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Abstract: Decidualization of endometrial stromal cells (ESCs) is essential for preparing endometrium for embryo
implantation. Telocytes (TCs), a novel type of interstitial cell, exist in the female reproductive tract and participate in
the pathophysiology of diseases. This study further investigates the hypothesis that TCs, a source of Wnt, modulates
decidualization and MET in ESCs. We had observed differential expression of Wnt ligands in primary mice ESCs and
TCs by qPCR. TCM-induced decidualization and MET was assessed in ESCs. Changes in markers for decidualization
(cyclin-D3, desmin, d/tPRP), stromal cells (N-cadherin), epithelial cells (E-cadherin), and the Wnt/3-catenin pathway
(B-catenin, FOXO1) were quantified by western blot and RT-PCR. B-catenin knockdown in ESCs decreased the degree
of TCM-induced decidualization and MET, with significantly reversed expression profiles (P < 0.05). This is the first
study to show that TCs can enhance decidualization and MET in ESCs through the Wnt/B-catenin signaling-pathway.
Therefore, we describe a promising cell therapy for gynecological conditions and related reproductive problems as-
sociated with defective decidualization.
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Introduction

Telocytes (TCs) are a novel type of interstitial
cell first identified by Popescu et al. in 2010 [1].
They are described as having a small cell body
with extremely long extensions named telopo-
des (Tps), with alternating thin (podomers) and
thick segments (podoms) [2]. The proposed
functions of TCs were based on its characteris-
tic Tps feature. TCs form a three-dimensional
network within interstitial tissues using Tps,
with various intercellular junctions with adja-
cent cells to directly influence their activities.
In addition, TCs releasing paracrine signaling
substances, such as exosomes and/or vesicles
to regulate nearby cells [3-5]. TCs have been
documented in various mammalian organs and
tissues (such as heart, lung, pancreas, skin,
skeletal muscle, urinary system, liver, and tri-
geminal ganglion [6-8]. TCs also have several
potential functions, such as tissue regenera-
tion and repair, intercellular signaling, and nurs-

ing of stem cell niches and immature cells dur-
ing organogenesis [9]. TCs were also found in
female reproductive organs and tissues includ-
ing the uterus, oviduct, and placenta, and may
play a role in the pathophysiology of gynecologi-
cal conditions, such as endometriosis and re-
lated reproductive problems [9-12].

Decidualization, a cycle of structural and func-
tional changes that occur within the endometri-
um, mainly involves differentiation of endome-
trial stromal cells (ESCs). Decidualization ca-
uses vigorous tissue remodeling and contrib-
utes to receptivity window for embryo implanta-
tion, maternal immune response, trophoblast
invasion, establishment of placenta and fetal
development [13-15]. Decidualization of ESCs
is accompanied by changes in various proteins,
and, cytokines, such as cyclin-D3, desmin, and
trophoblastic prolactin related protein (d/tPRP)
[15-17]. Decidualization of ESCs is accompa-
nied by morphological transformation from fi-
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broblastic stromal cells to enlarged, rounded,
multinucleated, secretory decidual cells; a pro-
cess known as mesenchymal-epithelial transi-
tion (MET). Wnt/B-catenin signaling pathway
is a key signaling pathway involved in decidual-
ization and MET [18-28]. Optimal decidualiza-
tion and MET provide cyclic renewal and regen-
eration of endometrium, supporting embryo
implantation and regulating trophoblast inva-
sion [29-32]. Defective decidualization leads
to many gynecological conditions, such as en-
dometriosis, implantation failure and recurrent
pregnancy loss [33-35].

Two recent papers in Nature identified that TCs
express different levels of Wnts and Wnt inhibi-
tors along the length of their intestinal crypts,
where higher levels of Wnt at the base of crypts
enable localized activation of Wnt signaling in
stem cells [36, 37]. TCs are potentially connect-
ing cells that directly communicate with other
types of cells [38]. Previously, we demonstrat-
ed that the paracrine effect of TCs can enhance
in vitro proliferation, adhesion, and motility of
ESCs via the ERK pathway [39]. Here we hypoth-
esize that, in uterine tissue, TCs may also inter-
act with ESCs by releasing paracrine substanc-
es containing Wnt ligands. To confirm this, we
analyzed differential expression of Wnt ligands
in primary mouse ESCs and TCs. We also co-
cultured TCs and ESCs to investigate in vitro
decidualization and MET in ESCs, and the
involvement of Wnt/B-catenin. We hope this
study will add new evidence in the paracrine
role of TCs in the pathophysiology of gyneco-
logic conditions and decidualization insufficien-
cy related reproductive problems.

