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Supporting Information 

 

Supplementary Figure 1  

Isolation and characterization of endometrial glands and primary endometrial 
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stromal cells (EnSCs), relative to Figure 1. 

a. Representative phase-contrast images of primary isolated endometrial glands (P0) 

on D0 and expanded glands-like structures (GLSs) over passaging on D3 in 

Expansion Medium (ExM). Endometrial glands from 15 donors were isolated and 

similar results were obtained. Scale bars: 100 µm.  

b. A representative GLS generated from a single epithelial cell. Gland epithelium 

from 3 representative donors were assessed, yielding similar results. Scale bar: 50 µm. 

c. Representative staining of E-cadherin and cytokeratin-7 (CK7) in GLSs. Gland 

epithelium from 3 representative donors were assessed, yielding similar results. Scale 

bar: 20 µm. 

d. Protocols (top) and representative phase-contrast images (bottom) of GLSs that 

were cultured in the control medium (ExM), E2, or E2+P4+cAMP. Scale bars: 100 

µm. 

e. The diameters in µm and numbers (per 10X field of view) of GLS in the ExM or 

treated by hormones on D9 (Supplementary Figure 1d). The results were obtained 

from 3 donors.  

f. Representative cilium (acetylated α-tubulin, Ac.α-tubulin) in epithelial cells by E2 

treatment on D9 (Supplementary Figure 1d). Each donor cells repeated twice (N=3 

donors). Scale bar: 10 µm. 

g. Representative staining of E-cadherin, Laminin and EdU in GLS without or with 

the treatment of hormones. Scale bars: 20 µm. 

h. Quantification of EdU
+
 cells in GLSs without or with the treatment of hormones on 
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D9 (Supplementary Figure 1d). The results were obtained from 3 donors.  

i. Representative gene ontology (GO) of the differentially expressed genes (DEGs) in 

E2-treated vs. control (ExM) GLSs (left), and E2+P4+cAMP-treated vs. E2-treated 

GLSs (right). Bulk RNA-seq data of samples were collected on D9 of the protocol in 

Supplementary Figure 1d. Blue, down-regulated GO terms; Red, up-regulated GO 

terms. The results were obtained from 3 donors. 

j. Representative contrast-phase images of EnSCs (Passage 2-5) showing that EnSCs 

exhibited typical fibroblast morphology (vehicle, no hormones treatment) and 

occurred morphological changes after decidualization (E2+P4+cAMP). Scale bars: 

100 μm. 

k. Representative staining of mesenchymal marker Vimentin in EnSCs. Scale bar, 20 

μm. Experiments were repeated with EnSCs from endometrium samples of 3 donors. 

l. Heatmap of EnSC marker genes in EnSCs and GLSs after 3 days culture without 

hormone treatment from 3 different donors. Scale represents as the log2 (data+1). 

m. Decidualization treatment (E2+P4+cAMP) significantly upregulated marker genes 

prolactin (PRL) and insulin like growth factor binding protein 1 (IGFBP1) in EnSCs 

by Real-time qPCR analysis. Each donor cells repeated twice (N=3 donors). Vehicle, 

no hormones treatment.    

n. Decidualization of EnSCs is associated with decreased EdU
+
 cells. Scale bars: 200 

μm. 

o. Quantification of EdU
+
 EnSCs in the no hormones treatment culture (vehicle) and 

decidualization culture (E2+P4+cAMP). EdU
+
 cells exhibited a significant decrease 
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after decidualization. (N= 3 donors).  

p. Representative staining of nuclear PGR, intercellular junction marker Connexin43 

and nuclear FOXO1 in EnSCs under no hormones treatment culture (vehicle) and 

decidualization culture (E2+P4+cAMP). Experiments were repeated with EnSCs from 

endometrium samples of 3 donors. Scale bars: 100 μm. 

e, h, m, o, data are presented as mean ± SEMs; Two-sided unpaired Student’s t test 

was used to perform the statistical analyses of staining, bright field and Real-time 

qPCR; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, no significance. 
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Supplementary Figure 2.  

