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Introduction
Adult stem cells (ASCs) are a population of cells essen-
tial for tissue homeostasis, with abilities to self‐renew 
and differentiate into tissue-specific cells [1, 2]. In various 
tissues, the stem cell population is heterogeneous, com-
prising a mixture of stem cells and progenitor cells [3]. 
Dynamic heterogeneity is considered as a strategy con-
tributing to the self-renewal of adult stem cells [4].

The cyclical shedding, proliferation, and differentiation 
of the human endometrium leads to the hypothesis that 
stem/progenitor cells are responsible for this remark-
able regeneration. In the past two decades, the existence 
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Abstract
Background  The human endometrium is a regenerative tissue relying on stem/progenitor cells. Endometrial 
mesenchymal stem cells (eMSCs) are typically enriched using perivascular markers like CD140b and CD146. However, 
the identity of more primitive and quiescent eMSC subpopulations remains unclear.

Methods  We performed single-cell RNA sequencing (scRNA-seq) on cultured CD140b⁺CD146⁺ eMSCs and integrated 
this with published scRNA-seq data of primary human endometrial cells. We identified a LEPR⁺ subpopulation and 
analyzed its characteristics through in vitro assays, flow cytometry, immunostaining, and bioinformatic tools including 
cell–cell interaction analysis and pseudotime trajectory inference.

Results  A LEPR⁺ eMSC subpopulation was found to reside at the root of the differentiation trajectory and showed 
high expression of Notch receptors. These cells exhibited quiescent features, resided predominantly in the G0 phase, 
and demonstrated superior clonogenic and self-renewal capacity compared to LEPR⁻ eMSCs and bulk eMSCs. Notch 
signaling, particularly via JAG1 and DLL1, was implicated in maintaining the LEPR⁺ phenotype and quiescence.

Conclusions  LEPR⁺ eMSCs represent a primitive, quiescent subset of human endometrial stem cells. Notch signaling 
maintains their stemness and quiescence, suggesting therapeutic relevance for endometrial regeneration.

Keywords  Endometrial stem cells, Leptin receptor, Single-cell RNA sequencing, Stem cell quiescence, Clonogenic, 
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of endometrial stem/progenitor cells have been proven 
[5–7]. Schwab and Gargett demonstrated that the com-
bination of two perivascular markers CD140b (PDGFRβ) 
and CD146 (MCAM) could be used to enrich human 
endometrial mesenchymal stem cells (eMSCs) [8]. The 
CD140b+CD146+ eMSC population exhibits properties 
similar to those of mesenchymal stem cells (MSCs) in 
multiple organs, including colony-forming ability, fibro-
blast-like morphology, multipotency, as well as their peri-
vascular location [8, 9].

Using high-throughput transcriptomics technology, we 
and others have mapped human endometrial cells from 
multiple dimensions and perspectives at single-cell reso-
lution [10–12]. Single-cell RNA sequencing (scRNA-seq) 
measures the transcriptome of each cell in a sample and 
unbiasedly classifies the cells into different subtypes, 
which reflect cellular heterogeneity within the sample 
[13, 14]. The technology enables identification of new 
stem cell types and their interactions with other cells in 
the population [15, 16].

ASC quiescence is regulated by distinct molecular 
mechanisms involving intrinsic factors within the cells 
and extrinsic cues from their microenvironment [17]. 
Extrinsic factors, such as Notch signaling, can play a vital 
role in maintaining ASC quiescence [18, 19]. Notch sig-
naling significantly directs cell fate decisions and main-
tains stem cell homeostasis [20]. Additionally, it inhibits 
differentiation and fosters the preservation of a self-
renewing state across various cell types [21]. Bjornson et 
al. revealed quiescent muscle stem cells (MuSCs) exhibit 
activation of Notch signaling. Selective removal of the 
recombining binding protein-Jκ (RBP-Jκ), a nuclear fac-
tor essential for Notch signaling, resulting in depletion of 
the MuSC pool [22]. Our research group demonstrated 
activation of Notch signaling more effectively maintained 
quiescence in eMSCs. Yet, these quiescent eMSCs could 
resume the cell cycle based on the Notch and Wnt signal-
ing cues in the microenvironment [23].