Materials and methods
Maintenance of animals

All animal research and experimental proce-
dures were reviewed and approved by the
Ethics Committee of Soochow University (ECSU-
2019000163). Specific pathogen free female
BALB/C mice (25-35 g) that were of 8 to 10
weeks old were purchased from the Laboratory
Animal Center of Soochow University. The ani-
mals were raised in an animal facility with con-
stant temperature of 22°C and an ambient of
photoperiod of 14 light h: 10 dark h. Female
mice in estrus were mated with vigorous males
of the same strain. Maintenance of vaginal
plugs were recorded 0.5 days post-coitum (d

p.c.).
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Isolation of uterine ESCs and TCs

The uterine tissues of female BALB/c mice (3.5
d p.c.) were collected and washed 2-3 times
with DMEM/F12 (Hyclone, Utah, USA) contain-
ing 100 U/mL penicillin and 0.1 mg/mL strepto-
mycin (Beyotime, Shanghai, China). ESCs from
day 4 of pregnancy were isolated and cultured
as previously described [39]. Briefly, prepared
uterine tissue was digested for 90 min at 4°C
in 0.5% trypsin (Beyotime, Shanghai, China) to
remove epithelial cells. The remaining tissue
was incubated with 0.1% type-Il collagenase
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C for
60 min. The solution was then passed through
70-um nylon-mesh filters (BD Falcon, Heidel-
berg, Germany). ESCs were gathered and cul-
tured in DMEM/F12 medium without phenol
red (Hyclone, Utah, USA) containing 10% char-
coal-stripped fetal bovine serum (FBS; GIBCO/
Life Technologies, New York, USA) in 6-well
plates at a density of 1 x 1076/mL (Corning,
New York, USA). After 4 h incubation, ESCs were
grown and re-suspended in culture medium
changed every other day.

Uterine TCs were also collected on day 4 of
pregnancy using our previous procedures [40].
Primary TCs were seeded into 6-well plates at a
density of 1 x 10”6/mL. When the TCs entered
logarithmic growth phase within 3-4 days of pri-
mary cell culture, TCs were resuspended in
serum-free DMEM/F12 and incubated at 37°C
for 24 h. TCs-conditioned medium (TCM) was
then collected and stored at -80°C.

Immunofluorescence in ESCs and TCs

Both cells populations underwent further im-
munofluorescence staining. First, cell sampl-
es were fixed in 4% paraformaldehyde for 15
min, washed 3 times in PBS for 5 min, and in-
cubated with 0.5% Triton X-100 for 10 min at
room temperature. After 3 washes in PBS for 5
min, ESCs and TCs were blocked with 3% bo-
vine serum albumin (BBI, Shanghai, China) for
30 min at 37°C. Then, ESCs were incubated
with rabbit anti-vimentin antibody (1:500; Cell
Signaling, USA) or mouse anti-pan cytokeratin
(PCK) (1:500; Cell Signaling, USA). TCs were tr-
eated with mouse anti-CD34 antibody (1:500;
Abcam, USA) and rabbit anti-vimentin antibody
(1:500; Abcam, USA) at 4°C overnight. Sub-
sequently, ESCs were incubated with FITC- la-
beled goat anti-mouse (1:1000; MultiScienc-
es, China) or goat anti-rabbit IgG [H+L] Dy-
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Light549 (1:1000; MultiSciences, China) anti-
bodies. TCs were incubated with Donkey anti-
rabbit 1gG (H+L) Alexa Fluor 488 (1:1000; Ab-
cam, USA) or goat anti-mouse IgG (H+L) Alexa
Fluor 568 (1:1000, Abcam, USA) for another 60
min at 37°C. The cells were then washed 3
times in PBS for 5 min, and then incubated wi-
th 4’,6-diamidino-2-phenylindole (DAPI; Cay-
man; Michigan, USA.) for 5 min. Finally, sampl-
es were observed and imaged using fluores-
cent microscope (Nikon, Tokyo, Japan). To de-
termine the purity of ESCs, three different fields
of views were randomly selected, and the ratio
of positive cells to total cells was counted.

