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Secretion of WNT7A by UC-MSCs
assist in promoting the endometrial
epithelial regeneration

Fangbo Liu,1,5 Qin Lin,2,3,5 Shaolei Shen,1 Zhihong Li,1 Xiaorui Xie,1 Quan Cheng,1 Lan Wang,1 Yin Long,4,*

Juan Wang,1,* and Li Liu1,6,*
SUMMARY

Stem cell therapy for intrauterine adhesions (IUAs) has been widely used in clinical treatment. However,
intravenous injection lacks sufficient targeting capabilities, while in situ injection poses challenges in
ensuring the effective survival of stem cells. Furthermore, the mechanism underlying the interaction be-
tween stem cells and endometrial cells in vivo remains poorly understood, and there is a lack of suitable
in vitro models for studying these problems. Here, we designed an extracellular matrix (ECM)-adhesion
mimic hydrogel for intrauterine administration, which was more effective than direct injection in treating
IUAs. Additionally, we analyzed the epithelial-mesenchymal transition (EMT) and confirmed that the acti-
vation of endometrial epithelial stem cells is pivotal. Our findings demonstrated that umbilical cord
mesenchymal stem cells (UC-MSCs) secrete WNT7A to activate endometrial epithelial stem cells, thereby
accelerating regeneration of the endometrial epithelium. Concurrently, under transforming growth factor
alpha (TGFA) stimulation secreted by the EMT epithelium, UC-MSCs upregulate E-cadherin while partially
implanting into the endometrial epithelium.

INTRODUCTION

Intrauterine adhesions (IUAs) are a pathological process characterized by tissue repair failure and excessive fibrosis following endometrial

injury, resulting in the replacement of endometrial tissue with fibrotic scars and progressive closure of the uterine cavity.1,2 The treatment

of IUAs aims to facilitate regeneration of the damaged endometrium and restore normal uterine cavity morphology. The standard treatment

for IUAs involves hysteroscopic adhesiolysis, followed by estrogen administration to promote endometrial regeneration.1–3 This approach

demonstrates greater efficacy in nonsevere and moderate cases, but finding an effective curative treatment for severe patients remains chal-

lenging due to extensive basal layer destruction and poor response to estrogen therapy.1,4,5 In clinical practice, successful endometrial repair

relies on re-epithelialization of the uterine cavity; therefore, postsurgical application of stem cell therapy holds promise as a potential break-

through strategy. Currently, numerous studies have reported the therapeutic efficacy of stem cells on the endometrial tissue of patients with

IUAs. Kilic et al. treated uterine injury mice with adipose mesenchymal stem cells and noted the upregulation of proliferative cells and angio-

genic signaling through increased expression levels of VEGF and Ki-67.6 Clinically, Santamaria et al. administered bonemarrowmesenchymal

stem cells to 11 patients with IUAs. Most patients exhibited significant improvement, and three of them achieved spontaneous pregnancy.7–9

In current stem cell therapy, intravenous injection and in situ injection are the most commonly employed methods. However, for IUAs,

traditional injection methods are not particularly suitable. Typically, after intravenous injection, a significant number of stem cells become

trapped in the lungs before homing to the damaged site. Specifically, in addition to the inherent safety risk of pulmonary embolism, address-

ing insufficient blood supply to the uterine cavity due to adhesions and vascular necrosis is challenging for patients with IUAs.10 Furthermore,

in situ injection has limitations due to the surgical complexity of the procedure, and it is unable to ensure the effective survival of stem

cells.3,5,11,12 Additionally, comprehensive research on changes in the phenotypic characteristics of the endometrial epithelial cell population

in patients with IUAs is lacking; similarly, there is limited understanding of the mechanism by which stem cells promote regeneration of the

endometrial epithelium.2,6,7,13–17 Moreover, there is inadequate availability of sufficient in vitro models for studying the dynamic interaction

between the endometrial epithelial cell population and stem cells.
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In this study, we developed a novel hydrogel scaffold for stem cell encapsulation. Additionally, we successfully established an epithelial–

mesenchymal transition (EMT) model using endometrial epithelial organoids (EEOs). Subsequently, we confirmed that endometrial epithelial

cells differentiate into mesenchymal cells under the influence of TGF-b1. We then analyzed the process of umbilical cord mesenchymal stem

cell (UC-MSC)-mediatedMET. Furthermore, we elucidated the mechanism by which UC-MSCs promote endometrial epithelial regeneration.

Moreover, we confirmed that endometrial epithelial cells with stemness characteristics play a pivotal role in this process and identified the

signaling factors involved.

RESULTS

UC-MSC-loaded extracellular matrix (ECM)-adhesion mimic hydrogels can be used to effectively treat uterine injury

To develop a scaffold capable of loading UC-MSCs, we utilized the protein types of the endometrial extracellular matrix as a reference to

simulate tissue-specific adhesion within the extracellular matrix. First, uterine tissue was obtained from healthy Sprague-Dawley (SD) rats dur-

ing the estrous interphase and subjected to protein type analysis using liquid chromatography-mass spectrometry (LC-MS). Subsequently, the

matrisome proteins in the samples were filtered according to the ECMmatrisome database.18,19 In general, core matrisome proteins remain

stable and exhibit minimal variation in response to physiological changes, whereas secreted factors, ECM regulators and ECM-affiliated pro-

teins exhibit significant variability under different physiological conditions.20–22 We successfully identified 19 core matrisome proteins in our

samples. Among them, the expression levels of adhesion proteins, including FN1, LAMB2, COL1A1, and COL1A2, were remarkably prom-

inent (Figures 1A and 1B). We utilized these protein types as a basis to simulate endometrial ECM adhesion. We substituted proteoglycan

with 8-arm maleimide-PEG as the basic skeleton structure. Additionally, we incorporated the COL1-derived peptide GFOGER, the LAMB-

derived peptide YIGSR and the FN-derived peptide PHSRN to replace COL1A1, COL1A2, LAMB2 and FN1. To further enhance cell adhesion,

we supplemented cells with GRGDS adhesion peptide.23–29 Finally, we usedMSCmedium as the fundamental solvent to maintain an optimal

growth environment for UC-MSCs (Figures 1C–1E).

UC-MSCs were initially generated by SNC Stemcell Biotech for subsequent experiments (Figure S4). UC-MSCs were resuspended in a

peptide solution, followed by the addition of 8-arm PEGmaleimide to the solution. Gentle shaking at 37�C for 15 min was performed to com-

plete the gel cross-linking process and ensure homogeneous encapsulation of MSCs within the hydrogel. Subsequently, we tested the basic

properties of the hydrogel. In comparison to those cultivated in traditional 2D culture, UC-MSCs cultivated within the 3D hydrogel microen-

vironment exhibited increased proliferation and accelerated adhesion (Figures S1A–S1D). The invasion ability of UC-MSCs in hydrogels was

also comparable to that in Matrigel (Figures S1E and S1F).30–33 Once the efficacy of the hydrogel was confirmed, we administered the hydro-

gel loaded with UC-MSCs directly into the uterine cavity of a rat model of uterine injury to observe its therapeutic effects (Figure 1F).

