisher Scientific, USA). The
RNA (1 pg) was reverse-transcribed using HiScript III 1st
Strand ¢cDNA Synthesis Kit (Vazyme, R323-01). ChamQ
SYBR® qPCR Master Mix (Vazyme, Q321-02) was used for
the qQRT-PCR analysis and RNA18S served as a housekeeping
gene. The relative expression of the mRNA was calculated by
the value of 272", All the primer sequences used in this study
were summarized in Table 2.

RNA-sequencing analysis

RNA-sequencing of endometria of 4 normal and 4 IUA
patients were done at Vazyme Biotech Co. (Nanjing, China).
Total RNA was extracted by RNeasy Plus Micro Kit (Qiagen,
74,134). RNA quality was checked using 1% agarose gel elec-
trophoresis and RNA Nano 6000 Assay Kit (Agilent, 5067-
1511). Genes with P < 0.05 and absolute fold change > 2 were
considered DEGs.

Protein extraction and Western blotting analysis

Proteins were extracted in lysis buffer (Biosharp, BL509A)
added with protease inhibitor cocktail (MedChemExpress,
HY-K0010) and phosphatase inhibitor cocktail 1II
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Table 2. Primer sequences for quantitative real-time PCR.

Gene Forward Reverse

Hs-LC3B GATGTCCGACTTATTCGAGAGC  TTGAGCTGTAAGCGCCTTCTA
Hs-BECNT ~ GGTGTCTCTCGCAGATTCATC TCAGTCTTCGGCTGAGGTTCT
Hs-ATGS AGAAGCTGTTTCGTCCTGTGG AGGTGTTTCCAACATTGGCTC
Hs-ATG7 ATGATCCCTGTAACTTAGCCCA CACGGAAGCAAACAACTTCAAC
Hs-DIO2 ACTCGGTCATTCTGCTCAAG ATTGCCACTGTTGTCACCTC
Hs-CDH1 CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
Hs-CDH2 AGCCAACCTTAACTGAGGAGT GGCAAGTTGATTGGAGGGATG
Hs-ACTA2  CTATGAGGGCTATGCCTTGCC GCTCAGCAGTAGTAACGAAGGA
Hs-FN1 AGGAAGCCGAGGTTTTAACTG AGGACGCTCATAAGTGTCACC
RNA18S CTTTGGTCGCTCGCTCCTC CTGACCGGGTTGGTTTTGAT

(MedChemExpress, HY-K0022) and the protein concentra-
tion in the lysates was measured by using the Pierce BCA
protein reagent kit (Thermo Scientific, 23,225). An equal
amount (30 ug) of the protein lysate was separated by 10%
or 12% SDS-PAGE gel and then transferred onto PVDEF-
membrane (Bio-Rad, 1,620,177), and incubated in 5% nonfat
milk (Bio-Rad, 1,706,404) at room temperature, hybridized
overnight with appropriate primary antibodies according to
manufacturer’s protocol. After washed with TBST (Solarbio,
T1082) for 3 times, the membranes were hybridized with
secondary antibodies at room temperature for 1 h and
exposed with ECL solution (FuDe, FD8030) and quantified
the protein bands with Image] software (NIH, USA). The
antibodies used in this study are listed below: DIO2
(66,813-1; 1:1000), TFEB (13,372-1-AP; 1:1000), CTSD
(21,327-1-AP; 1:1000) were purchased from Proteintech;
LC3B (12,741; 1:1000), SQSTM1/p62 (88,588; 1:1000),
MTOR (2983; 1:1000), p-MTOR (Ser2448; 5536; 1:1000),
MAPK/ERK (4695; 1:1000), p-MAPK/ERK (Thr202/Tyr204;
4370; 1:1000), AKT (2920; 1:1000), p-AKT (Ser473; 4060;
1:1000), AMPK (5831; 1:1000), p-AMPK (Ser485; 2573;
1:1000), LAMP1 (9091; 1:1000), goat anti-rabbit IgG (7074;
1:2000) and goat anti-mouse IgG (7076; 1:2000) were pur-
chased from Cell Signaling Technology; BECN1 (ab62557;
1:1000), CDH2/N-cadherin (ab18203; 1:500), CDHI1/
E-cadherin (ab76055; 1:2000), ACTA2/a-SMA (ab5694;
1:500) and FN1 (ab2413; 1:500) were purchased from
Abcam; ACTB/B-actin (AC028; 1:8000) was obtained from
Abclonal.

Cell viability assay

The viability of Ishikawa cells was determined using a Cell
Counting Kit-8 (CCK-8; MedChemExpress, HY-K0301)
according to the manufacturer’s protocol. 2 x 10* cells were
seeded into 96-well plates overnight and then exposed to
50 uM CQ (Sigma, C6628) or 100 nM rapamycin
(MedChemExpress, HY-10219) for 48 h. After removing the
supernatant, the cells were incubated in 200 Wl DMEM/F-12
medium containing 20 pl CCK-8 solution for an additional
2 h at 37°C and 5% CO,. The optical density (OD) values
were measured at a wavelength of 450 nm.