QPCR array

A PCR array was used to determine differential
MRNA expression profiles of Wnt ligands and
Wnt pathway-related genes in primary TCs and
ESCs. A pair of cell samples were harvested
and cultured separately in vitro for 3 days. The
total RNA from both samples were extracted
with TRIzol (Invitrogen, CA, USA), and reversed
transcribed into the first strand of cDNA as a
PCR template. Then, the template was added to
the reaction system (RT2 Real-Time TM SYBR
Green PCR Master Mix) with TB Green™ Premix
Ex Tag™ Il (Tli RNaseH Plus) (Takara, Code No.
RR820A), and three housekeeping gene prim-
ers in the Wnt pathway (ACTB, AES, and APC).
The circulatory threshold value (Ct) of each
gene in the PCR chip was calculated and data
is processed according to the manufacturer’s
web site (http://www.wcgene.com).

Evaluating in vitro decidualization and MET

ESCs co-cultured in TCM served as the experi-
mental group. An in vitro population with artifi-
cial decidualization of ESCs served as the po-
sitive control (E2-P4-cAMP). Briefly, prepared
ESCs were treated with 1 uM estrogen (E2), 1
UM medroxyprogesterone 17-acetate (P4), and
0.5 mM 8-bromo-cAMP (cAMP) (all from Sigma-
Aldrich) simultaneously in DMEM/F12 with 2%
charcoal-treated FBS (Biological Industries Ltd,
Israel) [41]. ESCs cultured in DMEM/F12 medi-
um without phenol red was used as the blank
control group. Culture medium was changed
every other day, and each group of ESCs were
incubated at 37°C and harvested after 3 and
5 days. Decidualization and MET were evaluat-
ed based on morphology, western blot, and
RT-PCR.
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Western blot

ESCs were washed with ice-cold PBS and then
collected in the 1.5 mL Eppendorf tubes. Cells
were then resuspended in lysis buffer (150
mmol/L NaCl, 50 mmol/L Tris-HCI, pH 7.3, and
0.25% sodium deoxycholate, 0.5% triton X-
100) (Beyotime, Shanghai, China) containing
1:100 protease inhibitor cocktail (BBI, Shang-
hai, China) for 30 min on ice. Supernatants we-
re collected after centrifugation. A bicinchonin-
ic acid (BCA) reagent kit (Sangon Biotech,
Shanghai, China) was used to measure prote-
in concentration. The remaining solution was
boiled in loading buffer for 10 min. The sam-
ples were run on an SDS-polyacrylamide gel.
Proteins were transferred to 0.45 ym polyviny-
lidene fluoride (PVDF; Millipore, MA, USA) me-
mbranes. The membranes were blocked in 5%
non-fat milk powder in 0.5% in tris-buffered
saline with Tween-20 (TBST; Sangon Biotech,
Shanghai, China) for 90 min. Membranes were
incubated in primary antibodies diluted in TBST
at 4°C overnight and then washed 3 times in
TBST for 5 min. Membranes were further incu-
bated in secondary antibodies for 60 min and
detected with chemiluminescent HRP subst-
rate diluted in TBST. Primary antibodies used
were cyclin-D3, desmin, E-cadherin, N-cadhe-
rin, B-catenin, FOXO01, and B-tubulin (1:1000,
Cell Signaling Technologies, MA, USA). The anti-
mouse or anti-rabbit secondary antibodies we-
re detected with chemiluminescent HRP sub-
strate (1:5000, Absin Bioscience Inc., Shang-
hai, China). A gel imaging system was used to
obtain images of membranes.