In this study, we performed scRNA-seq to systemati-
cally analyze CD140b+CD146+ eMSCs and identified a 
primitive subpopulation that highly expresses the leptin 
receptor (LEPR). The LEPR+ eMSCs marked the ini-
tiation of the differentiation trajectory of eMSCs. Func-
tionally, LEPR+ eMSCs exhibited superior stem cell 
properties compared to LEPR− eMSCs and bulk eMSCs. 
Bioinformatics analysis of a primary human endometrial 
single-cell dataset revealed that LEPR+ eMSCs were the 
most communicative subpopulation among endometrial 
cells. Notably, LEPR+ eMSCs from fresh endometrial 
tissue were predominantly in the G0 phase of the cell 
cycle, representing the first identification of quiescent 
stem cells with known surface markers in human endo-
metrial tissue. Moreover, these quiescent LEPR+ eMSCs 
exhibited high expression of Notch receptors, and further 

investigations revealed their co-localization with Notch 
ligands JAG1 and DLL1, suggesting that Notch signaling 
plays a crucial role in maintaining the quiescent state of 
these cells.

Materials and methods
Human endometrial tissues
Endometrial tissues (n = 35) were collected from women 
who were aged 32–52 years with regular menstrual cycles 
and had not taken exogenous hormones 3 months before 
undergoing hysterectomy for fibroids or adenomyosis in 
Queen Mary Hospital, Hong Kong and the University of 
Hong Kong-Shenzhen Hospital, Shenzhen (Supplemen-
tary Table S1). Ethics approval of the study was granted 
from the Institutional Review Board of The University of 
Hong Kong/Hospital Authority Hong Kong West Cluster 
(UW20-465) and The Institutional Review Board of the 
University of Hong Kong-Shenzhen Hospital ([2018]94). 
Informed written consent was obtained from each 
woman prior to the study procedure.

Isolation of eMSC from human endometrium
Human endometrial tissue was minced and dispersed 
into single cell suspensions with phosphate-buffered 
saline (PBS) containing collagenase type III (0.3  mg/
ml, Worthington Biochemical Corporation, USA, 
#LS004182) and deoxyribonuclease type I (40  μg/ml, 
Worthington Biochemical Corporation, #LS002139) in 
a shaking water bath for 1 h at 37  °C as described [23]. 
After two rounds of enzymatic digestion, the dispersed 
cells were filtered through 40  μm sieves (BD Biosci-
ence, USA). Ficoll-Paque (Cytiva, Sweden) density-gra-
dient centrifugation and anti-CD45-antibody-coated 
Dynabeads (Invitrogen, USA, #11153D) were used to 
remove the red blood cells and leukocytes, respectively 
from the dispersed cell suspension. Stromal cells were 
separated from the epithelial cells by negative selec-
tion using microbeads coated with anti-CD326 antibody 
(epithelial cell marker) (Miltenyi Biotech, Germany, 
#130–061-101). The purified stromal cells were seeded 
onto 100  mm dishes coated with fibronectin (1  mg/ml, 
Invitrogen, USA, #33,016–015) and cultured in growth 
medium (GM) containing 10% FBS, 1% antibiotic- anti-
mycotic solution, and 1% L-glutamine in DMEM/
F12. Freshly isolated and cultured endometrial stromal 
cells (Passage 1—3) were used in this study. Isolation of 
CD140b+CD146+ eMSCs was conducted as described [9]. 
After reaching 80% confluence in culture, endometrial 
stromal cells were incubated with Phycoerythrin (PE)-
conjugated anti-CD140b antibody (R&D Systems, USA, 
#FAB1263P) at 4 °C for 45 min, and then with anti-mouse 
IgG1 magnetic microbeads (Miltenyi Biotech, #130–047-
102) at 4 °C for 15 min. The CD140b+ cells were retained 
in the MS columns (Miltenyi Biotech) with a magnetic 
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field and were collected for culture. After expansion in 
culture for 7–10 days in GM to allow degradation of the 
microbeads, the CD140b+ cells were incubated with anti-
CD146 microbeads (Miltenyi Biotech, #130–093-596) at 
4 °C for 15 min to obtain the CD140b+CD146+ eMSCs.

Single-cell RNA-seq of eMSCs
Single cells were encapsulated in emulsion droplets, 
and scRNA-seq libraries were generated using the 
Chromium™ Single Cell 3’ Reagent Kits v2/v3 and the 
Chromium™ Single Cell A/B Chip Kit according to the 
manufacturer's protocol. The libraries were sequenced 
on an Illumina NovaSeq 6000 sequencer at the Genomics 
Core, Centre for PanorOmic Sciences (CPOS), The Uni-
versity of Hong Kong [12].