Endometrial stromal cells (EnSCs) contribute to glandular phenotypes in 

Matrigel, relative to Figure 1 
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a. Representative phase-contrast images of different endometrial epithelial cells 

(EnEC): EnSC ratio coculture over culture. Scale bars: 250 μm. 

b. Diameter (left) and number (per 10X field of view) (right) of gland-like structure 

(GLS) in different EnEC:EnSC ratio coculture over culture. Five views were 

quantified each experiment. The comparisons at each time point (D3, D6, D8, D12) 

were performed between stromal-free group (1: 0) and different ratio of EnEC:EnSC 

groups (1:1, 1:2, 1:3, 1:4), respectively. The comparison results of different time point 

were presented at the top of each time points on the X-axis, and different colors of “*” 

were used to represent corresponding EnEC:EnSC ratio groups. 

c. Characterization (left) and quantification (right) of columnar- and squamous-type 

GLS in different EnEC:EnSC ratio coculture on Day 12. The GLS subtypes were 

identified according to epithelial cell morphologies and nuclear arrangement. At least 

more than 100 GLSs were quantified each experiment. Scale bars: contrast phase, 50 

μm; immunofluorescence, 25um.  

d. The distribution of different cell types in GLSs and EnAos at sec-phase after 

E2+P4+cAMP treatment (as protocol of Supplementary Figure 1d) by UMAP 

analysis. 

e. Dot plots of some representative genes specific for each subtype in GLSs and 

EnAos.  

f. The distribution and gene expression patterns in cell subpopulations in GLSs or 

EnAos. 

g. Volcano plots of DEGs in unciliated cells (left) and ciliated cells (right) between 
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EnAos and GLSs. 

h. Representative GO terms of downregulated or upregulated in unciliated cells of 

EnAos, compared to GLSs. 

i. Representative GO terms of downregulated or upregulated in ciliated cells of 

EnAos, compared to GLSs. 

b, c. Data are presented as means ± SEMs; Chi-square test was used to analyze 

percentage of GLS subtypes and two-sided unpaired Student’s t test was used to 

perform the statistical analyses of bright field; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; 

****P ≤ 0.0001; ns, no significance. Repeated experiments from 3 donors were 

assessed, yielding similar results.  
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Supplementary Figure 3. Air-liquid interface culture (ALI-cultured) EnAos 

mimic proliferative endometrium during menstrual cycle, relative to Figure 3. 

a. Representative images of ALI-EnAos and submerged culture (SC)-EnAos on D4 

and D15. Scale bar: 100 μm. 

b. The diameter of GLS in ALI-EnAos and SC-EnAos on D4 and D15. At least more 
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than 180 GLSs were quantified each experiment. Repeated experiments from 3 donors 

were assessed, yielding similar results. 

c. Definition and characterization of three GLS subtypes. Scale bars: contrast-phase, 

100 μm; staining, 25 μm  

d. Quantification of three subtypes of GLS in ALI-EnAos and SC-EnAos on D4 and 

D15.  

e. Representative staining of endometrial markers in ALI-EnAos and SC-EnAos on 

D4. CK7 for EnECs; Vimentin for EnSCs; KI67 for cell proliferation; E-cadherin for 

epithelium; and Ac.α-tubulin for ciliated cells. Scale bars: 25 μm. 

f. Quantification of Ac.α-tubulin
+
 cells on LE and GE in endometrium, ALI-EnAos 

and SC-EnAos on D4.   

g. Representative staining of E-cadherin, estrogen receptor (ESR), progesterone 

receptor (PGR) and progestogen associated endometrial protein (PAEP) in ALI-EnAo 

on D4. Scale bars: 25 µm. 

h. Representative staining of E-cadherin, ESR, PGR and PAEP in in SC-EnAo on 

D15. Scale bars: 25 µm. 

d, f, all data were obtained based on 3 different donors. b, d, f, data are presented as 

means ± SEMs; Chi-square test was used to analyze percentage of GLS subtypes and 

two-sided unpaired Student’s t test was used to perform the statistical analyses of 

staining and bright field; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, no 

significance. LELS, luminal epithelium-like structure; GLS, gland-like structure; SSE, 

simple squamous epithelium. 
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Supplementary Figure 4. ALI-cultured EnAos mimic secretory endometrium 

during menstrual cycle, relative to Figure 4. 

a. Representative contrast-phase images of ALI-EnAos and SC-EnAos on D4 and 

D15. Scale bars: 100 μm. 

b. The diameter of GLS in ALI-EnAos and SC-EnAos on D4 and D15. At least more 
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than 180 GLSs were quantified each experiment. Repeated experiments from 3 donors 

were assessed, yielding similar results. 

c. Quantification of three subtypes of GLS in ALI-EnAos and SC-EnAos on D4 and 

D15.  