Quantitative real-time PCR

ESCs and TCs were harvested in Eppendorf
tubes and lysed using TRIzol (Invitrogen, CA,
USA) according to the manufacturer’s protocol.
Then 1 pg of total cellular RNA was reverse-
transcribed to cDNA with Reverse Transcriptase
M-MLV (RNase H-) (TaKaRa, Japan) to a final
volume of 10 uL. Then, 1 yL of cDNA was add-
ed into TB Green® Premix Ex Tag™ (Tli RNaseH
Plus) (TaKaRa, Japan) to final volume of 20
pL. Quantitative real-time PCR was perform-
ed using ABI QuantStudio3 Detection System
(Applied Biosystems, Carlsbad, CA). Relative
expression of the samples was measured using
the AACT method. Each sample was run in trip-
licate. The house-keeping gene GAPDH was
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Table 1. List of gRT-PCR primers

es (sh-scramble, shi-B-catenin,

Gene Forward Reverse

sh2-B-catenin) for 24 h, follow-

E-cadherin CAGTTCCGAGGTCTACACCTT TGAATCGGGAGTCTTCCGAAAA
N-cadherin AGGCTTCTGGTGAAATTGCAT GTCCACCTTGAAATCTGCTGG
Cyclin D3 TGCGTGCAAAAGGAGATCAAG GGACAGGTAGCGATCCAGGT
d/tPRP TTATGGGTGCATGGATCACTCC CCCACGTAAGGTCATCATGGAT
CTNNB1  ATGGAGCCGGACAGAAAAGC TGGGAGGTGTCAACATCTTCTT

ed by exposure to TCM for an-
other 3 days. Experimental gr-
oups are referred to as “shRNA1L
+ TCM” and “shRNA2 + TCM”.
The negative control group is
referred to as “sh-scramble +

FOX01 CCCAGGCCGGAGTTTAACC  GTTGCTCATAAAGTCGGTGCT TCM”. And the blank control

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

(BC) is referred to as “DMEM/

used to normalize individual samples. A list of
primer sequences is provided in Table 1.

Plasmid construction and transfection in ESCs

B-catenin knockdown in ESCs was performed
to validate that mechanisms involved in TCs
altered of ESCs. Two pairs of 58 bp oligonucle-
otides (shRNA1 and shRNA2) encoding a 21 bp
shRNA were designed to silence the mouse
CTNNB1 gene to knockdown [-catenin in ESCs.
A scramble shRNA was also used as a con-
trol. shRNA sequences that targeted mouse
-catenin are shown in Table 2 with interfering
sequences acquired from Sigma (www.sigmaal-
drich.com). Expressed sequence tags (EST)
were analyzed using the basic local alignment
search tool (BLAST) from the National Center
for Biotechnology Information (NCBI) to verify
that the shRNA only targeted mouse CTNNB1.
Two pairs of shRNA encoded nucleotides were
designed to target various parts of CTNNB1
mRNA and were synthesized by GENEWIZ, Inc
(www.genewiz.com.cn). Equal volumes of sense
and antisens oligonucleotides were mixed and
heated at 94°C for 4 min, then cooled in 5 min
increments at 70°C, 60°C, 50°C, 40°C, and
20°C for 5 min. The annealed oligonucleotides
were inserted into a PLKO.1-GFP vector (a kind
gift from Professor Jian-Hong Chu, at the In-
stitute of Blood and Marrow Transplantation,
Suzhou City, China) using T4 DNA ligase (NEB,
New England Biolabs, MA, USA). The PLKO.1-
GFP vector was digested with EcoRI (NEB, New
England Biolabs, MA, USA) and Agel (New
England Biolabs, MA, USA). Recombinant vec-
tors were validated by sequencing (GENEWIZ,
NJ, USA). The envelope plasmid (pMD2.G) and
packaging plasmid (psPAX2) were co-transfect-
ed with recombinant plasmid into 293T cells for
lentivirus production.

Lentivirus from 293T cell supernatants were
harvested 3 days after transfection. Primary
ESCs were transduced with plasmid lentivirus-
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F12 + TCM".
Statistical analysis

Protein and mRNA samples were prepared from
at least two independent primary cell cultures
subjected to identical experimental procedur-
es. Differences among control and experimen-
tal groups were analyzed by one-way analysis
of variance, followed by Tukey post hoc test us-
ing GraphPad Prism 8.0 (GraphPad Software,
CA). Data are presented as mean + standard
deviation (SD). A P value of < 0.05 was consid-
ered to be statistically significant, and is pre-
sented as *P < 0.05, **P < 0.01, or ***P <
0.001.