Histology and immunohistochemistry

The human and mouse tissues were fixed with 4% paraformal-
dehyde (Biosharp, BL539A) and embedded in paraffin. Tissue
section (5-pm thick) were stained with hematoxylin and eosin,
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or Masson’s Trichrome according to the kit instruction
(Solarbio, G1340). Immune staining was performed after paraf-
fin removal, rehydration, peroxidase quenching with 3% H,O,
and antigen retrieval. The sections were incubated with primary
antibody overnight at 4°C (diluted in antibody diluent reagent
solution) and then with HRP-conjugated secondary antibodies
(Typng, 17,901,353-1) at room temperature for 8 min. The
sections were then developed with DAB substrate (Typng,
TPB13) to visualize the antigen signals and counterstained
with hematoxylin. The sections were then viewed under
a microscope (DMi8, Leica, Germany) and quantified the opti-
cal densities with Image-pro plus software (Media Cybernetics,
USA). The antibodies used in IHC were listed below: DIO2
(ab77481; 1:100), BECN1 (ab62557; 1:200), CDH2/N-cadherin
(ab18203; 1:200), CDHI/E-cadherin (ab76055; 1:400) and
ACTA2/a-SMA (ab5694; 1:200) were purchased from Abcam;
SQSTM1/p62 (88,588; 1:200) and LAMPI1 (9091; 1:200) were
purchased from Cell Signaling Technology; LC3B (NB100-2220;
1:200) was purchased from Novus; TFEB (13,372-1-AP; 1:200),
CTSD (21,327-1-AP; 1:400) were purchased from Proteintech.

Transmission electron microscopy

Fresh endometrium tissues were fixed with 2.5% glutaralde-
hyde and 1% osmium tetroxide, rinsed in sodium phosphate
buffer (0.1 M, pH 7.4), dehydrated in ethanol and embedded
in epon (Electron Microscopy Sciences, 14,120). Ultrathin
sections of tissues were collected on formvar-coated grids
(Electron Microscopy Sciences, FCF100-Cu-UA) and stained
with 10% uranyl acetate and 1% lead citrate, and then exam-
ined with a JEM-1010 Transmission Electron Microscope
(JEOL, Japan) operated at 80 KV.

Immunofluorescence

The EECs were washed with PBS for twice, fixed with 4%
paraformaldehyde for 10 min, permeabilized with 0.1% PBST
(0.1% Triton X-100 [Solarbio, 9002-93-1] in PBS) and blocked
with 1% BSA. And then the cells were incubated with primary
antibodies overnight at 4°C and with secondary antibodies at
room temperature away from light for 1 h. Nuclear was labeled
with DAPI (Abcam, 104,139). Images were taken with
a fluorescence microscope (DMi8, Leica, Germany).

DAPGreen

When the primary EECs reached the proper density in 24-well
plates, aspirate the supernatant and washed with K-SFM once.
Add 0.1 pmol/L DAPGreen working solution (Dojindo, D676)
and cultured for 30 min at 37°C. Aspirate the supernatant and
washed with K-SFM 2 times. And then the cells were treated
with T3 (100 nM) for 24 h or transfected with DIO2 for 48 h
and viewed using a microscope.

Measurement of thyroid hormone

The thyroid hormone levels of serum from patients’ periph-
eral blood and endometria were tested in the department of

Nuclear Medicine, the Affiliated Drum Tower Hospital of
Nanjing University.

Experimental animal models

All animal procedures were approved by the Ethics Review
Board for animal studies of the Affiliated Drum Tower
Hospital of Nanjing University. Eight-week-old C57BL/6 female
mice were maintained in SPF conditions and adapted to the
new environment for about one week. To establish TUA-like
mice model, mechanical and inflammatory damage were per-
formed at the estrum stage according to the vaginal smears. The
mice were anesthetized with isoflurane inhalation. The uterus
was exposed by an incision in the midline abdomen. A 7-gauge
rough needle was inserted and scratched the entire uterine wall
carefully for about 50 times until the uterus became hyperemic,
and then injected 10 pL LPS (1 mg/kg; Sigma, L2880) into the
bilateral uterus directly and clamped with tweezers for 5 min,
closed the abdominal cavity subsequently. Sham-operated mice
underwent the same procedure without scratching and injection
of LPS. For the T3-treated group, 200 pL T3 (40 mg/kg;
MedChemExpress, HY-A0070A) was injected intraperitoneally
and the IUA group received 200 pL saline at days 6-15. For the
pharmacological alteration of autophagy treatment, the mice
received CQ (60 mg/kg/d) or rapamycin (2 mg/kg/d) intraper-
itoneal injection at 2 h prior to surgery and continuously
received CQ or rapamycin for 2 weeks. For CQ injection
alone, the mice received CQ treatment without surgery for
2 weeks. Mice were sacrificed at estrum and the uteri were
obtained for further analysis.

Statistical analysis

Data were statistically analyzed using GraphPad Prism
Version 6 (GraphPad Software, USA) software and were pre-
sented as means + standard error of mean (SEM) of at least
three independent experiments. Normal distribution data
were analyzed by unpaired Student’s t-test for comparisons
between two groups or by one-way ANOVA with a Student-
Newman-Keuls test for pairwise comparisons between three
or more groups. A non-parametric test was used when data
were not normally distributed. Data were considered statisti-
cally significant at P value < 0.05.
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