To compare the therapeutic effects of the UC-MSC+ hydrogel treatment group (U-CMSC+hydrogel), we also divided the rats into a uter-

ine injury model group (uterine injury), hydrogel control group (hydrogel), a UC-MSC solution direct injection group (UC-MSC), and a blank

control group (blank). After treatment, the uteri of the rats in the UC-MSC+hydrogel group recovered significantly comparedwith those in the

uterine injury group, and there was no intrauterine fluid accumulation caused by adhesions; the uteri in the UC-MSC+hydrogel group were

similar to those in the blank group. However, the uteri of rats in the hydrogel group and UC-MSC group did not recover, and there were still

adhesions present (Figure S2A).

Additionally, the endometrial thickness and number of glands increased in both the UC-MSC+hydrogel group and UC-MSC group, and

the observations in the UC-MSC+hydrogel group were similar to those in the blank group. However, the increases in endometrial thickness

and the number of glands in the hydrogel group were very slight, and there was no difference from those in the uterine injury group

(Figures S2B–S2D; uterine injury vs. hydrogel vs. UC-MSC vs. UC-MSC+hydrogel vs. blank; 1.2 G 1.6 vs. 1.6 G 2.3 vs. 9.4 G 7.2 vs. 16.4 G

13.2 vs. 18.8 G 10.8; 71.3 G 68.1 vs. 124.8 G 103.6 vs. 135.9 G 57.1 vs. 440.8 G 242.8 vs. 545.0 G 88.5 mm, respectively). Subsequently,

we assessed the ratio of collagen deposition and the expression of a-smooth muscle actin (a-SMA), both of which are markers of uterine

fibrosis, and observed a significant reduction in uterine fibrosis in the UC-MSC+hydrogel group comparedwith the uterine injury group, which

was similar to what was observed in the blank group. Collagen deposition in hydrogel group and UC-MSC group improved to some extent,

but the degree of fibrosis was not different from that in the uterine injury group. (Figures S2E–S2H; uterine injury vs. hydrogel vs. UC-MSC vs.

UC-MSC+hydrogel vs. blank; 51.5G 30.0% vs. 33.5G 23.9% vs. 34.1G 11.7% vs. 34.4G 16.2% vs. 26.5G 11.6%; 131.5G 16.1% vs. 129.6G

11.6% vs. 129.3 G 15.3 vs. 109.8 G 12.0 vs. 106.7 G 15.5, respectively). Furthermore, compared with that in the uterine injury group, we

observed increased expression of the endometrial stromal cell marker vimentin in the UC-MSC+hydrogel group, hydrogel group and UC-

MSC group, which were close to the result in the blank group, indicating improved endometrial regeneration in the rats (Figures S2I and

S2J; uterine injury vs. hydrogel vs. UC-MSC vs. UC-MSC+hydrogel vs. blank; 76.5 G 40.0 vs. 114.1 G 18.4 vs. 110.0 G 13.9 vs. 123.9 G

12.4 vs. 128.1 G 11.6, respectively).5,34–38

In summary, we developed an ECM-adhesion mimic hydrogel based on endometrial core matrisome protein types that effectively repli-

cates endometrial ECM adhesion. This hydrogel provides a more suitable in vitro environment for UC-MSC growth while offering a safer and

more convenient approach for treating uterine injury.

UC-MSCs promote endometrial epithelial cell proliferation and rescue the TGF-b1-induced EMT process

After successful treatment with hydrogel-loaded UC-MSCs, our objective was to clarify the underlying mechanism of UC-MSCs in IUA ther-

apy. Initially, uterine specimens were cultured into endometrial epithelial organoids (EEOs) (Figures S3A–S3C; Table S1).39–42 Subse-

quently, the EEO cells were digested into single cells and cocultured with varying ratios of UC-MSCs in Matrigel (0:1, 0.5:1, 1:1, and
2 iScience 27, 109888, June 21, 2024
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Figure 1. Development of ECM-adhesion mimic hydrogels and treatment for intrauterine adhesions

(A) Heatmap of the normalized spectral abundance factor (NSAF) for matrisome proteins in rat uterine tissues (n = 4).

(B) Proportion of matrisome proteins in rat uterine tissues.

(C) Schematic representation of hydrogel synthesis and UC-MSC encapsulation.

(D) Brightfield image of hydrogel-loaded UC-MSCs (scale bar: 100 mm).

(E) Electron microscopy image of the hydrogel (scale bar: 200 mm).

(F) Schematic representation of the treatment for IUA rats.
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2:1 UC-MSCs:EEO cells). Following a 10-day culture period, increases in both the number and diameter of EEOs were observed as the ratio

of UC-MSCs increased, indicating that UC-MSCs effectively promoted the proliferation of endometrial epithelial cells and the regenera-

tion of endometrial epithelium (Figure 2A).
iScience 27, 109888, June 21, 2024 3
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Figure 2. UC-MSC promote endometrial epithelial cell proliferation and reverse the EMT process

(A) Organoid formation efficiency of EEO cells cocultured with UC-MSCs (scale bar: 100 mm, n = 3, *p < 0.05).

(B) Brightfield images of normal EEO, EMT-induced EEO, and UC-MSCs+EMT-induced EEO (scale bar: 100 mm).
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Figure 2. Continued

(C) Time-lapse recording of the EMT process (scale bar: 100 mm).

(E) Time-lapse recording of the MET process after coculture of UC-MSCs and EMT-induced EEO (scale bar: 100 mm).

(D) and (F) Immunofluorescence staining of E-cadherin and vimentin (scale bar: 100 mm).
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It has been reported that EMT plays a crucial role in the pathogenesis of IUAs, where an accumulation of mesenchymal cells leads to the

formation of adhesions and subsequent uterine closure.39,43–46 In our in vitro experiment, we aimed to induce EMT in endometrial epithelial

organoids.40,41 Following EEOpassage, two cytokines, TNFa and TGF-b1, were added to the culturemediumon the first day (Figure 2B). Over

a 96-h culture period, gradual shedding of cells fromEEOswas observed alongwith a change in their morphology froma transparent spherical

shape toward an opaque irregular shape that tended to adhere to the walls of the plate wells. In severe cases, complete maintenance of the

EEO structure was compromised, as the shed cells migrated from theMatrigel toward the bottom of the well plate and acquired a spindle-like

appearance (Figures 2B and 2C; Figure S3D). Immunofluorescence staining revealed the expression of N-cadherin, a specificmarker ofmesen-

chymal cells, in these irregularly shaped organoids at this stage, indicating the occurrence of the EMT process within EEOs (Figure 2D).

Subsequently, EMT-induced EEOs and UC-MSCs were coinoculated in Matrigel (1:1, UC-MSCs: EMT-induced EEO cells), followed by a

96-h coculture period. Remarkably, we observed a complete restoration of the EEO morphology, with a reversion to its original transparent

spherical shape (Figures 2B and 2E). Immunofluorescence staining revealed the expression of the epithelial marker E-cadherin within the or-

ganoids but the absence of the expression of the mesenchymal marker N-cadherin (Figure 2F), indicating that following interaction with UC-

MSCs, the previously induced EMT underwent MET and successfully regenerated into a normal EEO.