Results
Identifying ESCs and TCs

Primary ESCs were successfully isolated
(96.2% * 2.5% of population) showing typical
morphology: fusiform, clear outline, and sparse
intercellular links. Immunofluorescence show-
ed positive vimentin staining and negative cyto-
keratin staining (Figure 1A-F).

Primary uterine TCs were successfully isolated
showing typical morphology: irregular cell body
shape with long Tps extension that branch from
the cell body (Figure 2A). Characteristic Tps
displayed alternating thin podomers and thick
podoms segments. TCs were double-positive
for vimentin/CD34 staining (Figure 2B-D), con-
sistent with our previous research [39].

Differential expression of Wnt pathway mRNA
in TCs and ESCs

Relative expression of 85 Wnt ligands and
pathway related genes in TCs and ESCs were
determined by a qPCR array (Figure 3). TCs had
high expression of Wnt ligands and pathway
genes compared to ESCs. High expression of
the following genes were observed: FZD4,
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Table 2. shRNA sequences targeted mouse B-catenin

shRNA1 5-CCGGGCTGATATTGACGGGCAGTATCTCGAGATACTGCCCGTCAATATCAGCTTTTTG-3
3-AATTCAAAAAGCTGATATTGACGGGCAGTATCTCGAGATACTGCCCGTCAATATCAGC-5

shRNA2 5-CCGGCCCAAGCCTTAGTAAACATAACTCGAGTTATGTTTACTAAGGCTTGGGTTTTTG-3
3-AATTCAAAAACCCAAGCCTTAGTAAACATAACTCGAGTTATGTTTACTAAGGCTTGGG-5

Scramble 5-CCGGCGAGTAGAGACTGATCAACATCTCGAGATGTTGATCAGTCTCTACTCGTTTTTG-3

3-AATTCAAAAACGAGTAGAGACTGATCAACATCTCGAGATGTTGATCAGTCTCTACTCG-5

E

Figure 1. Typical morphological and immune profiles of uterine ESCs from mice. Immunofluorescence staining in
ESCs was positive for vimentin (A-C) and negative for cytokeratin (D-F). Three fields of views were randomly selected
under the microscope, and the ratio of positive cells to total cells was counted. The purity of the ESCs population
was 96.2% + 2.5%. Scale bar = 50 ym.

" CD34 Vimentin
B —JC —

Figure 2. Typical morphological and immune profiles of uterine TCs from mice uterus. A. Phase-contrast limages
showed TCs had irregular cell body shapes and characteristic Tps extending from the cell body, with typical alter-
nating podoms (thick segment) and podomers (thin segment). B. CD34 labeled with Alexa Fluor 488 (green). C.
Vimentin labeled with (red). D. Merged image showing co-expression of CD34 and vimentin in the whole length of
TCs. Representative TCs are shown with, small cell bodies with long Tps, characterized by moniliform outline and
alternating podom and podomers. Nuclei were counterstained with DAPI (blue). Scale bar = 50 ym.
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WIF1, SFRP4, SFRP1, FZD8, CCND1, WNT4, FZD9. Low expression of the follow genes we-
WNT2, TCF711, LRP5, SFRP2, NFATC1, DKK1, re observed: WNTOA, WNT16, TCF7, WNT5A,
CTNNB1, CTNNBIP1, AES, RUVBL1, FZD1, FZD6, AXIN2, LEF1, MYC, NLK, WISP1, FOXN1,
KREMEN1, CCND2, DVL2, FOS11, FRZB, and and SOX17 (Figure 3B).
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Figure 3. Differential mMRNA expression profiles of Wnt ligands and Wnt pathway related genes in primary TCs and primary ESCs. A. Heat map relative expression of
a 85 mRNAs in (TCs and ESCs) red = high; green = low. B. Histogram showing relatively high or low expression of Wnt ligands and pathway related genes. Changes
in levels shown using log2 scale. C. Scatter plots showing differences in gene expression between TCs and ESCs. Values plotted on the X and Y axes represent mean
normalized signal values for each group using a log2 scale.
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TCM induced decidualization, MET and
B-catenin activation in ESCs

Samples from the blank control and experimen-
tal group were collected on day 3 and 5. The
impact of TCM on ESCs were time-dependent.
Decidualization related proteins (cyclin-D3 and
desmin), an epithelial cell marker of MET (E-
cadherin), and B-catenin related proteins (B-ca-
tenin, FOX01) in experimental ESCs tended to
increase between day 3 and 5. In contrast, a
stromal cell marker of MET (N-cadherin) tended
to decrease (Figure 4A).