d. Representative staining of endometrial markers in ALI-EnAos and SC-EnAos on 

D4. CK7 for EnECs; Vimentin for EnSCs; KI67 for cell proliferation; E-cadherin for 

epithelium; and Ac.α-tubulin for ciliated cells. Scale bars: 25 μm. 

e. Quantification of Ac.α-tubulin
+
 cells on LE and GE in endometrium, ALI-EnAos 

and SC-EnAos on D4.  

f. Representative staining cilia morphology under a super resolution system to
 
show 

structured illumination images in ALI and SC on D15 across different phases. Scale 

bars: 2 µm. 

g. Representative staining of E-cadherin, ESR, PGR and PAEP in ALI-EnAos on D4. 

Scale bars: 25 µm. 

h. Representative staining of E-cadherin, ESR, PGR and PAEP in SC-EnAos on D15. 

Scale bars: 25 µm. 
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i. Quantification of PGR
+
 cells on EnECs in ALI-EnAos during phases.  

c, e, i, all data were obtained based on 3 different donors. b, c, e, i, data are presented 

as means ± SEMs; Chi-square test was used to analyze percentage of GLS subtypes 

and two-sided unpaired Student’s t test was used to perform the statistical analyses of 

staining and bright field; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, no 

significance. LELS, luminal epithelium-like structure; GLS, gland-like structure; SSE, 

simple squamous epithelium. 



13 

 

 



14 

 

Supplementary Figure 5 

The ALI-EnAos were reproducibily generated from other donor samples, relative 

to Figure 3 and 4.  

The ALI-EnAos were successfully generated using additional two different donor 

samples. Quantification of staining were showed in Figure 3-4 and Supplementary 

Figure 3-4. 

a. Representative images of ALI-EnAos on D4 and D15 during cycle. Scale bars: 100 

μm. 

b. Representative staining of endometrial cell markers in ALI-EnAos on D4 and D15. 

Scale bars: 25 μm. LELS, luminal epithelium-like structure; GLS, gland-like 

structure. 



15 

 

 

Supplementary Figure 6 

ALI-EnAos possessing similar transcriptome as endometrium, relative to Figure 

5.  

a. UMAP analysis of integrated scRNA-Seq from ALI-EnAo (both Pro- and Sec-

phase) and human endometrium across menstrual cycle (all the cell types from the 
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whole Pro- and Sec-phase).
[19]

 

b. Cells in ALI-EnAos were annotated into three cell types according to the 

cannonical EnSC markers (DCN and LUM), EnEC markers (EPCAM and KRT18) and 

ciliated cells markers (FOXJ1 and DYNLRB2). 

c. Representative GO terms corresponding to EnSC subpopulations. 

d. Distribution of ciliated cell subpopulations during menstrual cycle. 

e. Genes and unique molecular identifiers (UMIs) in ciliated population in 

endometrium in vivo. 

f. Pseudotime showing the differentiation trend of ciliated cell across different phases 

between in vivo and ALI-EnAos. 

g. The ALI-EnAo datasets were subsetted into 25 clusters, which were further 

annotated into LE- or GE-like subpopulation based on the expression of their markers, 

relative to Figure 6a-b. 
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Supplementary Figure 7 

ALI promotes EnAo physiologically-relevant gene expression programs, relative 

to Figure 7.  

a. Cells in SC-EnAos were annotated into three cell types according to the cannonical 

EnSC markers (DCN and LUM), EnEC markers (EPCAM and KRT18) and ciliated 

cells markers (FOXJ1 and DYNLRB2) in SC-EnAo.  



18 

 

b. Representative GO terms of upregulated genes in ALI-EnSCs, compared to SC-

EnSCs. 

c. UMAP plots of decidualization genes PRL and IGFBP1 in EnSCs of ALI-EnAos 

and SC-EnAos (The percentage represents the proportion of positively expressed 

cells). 

d. Volcano plots showing DEGs in unciliated epithelium between ALI-EnAos and SC-

EnAos. 

e. Representative GO terms of the DEGs in unciliated cells in ALI-EnAos, compared 

to SC-EnAos. 

f. Heat maps showing distinct expression dynamics of representative genes related to 

endometrial receptivity array (ERA) under E2 and E2+P4+cAMP treatment to mimic 

proliferative and secretory phases in ALI-EnAos (left) and SC-EnAos (right). Gene 

expression levels were normalized. 
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