Finally, we excluded epithelial cells with stemness characteristics from the EEO as much as possible to further confirm the occurrence of

EMT and MET. LGR5 has been suggested to be a potential marker for the endometrial epithelium, but it has not yet been established as a

specific marker for endometrial epithelial stem cells. However, considering its role as a general stem cell marker, we employed LGR5 as an

indicator of ‘‘stemness characteristics’’ in our subsequent investigations.42,47–50 We sorted LGR5� cells, induced EMT, and then cocultured

them with UC-MSCs (1:1, UC-MSCs:LGR5� cells, Figures S3E and S3F). The immunofluorescence staining results were consistent with those

shown in Figures 2D and 2F. LGR5� cells were induced to express N-cadherin by the EMT process, and after coculture with UC-MSCs,

N-cadherin was no longer expressed.
Single-cell landscape analysis of the trajectory of EEOs and UC-MSCs

Subsequently, we aimed to elucidate the interaction dynamics between EEOs and UC-MSCs during EMT at single-cell resolution. Initially, the

samples were categorized as follows: S1, normal EEOs; S2, EMT-induced EEOs for 96 h; S3, EMT-induced EEOs for 96 h cocultured with UC-

MSCs for 12 h (1:1, UC-MSCs: EMT-induced EEO cells); and S4, EMT-induced EEOs for 96 h cocultured with UC-MSCs for 96 h (1:1, UC-MSCs:

EMT-induced EEO cells).

We employed the 103Genomics platform for scRNA-seq, generating a landscape of 34,195 cells from the aforementioned four samples.

Then, the filtered cells were grouped into 13 clusters and visualized usingUniformManifoldApproximation andProjection (UMAP) (Figure 3A).

Furthermore, cell types were identified based on the expression profiles of knownmarkers, and these cell clusters could be divided into seven

categories: luminal epithelial cells (luminal epi), glandular epithelial cells (glandular epi), EMT epithelial cells (EMT epi), proliferating EMT

epithelial cells (proliferating epi), mesenchymal cells (Mes), UC-MSCs, and UC-derived mesenchymal cells (UC-derived mes).51,52–60 Notably,

the UC-MSCs utilized in this study were derived from male donors and expressed Y chromosome-specific proteins and the mesenchymal

marker CDH2 (Figures 3C; Figure 4A).

Subsequently, we observed that luminal epi and glandular epi constituted the dominant cell types in sample S1. In sample S2, which un-

derwent EMT induction for 96 h, EMT epi and Mes were identified as the primary cell populations. After coculturing with UC-MSCs for 12 h,

sample S3 exhibiteddecreases in the proportions of EMT epi andMes. Additionally, the proportion of Luminal epi, alongwith increased in the

presence of UC-MSCs and UC-derivedmes. Finally, in sample S4, which was cocultured with UC-MSCs for 96 h, luminal epi and glandular epi

re-emerged as the predominant cell types, gradually recovering to the levels observed in normal EEO samples (Figure 3B).

Furthermore, we performed a pseudotime trajectory analysis on the sequencing data. The trajectory analysis inferred that during the pro-

cess of EMT, Mes may be derived from EMT epi. Additionally, after coculture with UC-MSCs, EEOs may have undergone mesenchymal-

epithelial transition (MET), enabling Mes to redifferentiate into EMT epi (Figure 3D).

The body secretes a substantial quantity of TGF-b1 in response to factors such as injury and inflammation.1,22,61,62 Based on the immuno-

staining, sequencing and pseudotime analysis results (Figures 2 and 3; S3), we infer that the endometrial epithelium initiates the process of

EMT under the action of TGF-b1. Initially, both luminal epi and glandular epi gradually exhibit an EMT phenotype, accompanied by high

expression levels of EMT-related proteins, including LAMA3, LAMB3, and MACC1. Subsequently, these EMT epi differentiate into Mes.

Mes specifically expresses N-cadherin while abundantly occupying the uterine cavity to form adhesions.1,38,63 One of the mechanisms by

which UC-MSCs treat IUAs lies in their ability to reverse the EMT process. The results of immunostaining, sequencing, and pseudotime anal-

ysis indicated that the following changesmay have occurred after UC-MSCs were added to the coculture system: UC-MSCs were initially influ-

enced by the microenvironment dominated by EMT epi and Mes, gradually acquiring a mesenchymal phenotype. UC-derivedmes exhibited

high expression levels of EMT-related proteins, such as LAMA3, LAMB3, and MACC1, while not expressing Y chromosome-specific protein

USP9Y (Figure 4A). Next, some UC-derived mes slightly upregulated E-cadherin. Meanwhile, under the paracrine influence of UC-derived

mes, Mes also redifferentiated into EMT epi, ultimately reverting from the EMT phenotype back to luminal epi and glandular epi (Figure 4B).
iScience 27, 109888, June 21, 2024 5
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Figure 3. Single-cell landscapes revealed the trajectory of EEOs and UC-MSCs

(A) UMAP plot of scRNA-seq data from a total of 4 individual samples, including EEO and UC-MSC samples.

(B) Changes in total cell proportions across 4 samples.

(C) Expression of marker genes of each cell type in the EEO and UC-MSC samples.

(D) The cell trajectory presented by pseudotime analysis.
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Epithelial cells with stemness characteristics are crucial to the epithelial regeneration process

Our aim was to further elucidate the pivotal factors facilitating the growth of endometrial epithelial organoids. First, epithelial cells were

filtered from single-cell analysis sample S4 (cocultured for 96 h) and classified into PROM1+ and PROM1- populations. PROM1, a protein ex-

pressed on endometrial epithelial progenitor cells, was also found to be expressed in all differentiated epithelial cells derived from these

progenitors but was not expressed in UC-MSCs.54,64 Thus, it was utilized to distinguish differentiated epithelial cells from exogenous UC-

MSCs. In sample S4, out of a total of 8,061 epithelial cells, 195 PROM1- cells accounted for 2.4% of the cells (Figure 5A). This result was further

validated by flow cytometry (Figure 5B; Figures S5A–S5C).

Next, we labeled UC-MSCs with CFSE and then uniformly incubated themwith an anti-E-cadherin antibody after 96 h of coculture with EMT-

inducedEEOs (1:1, UC-MSCs: EMT-inducedEEOcells). Thepercentage of CFSE+ andE-cadherin+ cells was 1.8G 0.17% (Figure 5C; Figure S5D).

Wecontinued toverify thechanges inUC-MSCsby immunofluorescenceand foundthat theyexpressedonlyE-cadherin anddidnotexpressother

epithelialmarkers, suchaskeratin.Additionally,wecoculturednormalEEOswithUC-MSCsand found thatUC-MSCsdidnotexpressanyepithelial

markers (Figures 5D and 5E). Collectively, these findings suggest that in the EMT microenvironment, only a small number of UC-MSCs are im-

planted in EEOs, and their contribution to epithelial formation is minimal compared to that of endogenous endometrial epithelial cells.

Therefore, we hypothesized that the activation of endometrial epithelial cells with stemness characteristics is crucial for promoting EEO

formation (or endometrial epithelial regeneration). We subsequently sorted LGR5+ and LGR5� endometrial epithelial cells from normal EEOs

and subjected them to organoid culture (Figure 5F). Remarkably, under identical culture conditions, LGR5+ endometrial epithelial cells ex-

hibited a significantly greater number and diameter of organoids than normal unsorted cells. In contrast, LGR5� endometrial epithelial cells

with smaller diameters showed limited organoid formation ability and could not even be passaged. Furthermore, when cocultured with UC-

MSCs (UC-MSCs:EEO cells, 1:1), the LGR5�endometrial epithelial cell population did not change this situation (Figures 5G and 5H), indicating

that endogenous stem cells play a pivotal role in organoid formation and growth.

Based on the above results, we further investigated the potential of UC-MSCs to promote endometrial epithelial regeneration. We

extended the duration of EMT induction from 96 h to 120 and 144 h, followed by coculture with UC-MSCs. Notably, no endometrial epithelial

regeneration was observed in EMT-induced EEOs at 120 and 144 h (Figure 6A).