The three groups of ESCs were incubated for
3 days for further observation. Morphology ch-
anges of ESCs are shown in (Figure 41-K). In
the blank control without any exogenous sti-
mulus, ESCs had typical stromal cell morpholo-
gy: scattered with a clearly defined slender
spindle shape, and no obvious intercellular link-
age (Figure 4l). After TCM exposure, ESCs gra-
dually transformed towards epithelial cell phe-
notypes: multinuclear round cells with secreto-
ry, translucent and abundant cytoplasm, and
some spindle-like cells that were tightly linked
together (Figure 4J). In the positive control gr-
oup, ESCs were tightly linked to each other,
transforming from spindle shaped which re-
sembled stromal cells, to round shaped, which
resembled epithelial cells (Figure 4K).

Western blots showed increased expression-
cyclin-D3 and desmin, and RT-PCR showed
increased cyclin D3 and d/tPRP mRNA in ex-
perimental ESCs compared to the blank con-
trol, while lower than the positive control. The-
re were still significant differences (P < 0.05,
one-way ANOVA) among the three groups for
each marker (Figure 4D, 4E and 4H). Therefore,
TCM induced a significant effect on ESC decid-
ualization, but less than the positive control.

Elevated E-cadherin mRNA and protein was
identified by RT-PCR and western blot, respec-
tively, elevated in experimental ESCs compared
to the blank control. In contrast, N-cadherin
MRNA and protein decreased. E-cadherin was
lower and N-cadherin was higher compared to
the positive control (Figure 4B and 4H). How-
ever, mMRNA levels were significantly different
(P < 0.05, one-way ANOVA) between three
groups for each marker (Figure 4C and 4H). The-
refore, accompanied by decidualization, TCM
also induced significant MET in ESCs, but weak-
er than the positive control.
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Changes to Wnt/B-catenin signaling pathways
in ESCs were further investigated. B-catenin
and downstream FOXO1 expression were incre-
ased after TCM exposure (Figure 4H). RT-PCR
also showed similar trends in CTNNB1, FOXO1
expression, with significant differences (P <
0.05, one-way ANOVA) in mRNA levels between
the three groups (Figure 4F and 4G). There-
fore, through activation of B-catenin and its
downstream transcription factor FOX01, TCM
induced in vitro decidualization of ESCs and
MET.

Knockdown of B-catenin in ESCs

ESCs was transduced with shRNA targeting
B-catenin for 24 h, and then co-cultured with
TCM for another 3 days to efficiently decrease
transcription and expression of CTNNB1. Ex-
pression of B-catenin was decreased (Figure
5A), with significantly decreased levels of CT-
NNB1 mRNA (Figure 5B), compared to the ne-
gative control. Thus, shRNA-mediated repres-
sion of [B-catenin gene expression was suc-
cessfully confirmed in ESCs.

Knockdown of B-catenin altered the morpholo-
gy of ESCs, to round/elliptical shapes, epithelial
cell features of decidual cells in the negative
control (Figure 5C), and to spindle-shaped stro-
mal cells in experimental ESCs (Figure 5D, 5E).
Meanwhile, downregulation of B-catenin via sh-
RNAZ1 and shRNA2 in ESCs showed decreased
expression of cyclin-D3, desmin, E-cadherin,
and FOXO1, but increased N-cadherin compar-
ed to two control samples determined by west-
ern blot (Figure 5K) or RT-PCR (P < 0.05, one-
way ANOVA) (Figure 5F-J). Proteins expression
remained unchanged between the two control
samples (Figure 5K). Therefore, B-catenin kno-
ckdown prevented or reversed TCM-induced
decidualization and MET in ESCs.