Subsequently, we assessed the proportion of LGR5+ cells in EEOs subjected to different durations of EMT induction. The percentage of

these cells in the normal organoids was 5.10G 0.21%, while it decreased to 2.24G 0.17% after EMT induction for 96 h, further decreased to

1.05 G 0.43% after EMT induction for 120 h, and reached a minimum of only 0.37 G 0.21% following EMT induction for 144 h (Figure 6B;

Figures S5E–S5H). Hence, our findings confirm that exogenous UC-MSCs are unable to promote endometrial epithelial regeneration

when there is an insufficient population of endogenous cells with stemness. Therefore, as the duration of EMT increases, the proportion

of endogenous cells with stemness within EEOs significantly decreases. Consequently, exogenous UC-MSCs are unable to promote endo-

metrial epithelial regeneration.
Wnt7A and TGFA play roles in the interaction between EEOs and UC-MSCs

Subsequently, we endeavored to further investigate the specific factors that facilitate the interaction between endogenous epithelial cells and

exogenous UC-MSCs. We performed cell communication and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses to elucidate the

signaling molecules and pathways involved in the interaction between EEOs and UC-derived mesenchymal cells. Initially, KEGG analysis re-

vealed significant activation of the MAPK signaling pathway in the 96-h EMT sample, while the 96-h coculture sample exhibited pronounced

activation of the Wnt signaling pathway (Figure 6C). Furthermore, our investigation into the cell communication of UC-derived mesenchymal

cells revealed the high expression of the Wnt7A-LDLR pair. ELISA detection of the supernatant also confirmed an increasing trend in the

Wnt7A concentration within cocultured samples over time (Figures 7A–7C). These findings imply that the secretion of Wnt7A by UC-derived

mesenchymal cells stimulates endometrial epithelial proliferation.

Therefore, we sorted EEO_EMT cells and retained the LGR5+ cell population.We cultured LGR5+ cells in EMTmedium, and in the absenceof

Wnt7A, the cell population did not form organoids. After the addition ofWnt7A (112 ng/mL; the concentrationwas referred to in Figure 7C: 96 h

concentrations of Wnt7A), the cell population successfully formed organoids (Figures 7D and 7E). We also detected the proliferation of LGR5+

cells inMatrigelwithdifferent concentrations ofWnt7A. Thedata showed that the LGR5+ cells in the 93 and 112 ng/mLWnt7Agroups (Figure 7C:

12 h and 96 h concentrations ofWnt7A, respectively) showed proliferation, while the cells did not show significant proliferation without the addi-

tion of Wnt7A (Figure 7F). Combined with the aforementioned results, it is clear that Wnt7A indeed promotes epithelial cell proliferation.

Subsequently, we observed significant upregulation of the Transforming growth factor alpha-Epidermal growth factor receptor (TGFA-

EGFR ) pair in the cell communication of EMT epithelial cells. ELISA analysis of the supernatant revealed a trend characterized by an initial

increase followed by a subsequent decrease in the TGFA concentration, with its peak at 12 h and minimal levels at 96 h (Figures 7A and

7C). Furthermore, western blot analysis demonstrated that p-Erk expression varied over time, with the highest level observed at 12 h and

reduced expression at 96 h (Figures 7G and 7H).
iScience 27, 109888, June 21, 2024 7
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Figure 4. Immunofluorescence staining to validate markers of cell populations among EEOs and UC-MSCs

(A) Immunofluorescence images of markers for luminal epithelial cells (luminal epi), glandular epithelial cells (glandular epi), EMT epithelial cells (EMT epi),

proliferating EMT epithelial cells (proliferating epi), mesenchymal cells (Mes), UC-MSCs, andUC-derivedmesenchymal cells (UC-derivedmes) (scale bar: 100 mm).

(B) Schematic representation of the trajectory analysis of the EMT and coculture processes.
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These results imply that in the EMT microenvironment, TGFA activates the downstreamMAPK/ERK signaling pathway of EGFR, which ul-

timately upregulates the expression of E-cadherin in UC-MSCs.65–69 To verify this process, we cultured UC-MSCs alone in Matrigel (EMT me-

dium) and added TGFA to the EMT medium (52 and 26 ng/mL; the concentration was referred to Figure 7C: 12 h and 96 h concentrations of

TGFA, respectively). After 96 h of culture, we found that UC-MSCs in the 52 ng/mL group expressed E-cadherin, while UC-MSCs in the 26 ng/

mL group did not (Figures 7I and 7J). These results indicate that high concentrations of TGFA upregulate E-cadherin expression in UC-MSCs,

but when the concentration of TGFA is too low, UC-MSCs do not express E-cadherin. These results also explain why the proportion of

E-cadherin+ UC-MSCs was very small because high concentrations of TGFA did not persist for a long time. Moreover, we found that

UCMSCs did not upregulate the expression of PanCK or ERa, indicating that TGFA only upregulated the expression of E-cadherin and

did not induce epithelial differentiation of UC-MSCs (Figures S3G and S3H).

DISCUSSION

Currently, the occurrence of pulmonary embolism resulting from intravenous injection of stem cells is not uncommon; Jung et al. reported a

clinical case involving pulmonary embolism following intravenous administration of adipose-derived stem cells.10 Furthermore, due to severe
8 iScience 27, 109888, June 21, 2024
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Figure 5. Epithelial cells with stemness characteristics are crucial to the epithelial regeneration process

(A) Expression of PROM1 in epithelial cells after coculture with UC-MSCs.

(B) Histogram plot showing the PROM1-and PROM1+ populations in EEO cells and UC-MSCs (n = 3; replicates are shown in Figures S5A–S5C).

(C) Dot plot showing CFSE+ and E-cadherin+ populations in EEO_EMT and normal EEO cells cocultured with UC-MSCs (n = 3; replicates are shown in

Figure S5D).
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Figure 5. Continued

(D) Immunofluorescence staining to validate the presence of the E-cadherin and PanCK proteins in the cell populations among the EEO_EMT and UC-MSCs

(scale bar: 100 mm).

(E) Immunofluorescence staining to validate the presence of the E-cadherin and PanCK proteins in the cell populations among the normal EEO and UC-MSC

(scale bar: 100 mm).

(F) Schematic representation of cell sorting of LGR5+ and LGR5� cell populations.

(G) Different behaviors were observed between the LGR5+ and LGR5� cell populations. Bright field images of LGR5+ cells, LGR5� cells and LGR5� cells+UC-

MSCs are shown (scale bar: 100 mm).