Discussion

TCs have been identified in female reproduc-
tive system, interacting with various surround-
ing cells with Tps, and release paracrine exo-
somes and/or vesicles to regulate nearby and
distant target cells. Therefore, TCs play a po-
tential role in pathophysiology in obstetric and
gynecological conditions, such as uterine, en-
dometrium, placenta and pregnhancy related
diseases [10]. Uterine TCs express estrogen
and progesterone receptors, with cell morphol-
ogy and populations dependent on different

Am J Transl Res 2020;12(8):4384-4396
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sis showed increased cyclin-D3, desmin, E-cadherin, B-catenin, and FOXO1 on 3 day. Additionally, levels of stromal
cell marker (N-cadherin) decreased in experimental ESCs (TCM) compared to the blank control (BC). Cyclin-D3, Des-
min E-cadherin, B-catenin, and FOXO1 levels were lower and N-cadherin levels were higher than the positive control
(E2-P4-cAMP). Results were from three independent experiments and B-tubulin was used as the loading control.
Images of ESCs using phase-contrast microscopy. (1) For the BC group, ESCs were spindle-shaped, clearly defined,
and scattered without any obvious intercellular linkage. (J) After TCM treatment, ESCs gradually became round with
some spindle-like cells that were tightly linked together. (K) While in E2-P4-cAMP, ESCs had an oval multinucleated
appearance and were tightly linked. Thus, the transition of ESCs from spindle shape morphology to round stromal
cells is reflective of experimental conditions. Representative cells are denoted by black arrows. Scale bar = 50 um.

gestational ages, thus, TCs were predicted to
be involved in physiologyical changes that
occur during pregnancy [42]. Uterine TCs also
express connexin 43, a gap junction protein,
and may be involved in decidual maturation of
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endometrium [43]. Previously, our group de-
scribed immunoregulatory roles for uterine TCs
in vitro, by activating and maintaining the
immune response of peritoneal macrophages
through paracrine signaling [44], and direct
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Figure 5. B-catenin knockdown blocked or reversed TCM-induced decidualization and MET in ESCs. A. Supernatant
of plasmid lentiviruses, sh-scramble, sh1-B3-catenin, sh2-B3-catenin, were used to transfect ESCs. Western blot analy-
sis showed decreased expression of B-catenin. B. CTNNB1 mRNA levels were significantly reduced in experimental
conditions (sh1-B-catenin, sh2-B-catenin), compared with negative control (sh-scramble) by RT-PCR analysis. Error
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bars indicate SD from two independent experiments where *P < 0.05, **P < 0.01, or ***P < 0.001 by one-way
ANOVA with Tukey post hoc test. B-catenin knockdown showed morphological changes and ESC transition using
phase-contrast microscopy. C. Round or elliptical shapes were representative features of negative control decidual
cells treated with sh-scramble. D, E. Stromal cells, with spindle-shapes, clear outlines, and sparse intercellular link-
ages were observed in B-catenin-shRNA treated ESCs (sh1-B-catenin, sh2-B-catenin). Scale bar = 50 um. F-J. mRNA
expression was analyzed by RT-PCR in four groups of ESCs (TCM, sh-scream, sh1-B-catenin, sh2-B-catenin). Relative
mMRNA expression was determined by normalizing to GAPDH levels. Error bars show SD from two independent experi-
ments, where ns = non-significant, *P < 0.05, **P < 0.01, or ***P < 0.001 by ANOVA with Tukey post hoc test. K.
Western blot analysis showed that B-catenin downregulation via shRNA1 and shRNA2 treatment in ESCs decreased
expression cyclin-D3, desmin, E-cadherin, and FOXO1. Increased expression of N-cadherin was also observed com-

pared to two controls. B-tubulin levels remained unchanged and used as the loading control.

cell-to-cell interaction via mitochondrial signal-
ing [40]. Further, paracrine substances from
TCs enhanced ESCs activity via the ERK-cy-
clin-D3 signaling pathway, thus, affecting en-
dometrium related diseases [39]. Recent stud-
ies show that stromal cells and TCs are elusive
Wnt-producing niche cells, forming subepitheli-
al networks to support Wnt family ligands and
related proteins and renewal of adjacent cells
and tissue in intestinal crypts [36, 37, 45, 46].
Additionally, TCs transplantation can attenuate
unilateral ureter obstruction-induced renal fi-
brosis by enhanced MET in rat kidney tissue
[47]. A therapeutic role of TCs has also been
shown in ovalbumin-induced acute asthma in
mice [48]. In this study, we found that, by re-
leasing paracrine substances containing Wnt
family ligands, uterine TCs can enhance in vitro
decidualization and MET in ESCs, which were
mediated by the Wnt/B-catenin pathway. This
may be critical for managing defective decidu-
alization in endometrium.