(H) Organoid formation efficiency of LGR5+ cells, LGR5� cells and LGR5� cells+UC-MSCs (n = 3, *p < 0.05).
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adhesion and extensive capillary necrosis, it remains uncertain whether stem cells can accurately target the injury area.34 Therefore, we devel-

oped a cell scaffold suitable for in situ injectionwhileminimizing the risks associatedwith pulmonary embolism and inadequate targeting.Our

hydrogel successfully achieved our anticipated objectives, rendering it a more convenient and secure approach for treating uterine injury in

rats. Moreover, the endometrial morphology indicated significant recovery of the uterine injury in the rat model treated with hydrogel-loaded

UC-MSCs, accompanied by a notable reduction in fibrosis and successful restoration of the regenerative capacity within the

endometrium.1,5,35

Subsequently, we investigated the interaction trajectory between endogenous cells and UC-MSCs. Initially, we observed unequivocal ev-

idence for the ability of stem cells to promote endometrial epithelium proliferation. However, our progress has been hindered by a lack of

in vitromodels specifically designed for studying IUAs. Consequently, we constructed an organoidmodel based on the pathogenesis of IUAs

and specifically focused on EMT, a pivotal contributor to adhesion formation.2,62 Our EMTmodel was designed to simulate this process. Dur-

ing the induction process, the EEOs were first incubated with Tryple and trypsin at 37�C for 5 min. Subsequently, without quenching the in-

cubation, centrifugation was performed (3003 g, 5 min) directly to maximize the disruption of intercellular connections. In addition, the me-

dium was supplemented with TNF-a and TGF-b1; the former is a crucial cytokine in inflammatory environments, and the latter serves as a key

inducer of EMT.70 Then, the expression of the mesenchymal cell marker N-cadherin was validated when noticeable morphological changes

occurred (such as gradual cell shedding or transformation from spherical to irregular structures). Our established protocol for constructing an

EMT model of EEOs not only facilitates research on IUAs but also offers valuable insights into developing fibrosis models in other tissues.

We also considered the influence of tissue-resident stem cells when constructing the EMTmodel. Bhartiya, D et al. reported the presence

of very small embryonic-like stem cells (VSELs), a type of pluripotent stem cell that can differentiate into epithelial and mesenchymal cells, in

the endometrium.71,72 However, because VSELs can be enriched only upon centrifugation at 1000 3 g, we excluded the possibility of the

presence of VSELs in our cultured EEO. Second, the endometrial epithelium also contains epithelial resident stem cells. Therefore, we purified

LGR5� cells to eliminate the influence of resident epithelial stem cells as much as possible. Finally, LGR5� cells also exhibited EMT and MET

transformation.

Next, we observed the gradual movement of UC-MSCs around the EMT organoids. We found that the proportion of UC-MSCs implanted

into the endometrial epithelium was minimal, raising an additional question: does this imply that UC-MSCs primarily serve as an adjunctive

factor rather than a pivotal factor?We next isolated LGR5+ and LGR5� cells from normal endometrial organoids. We then added UC-MSCs to

the culture systemof LGR5� cells; however, no organoid formationwas observed. These findings provide preliminary evidence supporting the

pivotal role of endogenous epithelial cells with stemness characteristics in endometrial epithelial regeneration.

In addition to epithelial cells, stromal, immune, and endothelial cells are also found in the uteri of patients with IUA. Because our study

aimed to focus mainly on the interaction between UC-MSCs and endometrial epithelial cells, we selected EEOs as the experimental model.

There have been single-cell sequencing studies on the uteri of patients with IUA. Santamaria, X et al. decoded the endometrium cell pop-

ulations, differential gene expression, and cell-to-cell communication of IUA tissue as a whole.59 In contrast, our study focused on the dynamic

changes between the endometrial epithelium and UC-MSCs. In addition, Santamaria, X et al. reported that there was no interaction between

WNT7AFZD6 and LRP6 in the SOX9 epithelial cell type of patients with IUA, which may slow luminal cell differentiation. This result comple-

ments our research findings, indirectly demonstrating the role of UC-MSCs in the secretion of Wnt7A to assist in promoting endometrial

epithelial regeneration.

Limitations of the study

This study focused primarily on the dynamic changes in endometrial epithelial cells in the context of IUA. In addition to the process of EMT,

the proliferation of mesenchymal cells and the activation of fibroblasts are also significant factors contributing to adhesion formation. Further-

more, we propose that the paracrine effects of the interaction ofMSCswith the EMT epithelium are not solely dependent on a single pathway.

In future studies, our next challenge will be to comprehensively elucidate the interplay between the different factors involved and their

mechanisms.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:
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Figure 6. Ratios of epithelial cells with stemness characteristics and up-regulated pathways after EMT induction and co-culture

(A) Time-lapse recording of EMT 120 and 144 h groups (scale bar: 50 mm).

(B) Bright field images of normal EEO and EMT induced EEO (scale bar: 100 mm). Histogram plot showing LGR5� and LGR5+ populations in EEO cells (n = 3;

replicates are shown in Figures S5E–S5H).

(C) KEGG analysis shows upregulated pathways in EMT 96 h and coculture 96 h samples.
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Figure 7. Wnt7A and TGFA are signaling molecules in the interaction between EEOs and UC-MSCs

(A) Cell communication connections between EMT epithelial cells and UC-derived mesenchymal cells.

(B) Schematic representation of Wnt7A and TGFA detection.

(C) Concentration statistics of Wnt7A and TGFA (n = 6, *p < 0.05).

(D) Schematic representation of cell sorting in LGR5+ cell populations.

(E) Time-lapse recording of the group supplemented with WNT7A (112 ng/mL) and the group without WNT7A (scale bar: 50 mm).

(F) Cell Viability of WNT7A-supplemented groups (112 ng/mL and 93 ng/mL), and group without WNT7A (n = 3, *p < 0.05).
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Figure 7. Continued

(G) Schematic representation of p-Erk1/2 detection and immunofluorescence validation of E-cadherin.

(H) Detection of p-Erk1/2 expression level (n = 3, *p < 0.05).

(I) and (J) Immunofluorescent staining to detect E-cadherin of UC-MSCs in groups supplemented with TGFA (52 ng/mL and 26 ng/mL; scale bar: 100 mm).
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

E-cadherin CST Cat# 3195; RRID: AB_2291471

E-cadherin Abcam Cat# ab231303; RRID: AB_2923285

Pan-Keratin CST Cat# 4545; RRID: AB_490860

Vimentin Abcam Cat# ab92547; RRID:AB_10562134

LGR5 Origene Cat# TA503316S; RRID:AB_2723318

Estrogen Receptor a (ERa) Abcam Cat# ab108398; RRID:AB_2728817

N-cadherin CST Cat# 13116; RRID:AB_2687616

N-cadherin Proteintech Cat# 66219-1

LAMA3 Abcam Cat# ab151715

Ki67 Abcam Cat# ab16667; RRID:AB_302459

Ki67 Abcam Cat# ab279653; RRID:AB_2934265

RPS4Y1 Proteintech Cat# 17296-1-AP

MAPK (Erk1/2) CST Cat# 4370; RRID:AB_2315112

PE anti-human CD133 BioLegend Cat# 393903; AB_2734477

PE anti-human LGR5 BioLegend Cat# 373803; AB_2686987

PE anti-human CD324 (E-cadherin) BioLegend Cat# 324105; AB_756067

Chemicals, peptides, and recombinant proteins

Penicillin/Streptomycin Gibco Cat# 15070063

Y-27632 AbMole BioScience Cat# 129830-38-2

A83-01 AbMole BioScience Cat# M5037

SB202190 AbMole BioScience Cat# M2062

Nicotinamide Sigma-Aldrich Cat# N0636-100G

Recombinant human EGF PeproTech Cat# 100-47

Recombinant human Noggin PeproTech Cat# 120-10C

Recombinant human FGF-10 PeproTech Cat# 100-26

Recombinant human R-Spondin-1 PeproTech Cat# 120-38

Recombinant Wnt-3a PeproTech Cat# 315-20

Recombinant Wnt-7a PeproTech Cat# 120-31

Recombinant TGF-a PeproTech Cat# 100-16A

N-acetyl-L-cysteine Sigma-Aldrich Cat# A9165

Recombinant Human TGF-b1 PeproTech Cat# 100-21

Recombinant Human TNF-a PeproTech Cat# 300-01A

Critical commercial assays

Advanced DMEM/F-12 Gibco Cat# 12634010

N-2 supplement Gibco Cat# 17502048

B-27 supplement minus vitamin A Gibco Cat# 17504044

ITS Liquid Media Supplement Sigma-Aldrich Cat# I3146

Serum-free Medium for MSCs Baso Biotech Cat# 04304P05

Advanced cell culture supplement AventaCell Cat# HPCFDCRL50

GlutaMAX Gibco Cat# 35050061

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rat TIMP-1 ELISA Kit Ray Biotech Cat# ELR-TIMP1-1

Rat CTGF ELISA Kit Abcam Cat# ab275897

Human TGFA ELISA Kit Weiao Biotech Cat# EH10461

Human Wnt7A ELISA Kit Weiao Biotech Cat# EH11211

RIPA lysis buffer Weiao Biotech Cat# WB0101

Proteases inhibitor cocktail Weiao Biotech Cat# WB0122

BCA Protein Assay kit Weiao Biotech Cat# WB0123

CFSE Cell Division Tracker Kit BioLegend Cat# 423801

Cell Recovery Solution Corning 354253

Cell Counting Kit-8 Servicebio G4103-1ML

Luminescent Cell Viability Assay Promega G9241

Experimental models: Cell lines

Rat: Sprague-Dawley SLAC Animal Slac:SD

UC-MSC SNC Stemcell Biotech ELPIS UC-MSC Injection

Software and algorithms

GraphPad Prism GraphPad Prism 8.0 https://www.graphpad.com

R R 4.2.2 https://www.r-project.org

ImageJ ImageJ with Java 8 https://imagej.nih.gov/ij/

Image-Pro Plus Image-Pro Plus 6.0.0.260 https://mediacy.com/image-pro/

FCS Express FCS Express 7 https://denovosoftware.com/

Adobe Illustrator Adobe Illustrator 2017 https://www.adobe.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Li Liu (liulisipi@foxmail.com).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Establishment and treatment of uterine injury rat model

All animal experiments were approved by Animal Experimental Ethical Inspection of SIPI. 50 female Sprague-Dawley rats (8 weeks old) were

used in this experiment, which was divided into five groups: uterine injury model group (Uterine Injury), hydrogel control group (Hydrogel),

UCMSC+ hydrogel treatment group (UCMSC+ hydrogel), UCMSC solution direct injection group (UCMSC) and blank control group (Blank).

During the estrous phase of SD rats, 40 rats were anesthetized, and then incisions were made along the midline of the abdomen of rats to

expose the uterus. The tip of the 1mL syringe was partially bent in advance and then inserted into the 1/3 of the distance from the connection

between the left and right uterus. Back and forth rotational scraping was performed 8 times, and the depth of scraping was about 2/3 of the

uterine wall until bleeding was visible to the naked eye in both the left and right uterus (Roughness appears when scraping at this point). The

abdominal cavity was washed with 0.9% (w/v) normal saline after the surgery, and the abdomen was sutured. After 7 days, the uterus was re-

exposed to confirm the formation of intrauterine adhesions and then enrolled into the group of uterine injury, hydrogel, UCMSC+ hydrogel

and UCMSC (10 rats in each group). Subsequently, 1mL normal saline (uterine injury group), hydrogel without UC-MSCs (Hydrogel group),

hydrogel loaded 53106 UC-MSCs (UCMSC+ hydrogel group) and UC-MSCs solution (UCMSC group) were added to the adhesion sites of

the uterus.
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METHOD DETAILS

Proteomic analysis

Sample preparation

The uterine tissue were excised from 4 healthy SD rats during the estrous interphase. Tissues were then weighed, minced and resuspended in

ice-cold RIPA lysis buffer (Weiao Biotech) supplementedwith proteases inhibitor cocktail (Weiao Biotech). Subsequently, transfer the buffer to

a shaker, followed by ice incubation for 1 hour, then subject it to centrifugation at 12,000 g for 10 minutes to collect the supernatant. The

protein concentration was determined using a BCA Protein Assay Kit (Weiao Biotech). Proteins were reduced in 5 mM dithiothreitol at

56�C for 30 min and then alkylated in 15 mM iodoacetamide at room temperature for 30 min in darkness. Reaction was quenched with

30 mM cysteine at room temperature for additional 30 min. Protein samples underwent trypsin digestion (enzyme-to-substrate ratio of

1:50 at 37�C for 16 hours) followed by desalting through MonoSpin C18 cartridges and vacuum-dried by Speed Vac. The peptide residues

were reconstituted in water containing 0.1% formic acid and were centrifuged at 14,000 rpm for 10 min prior to Nano-LC-MS/MS analysis.

LC-MS/MS

Peptide samples were analyzed on a nano-LC system (Bruker Daltonics) with C18 nano-capillary analytical column (250 mm 3 75 mm)

(IonOptiks) heated at 50�C in a column oven. Mobile phases consisted of 0.1% (v/v) formic acid in water (phase A) and in acetonitrile (phase

B). Samples were separated by a 60 min stepped gradient ranging from 2 to 30% B at a flow rate of 400 nL/min. Peptides were detected on a

timsTOF Pro instrument (Bruker Daltonics) operated in PASEFmode. TIMS accumulation time and ion mobility separation time were both set

at a fixed value of 100 ms. The range of mobility values was 0.45–1.45 vs./cm2 (1/K0), and the covered m/z range was 100–1700 m/z. Subse-

quently, MS raw files were searched against the UniProt Rattus norvegicus proteome database using PaSER (version 1.0) software. The pro-

tease was trypsin, with a maximum allowance of 2 missed cleavages. Carbamidomethyl (C) was considered as a fixed modification, while

oxidation (M) and acetylation (protein N-term) were treated as variable modifications. Employing the target-decoy strategy, the thresholds

of false discovery rate (FDR) for proteins and peptides were 0.01. Finally, the matrisome proteins were filtered according to the ECM matri-

some database.
Synthesis of ECM-adhesion mimic hydrogel and encapsulation of UC-MSC in hydrogels

8-arm PEG Maleimide (20 kDa) and SH-PEG-SH (2 kDa) were purchased from Adamas life. Peptides were synthesized and purified by

QYAOBIO and CSBio. These peptides were used in the hydrogel: SH-GPC(GPP)5GE-(Hyp)-GFR(GPP)5GPC (GFOGER); SH-PHSRN

(PHSRN); SH-YIGSR (YIGSR); SH-GRGDS (GRGDS).

Synthesis of ECM-adhesion mimic hydrogel

GFOGER peptide (2 mM), YIGSR peptide (2 mM), PHSRN peptide (2 mM), GRGDS peptide (3 mM) and cross-linker SH-PEG-SH (2 kDa, 5 mM,

5%) were dissolved in the MSC medium. Subsequently, 8-arm PEG Maleimide (20 kDa, 5 mM) were added to the solution, followed by incu-

bation for 15 min to synthesize hydrogel.