Wnt subtypes include Wnt4, Wnt5a, Wnt7a,
Wnt7b, Wntl11, Wntl16, Fzd2, Fzd4, and Fzd6,
which are all up-regulated in the uterus during
embryo implantation. Wnt4 is the most abun-
dant in decidual endometrium, playing a key ro-
le in regulating ESCs decidualization and em-
bryo implantation. Wnt7a, Wnt7b, and Wnt11
are abundantly expressed in endometrial glan-
dular epithelium [18, 28, 49]. A wide range of
signaling molecules, including Wnt/B3-catenin,
are involved in ESCs decidualization. 3-catenin
is the central player in canonical Wnt signaling,
and is activated after extracellular Wnt ligands
stimulation, facilitating endometrial decidual-
ization [21, 50]. Depletion of Wnt4 and B-ca-
tenin decreases decidual response and impairs
fertility capacity in female mice [25, 28]. FOXO1
is controlled by upstream activation of B-catenin
and then interact with PGR or CCAAT/enhancer
binding protein, playing an essential role in re-
gulating differentiation and decidualization in
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ESCs. Knockdown of FOXO1 can inhibit deci-
dualization of ESCs [50-52]. In this study, TCs
showed higher Wnt expression ratio than ESCs
(Figure 3). Wnts are secreted proteins that bind
to target cell-surface receptors to activate the
Wnt/B-catenin signaling pathway [53]. Release
of these paracrine substances from TCs, espe-
cially Wnt4, may explain the observed decidu-
alization, MET and underlying B-catenin activa-
tion in ESCs.

Decidual ESCs can create paracrine gradients
essential for uterine receptivity and support for
post-implantation pregnancy [54]. Proper endo-
metrium decidualization is critical for embryo
selection, implantation, and trophoblast devel-
opment. Defective ESCs decidualization has re-
cently been highlighted as an underlying cause
of endometriosis, recurrent implantation fail-
ure, miscarriage, and preeclampsia [55-58].
MET is natural physiological process that ac-
companies ESCs decidualization. During MET,
mesenchymal cells lose their movement and
migration characteristics, obtain cell polarity,
and change its morphology from spindle-sh-
aped to polarized adherent epithelial cells [59].
Downregulation of mesenchymal components,
vimentin, fibronectin, and N-cadherin, is cou-
pled with upregulation of epithelial cell adhe-
sion molecules, such as E-cadherin. Epithelial-
mesenchymal transition (EMT) is the reversed
process of MET, and Wnt/B-catenin is also key
pathway involved in this process [60]. The dy-
namic balance of MET/EMT is essential for
endometrial regeneration and differentiation,
and preparation for embryo implantation and
development [29, 30]. Failure of MET will inevi-
tably lead to pregnancy loss.

This study demonstrated that TCM-induced
decidualization and MET in ESCs via activating
Wnt/B-catenin signaling by reporting, several
changes in morphology and secretory markers.
Knockdown of CTNNB1 blocked B-catenin sig-

Am J Transl Res 2020;12(8):4384-4396



TCs enhanced decidualization/MET in ESCs

naling in ESCs, decreasing decidualization and
MET in ESCs. ERK pathway activation by Wnt
signaling can also occur at multiple levels [61].
Previously observed TCM-induced ERK activa-
tion in ESCs may have also resulted from (-ca-
tenin-independent signaling [39]. Thus, TCs
may be central signaling coordination hubs in
uterine tissues, and both Wnt/B-catenin and
ERK pathways may be involved in TCs induced
activation of ESCs.

Conclusion

Consistent with recent reports of Wnts activa-
tion in stromal cells in intestinal maintenance
[36, 37, 45, 46], our results confirmed that, by
releasing paracrine substances, TCs induced
decidualization and MET in ESCs, via activation
of Wnt/B-catenin signaling. This study provided
new evidence for paracrine signaling of TCs,
and offers new insights into mechanisms of
normal endometrium renewal and regenera-
tion. Using TCs or the combination of TCs and
ESCs is a promising way to treat defective
decidualization and improve endometrial re-
ceptivity in gynecological conditions and repro-
ductive disorders.
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