Encapsulation of UC-MSCs in hydrogels

UC-MSCswere resuspended in peptide solution. Subsequently, 8-arm PEGMaleimidewere added to the solution, followed by incubation for

15 min to encapsulate MSCs within the hydrogel.
Culture and establishment of EEOs and EMT induced EEOs

EEOs culture from human endometrium

The study was approved by the Medical Research Ethics Committee of International Peace Maternal and Child Health Hospital. All partici-

pants provided written informed consent for sample collection. Patients taking any hormones were excluded from the study. 2 patients of 48–

49 years of age diagnosed with endometrial cancer were enrolled. Normal endometrium tissues (all with normal menstrual cycle) from

proliferative phases were collected from the normal part of uterus (Table S1). The endometrial tissues of 1-2 cm in length, 1-2 cm in width

and 1-2 cm in depth were cut and transported to the laboratory at a temperature of 4�C. Tissues were then carefully minced into small cubes.

Subsequently, tissues were added to 10 mL of Advanced DMEM/F12 (Gibco) medium supplemented with Dispase (1.25 U/mL; Stemcell) and

Collagenase IV (2.5 mg/mL; Sigma), followed by gentle shaking at 37�C for 1 hour. To quench the digestion process, an equal volume of

DMEMmedium containing 10% FBS (Gibco) was added. After complete dissociation, the undigested tissues were allowed to settle for 5 mi-

nutes to remove. Endometrial glands/epithelial cells and stromal cells were isolated by filter-separated. The supernatant was passed through

100 mm cell strainers. Wash through well with Advanced DMEM/F12. Then invert the strainers over a petri dish and backwash the glandular/

epithelial cells. Transfer the backwashed glands/epithelial cells to a universal tube, followed by centrifugation at 300g for 5 min. After centri-

fugation and subsequent washing with PBS, the pellet was resuspended in EEO medium with 70% Matrigel at a density of 10,000 cells per

100 mL. The culture medium was changed every 3 days using EEO medium composed of DMEM/F12 (Gibco), penicillin/streptomycin

(100 U/L; Gibco), HEPES (10 mM; Gibco), GlutaMAX (13; Gibco) , B27 supplement (13; Gibco), N2 supplement (13; Gibco), ITS LiquidMedia

Supplement (13; Sigma‒Aldrich), Nicotinamide (1 mM; Sigma‒Aldrich), N-acetylcysteine-1 (1.25 mM; Sigma‒Aldrich), EGF (50 ng/mL;
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Peprotech), FGF-10 (100 ng/mL; Peprotech), Wnt3a (200 ng/mL; Peprotech), Noggin (100 ng/mL; Peprotech), Rspondin-1 (200 ng/mL; Pepro-

tech), Y-27632 (9 mM; AbMole BioScience), A83-01 (500 nM; AbMole BioScience), SB202190 (10 mM; AbMole BioScience). Following a 14-day

culture period, EEOs could be released from Matrigel using Dispase (1U/mL; Stemcell) for 1 hour at 37�C. Subsequently, Tryple (Gibco) was

used to further dissociated the organoids into single cells within 10 minutes before passaging them at a ratio of 1:3.

Establishment of EMT induced EEOs model

Before induction, EEOs were released fromMatrigel using Dispase (1 U/mL; Stemcell) for 1 hour at 37�C. Released EEOs were incubated with

Tryple (Gibco) and Trypsin (0.25%; Gibco) for 5 min at 37 �C. After centrifugation (300g, 5 min) without quenching the incubation, the EEOs

were resuspended in EMT medium with 50% Matrigel. The EMT medium contained DMEM/F12 (Gibco), penicillin/streptomycin (100 U/L;

Gibco), HEPES (10 mM; Gibco), GlutaMAX (13; Gibco) , B27 supplement (13; Gibco), N2 supplement (13; Gibco), ITS Liquid Media Supple-

ment (13; Sigma‒Aldrich), Nicotinamide (1 mM; Sigma‒Aldrich), N-acetylcysteine-1 (1.25 mM; Sigma‒Aldrich), TGF-b1 (100 ng/mL; Pepro-

tech), TNF-a (100 ng/mL; Peprotech). After a 96-hour induction period, the EEOs were utilized for subsequent experiments and validation of

mesenchymal markers.
Co-culture experiment of EEO and UC-MSCs

Co-culture of normal EEOs and UC-MSCs

EEOs were released from Matrigel using Dispase (1 U/mL; Stemcell) and subsequently resuspended in EEO medium. For co-culture assay,

UC-MSCs were directly added to the EEOs solution at predetermined ratios. The number and diameter of organoids were calculated using

ImageJ. For live imaging, UC-MSCs were resuspended in CFSE solution and then cells were incubated for 20 minutes at 37�C in the dark.

Incubated UC-MSCs were added to the EEOs solution at predetermined ratios. Live imaging was conducted using confocal fluorescence

screening via Nikon ECLIPSE Ti2. Images were obtained every 1 hour for each well till 96 hours post seeding.

Co-culture of EMT induced EEO and UC-MSCs

EMT induced EEOs were released fromMatrigel using Dispase (1 U/mL; Stemcell). The supernatant was passed through 40 mm cell strainers.

After centrifugation and subsequent washing with PBS, EMT induced EEOs were resuspended in EMT medium. For co-culture assay, UC-

MSCs were then added to the EEOs solution at 1:1 ratio. For live imaging, UC-MSCs were resuspended in CFSE solution and then cells

were incubated for 20 minutes at 37�C in the dark. Incubated UC-MSCs were added to the EEOs solution at 1:1 ratio. Live imaging was con-

ducted using confocal fluorescence screening via Nikon ECLIPSE Ti2. Images were obtained every 1 hour for each well till 96 hours post

seeding.
Immunofluorescence staining

EEOs were seeded in 24-well plates prior to immunofluorescence assay. Organoids were released from Matrigel and incubated with 1 mL of

cell recovery solution at 4�C for 60min. Organoidswas resuspended and fixed in 4%PFA at room temperature for 30min. Then, the organoids

were blocked for 1 hour in the blocking solution (0.3% Triton X-100 + 0.1% Tween-20 + 5% BSA). Organoids were then incubated in 5% BSA

with primary antibody per well at 4�C overnight. Then, the organoids were incubated with secondary antibody (13 concentration) diluted in

5% BSA solution for 1 h at room temperature. Finally, the organoids were incubated with DAPI for 1 h at room temperature in the dark. Or-

ganoids were washed 3 times with PBS between each of the above steps. Antibodies used for immunofluorescence staining in the study is

provided in key resources table. The images were captured using a Nikon ECLIPSE Ti2. The size of the images was adjusted and assembled in

Adobe Illustrator. Scale bars were indicated in the figures and legends.

The dilution information of primary antibody used was as follows: E-cadherin (CST Cat#3195) dilution: 1:500; E-cadherin (Abcam Cat#

ab231303) dilution: 1:150; Pan-Keratin (CST Cat#4545) dilution: 1:150; Vimentin (Abcam Cat#ab92547)dilution: 1:100; LGR5 (Origene

Cat#TA503316S) dilution: 1:100; Estrogen Receptor a (Abcam Cat#ab108398) dilution: 1:200 N-cadherin (CST Cat#13116) dilution: 1:500;

N-cadherin (Proteintech Cat#66219-1) dilution: 1:50; LAMA3 (Abcam Cat#ab151715) dilution: 1:100; Ki67 (Abcam Cat#ab16667) dilution:

1:200; Ki67 (Abcam Cat#ab279653)dilution: 1:50; RPS4Y1 (Proteintech Cat# 17296-1-AP) dilution: 1:50.
Flow cytometry analysis and cell sorting

EEOs were released from Matrigel using Dispase (1 U/mL; Stemcell) for 1 hour at 37�C. Subsequently, EEOs were resuspended in TrypLE

(Gibco) and incubated at 37�C for 10 minutes to dissociate them into single cells. The cells were then suspended in PBS and sequentially

incubatedwith blocking solution and antibody, followedby a 20-minute incubation in the dark. Analysis and cell sortingwere performedusing

Beckman CytoFLEX and SONYMA900, and the data were analyzed with FCS Express (DeNovo software). Antibodies used for flow cytometry

in the study is provided in key resources table.
Protein measurement by ELISA assay

Protein supernatants were collected for enzyme-linked immunosorbent assay. The ELISA kits (Raybiotech; Abcam; Weiao Biotech) for CTGF,

TIMP1, Wnt7a and TGFa were used in accordance with the manufacturer’s instructions.
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Western Blot

EEOs were released from Matrigel using Dispase (1 U/mL; Stemcell) for 1 hour on ice. Released EEOs were washed with ice-cold PBS for 2

times. Then, EEOs were resuspended in ice-cold RIPA lysis buffer (Weiao Biotech) supplemented with proteases inhibitor cocktail (Weiao

Biotech). Subsequently, transfer the buffer to a shaker, followed by ice incubation for 1 hour, then subject it to centrifugation at 12,000 g

for 10 minutes to collect the supernatant. The protein concentration was determined using a BCA Protein Assay kit (Weiao Biotech). Equiv-

alent amounts of protein were denatured in the loading buffer through boiling, electrophoresed via SDS-PAGE gel and subsequently trans-

ferred to the PVDF membrane. The membranes were blocked with 5% BSA in TBST at room temperature for 1 hour, followed by incubation

with the primary antibody overnight at 4�C and subsequent incubation with the secondary antibody at room temperature for 1 hour. Protein

expression was detected using the Tanon 4600 Imaging System (Bio-Rad). Antibodies used for Western Blot in the study is provided in key

resources table. The size of the images was adjusted and assembled in Adobe Illustrator.

The dilution information of primary antibody used was as follows: MAPK (Erk1/2) (CST Cat#4370) dilution: 1:2000.
Histological analysis

Tissues and organoids were fixed in 4% PFA at room temperature for 30 min. The fixed tissues and organoids were subsequently dehydrated

and embedded in paraffin wax. The paraffin-embedded tissues and organoids were sectioned at a thickness of 5 mm and subjected to he-

matoxylin and eosin (H&E), Masson and immunohistochemical staining.

H&E and Masson

The HE andMasson staining were performed in accordance with standard protocols. Following HE staining, the number of glands and thick-

ness of endometrium were measured at a 403magnification. Subsequently, five fields were randomly selected at a 4003magnification and

the collagen deposition ratio was measured using Image-Pro Plus.

Immunohistochemistry

The paraffin sections were dewaxed and subsequently subjected to antigen retrieval by incubating in boiled citrate buffer (pH 6) for 20 mi-

nutes. Next, the sections were treated with a blocking solution at room temperature for 1 hour, followed by overnight incubation at 4�C with

primary antibody. After washing, sections were incubated with secondary antibody at room temperature for 1 hour. Finally, the sections were

treated with DAB solution. Then, the sections were counterstained with hematoxylin, dehydrated with an ethanol gradient, and fixed with

neutral balsam. Five fields were randomly selected at a 4003magnification and themean optical density wasmeasured using Image-Pro Plus.
Single-cell RNA sequencing

Sample preparation

EEOs were released from Matrigel using Dispase (1 U/mL; Stemcell) for 1 hour at 37�C. Released EEOs were washed with PBS for 2 times.

Then, EEOs were collected and stored in liquid nitrogen for scRNA-seq.

Raw scRNA-seq data processing and unsupervised clustering

The raw scRNA-seq data were preprocessed using Cell Ranger Single Cell software suite provided by 10x Genomics, detailed QC metrics

were generated and evaluated to filter cells, thereby obtaining high-quality data for subsequent analysis. Cells with low-complexity libraries

(less than 500 detected genes) and cells wheremore than 25% of genes derived from themitochondria were initially filtered out and excluded

from further analysis. Then, doublets and multiplets were removed using DoubletFinder. Subsequently, the filtered gene cell matrix under-

went library size normalization in Seurat to obtain a normalized UMI count. Seurat (LogNormalize) was applied to the normalized gene-cell

matrix in order to identify highly variable genes (HVGs) for unsupervised cell clustering. Elbow plot was generated using ElbowPlot function of

Seurat, and the top 20 significant principal components (PCs) were determined. Based on unsupervised clustering with Seurat’s FindClusters

function, we constructed the Shared Nearest Neighbor (SNN) graph using FindNeighbors function of Seurat. Subsequently, the Uniform

Manifold Approximation and Projection (UMAP) method was employed along with Seurat’s RunUMAP function for visualization.

Differential gene expression (DEG) analysis and cell type identification

The identification of differentially expressed genes (DEGs) in each cluster was performed using FindMarkers function in Seurat. DEGs were

filtered based on the following criteria: gene expression in more than 10% of cells within more abundant group, logFC (expression fold

change) >0.26, and P value <0.01. To identify the cell type, we used the proved endometrial marker genes for initial identification of major

cell types (epithelial cells, mesenchymal cells, and UC-MSCs). Subsequently, EMT-specific markers were utilized to further discriminate be-

tween different cell clusters. Finally, we identified organoid-specific genes by immunofluorescence.
Cell adhension assay

UC-MSCs were resuspended in CFSE solution. Cells were incubated for 20 minutes at 37�C in the dark. For the control group, incubated

cells were directly added to the 12-well plates. For the gel group, wells were precoated with hydrogel prior to cell seeding. At predetermined
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time-points, the fluorescent imaging was performed using Nikon ECLIPSE Ti2. The number and area of cells were calculated using the NIS-

Elements software suite.
Cell viability assay

UC-MSCs were cultured in 96-well plates for a designated time period. For the control group, cells were directly seeded to the plates. For the

gel group, cells were encapsulated within hydrogel before seeded to the plates.

For the CCK8 cell viability assay: At predetermined time-points, 10 mL CCK-8 reagent was added for 2 hours, and then the absorbance was

measured at 450 nm.

For the luminescent cell viability assay: At predetermined time-points, 100 mL CellTiter-Glo� reagent was added for 10 minutes, and then

record luminescence.
Cell invasion assay

UC-MSCs were resuspended in DMEM high glucose medium. For the control group, cell suspensions (100 mL, 5000 cells/well) were encap-

sulated withinMatrigel before seeded to the upper chamber of the Transwell plates (8 mm; Corning, USA). For the gel group, cell suspensions

(100 mL, 5000 cells/well) were encapsulated within hydrogel before seeded to the upper chamber. Subsequently, 600 mL of corresponding

medium supplemented with 10% FBS was added to the lower chamber. Following incubation at 37�C for a designated time period, cells

in the upper chamber were carefully removed. Migrated cells were fixed with 4% PFA, stained with 0.1% crystal violet, and quantified using

Image J at a 403 magnification.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analysed using GraphPad Prism 8.0 and presented as meanG standard deviation (SD) of at least 3 independent experiments.

Significant differences were evaluated by Student’s unpaired t-test or the chisquare test for two groups. For multiple groups, significant dif-

ferences were analyzed by one-way ANOVA. Statistical significance was determined at P<0.05 (labelled with *).
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