Single-cell RNA-seq data analysis on eMSCs
Analysis of the scRNA-seq data was performed as 
described [12]. The sequencing data (FASTQ files) was 
processed using the 10 × Genomics cellranger pipeline 
(v3.0.2). High quality sample-specific FASTQ files were 
aligned to the human reference genome and transcrip-
tome (GRCh38-3.0.0) using the STAR aligner (cellranger 
count). Aligned reads were filtered for valid cell barcodes 
and unique molecular identifiers (UMIs). The generated 
files for each sample from the cellranger v3 pipeline were 
loaded into the R package Seurat (version 3.2.3). Qual-
ity control and filtering steps were performed to remove 
outlier cells and genes. Specifically, cells were excluded 
if the library size, number of expressed genes or mito-
chondrial reads > 3 MAD (median absolute deviation). 
Genes were excluded if they were expressed in less than 
3 cells. Additionally, ribosomal and mitochondrial genes 
were excluded from the analysis. Expression levels for 
each transcript were determined using the number of 
unique molecular identifiers (UMI) assigned to the tran-
script. Filtered cells from all the samples were merged 
for downstream analysis. The logNormalize method was 
used to normalize cell–cell expression variation. Prin-
cipal component analysis was performed on the filtered 
and normalized gene expression matrix, and the first 50 
principal components that explained the majority of vari-
ance in the data were retained. Batch effect was removed 
using fastMNN incorporated in the Seurat package. The 
K-nearest neighbor (KNN) modularity optimization-
based clustering of individual cells was applied in the 
Seurat package. To visualize cell distribution and gene 
expression pattern in each cell in a low dimensional 
space, the Uniform Manifold Approximation and Projec-
tion (UMAP) were generated using the reduced dimen-
sional data after batch correction. Differential expression 
analysis was performed using the Wilcoxon rank-sum 
test between each cluster and the remaining clusters. 
Cell cycle phase classification of each cell was performed 

using the CellCycleScoring function implemented in 
the Seurat package. Monocle2 was used to order cells 
in pseudotime based on the highly variable genes which 
were used in the Seurat package for clustering across the 
cells comprising SP 1–5.

Single-cell RNA-seq data analysis on human endometrium
The raw data of a published 10X single-cell RNA-seq data 
of human endometria from 10 healthy donors without 
uterine pathology were downloaded from NCBI’s Gene 
Expression Omnibus (GSE111976) and Sequence Read 
Archive (SRP135922) [10]. The R package Seurat (ver-
sion 4.0) was used for data scaling, transformation, clus-
tering, dimensionality reduction, differential expression 
analysis and visualization [24]. The quality of cells was 
assessed based on three metrics: [1] number of detected 
genes per cell; (2) number of detected UMI per cell; (3) 
proportion of mitochondrial gene counts. Low-quality 
cells were filtered with the following criteria: gene num-
ber < 200 or > 10,000, UMI > 1000, mitochondrial gene 
proportion > 0.3. All samples were merged and batch-
effect was removed with the use of harmony (v.0.1.1) [25]. 
The filtered gene-cell matrix was first normalized using 
the ‘LogNormalize’ method in package Seurat (version 
4.0) with default parameters. The top 2,000 variable genes 
were identified using the ‘vst’ method of Seurat FindVari-
ableFeatures function. PCA was performed using the top 
2,000 variable genes. UMAP was performed on the top 
30 principal components for visualizing the cells. Graph-
based clustering was performed on the PCA-reduced 
data for clustering analysis with the package Seurat (ver-
sion 4.0). The resolution was set to 0.6 to obtain a finer 
result. Briefly, the first 30 principal components of the 
integrated gene-cell matrix were used to construct a 
shared nearest-neighbor graph (SNN; FindNeighbors() 
in Seurat), which was used to cluster the dataset (Find-
Clusters()) using a graph-based modularity-optimization 
algorithm of the ‘Louvain’ method for community detec-
tion. Wilcoxon rank sum test in FindMarkers() of Seurat 
was used to perform differential gene expression analy-
sis. GO and Pathway analysis were performed with the R 
package clusterProfiler3 [26], which supports statistical 
analysis and visualization of functional profiles for genes 
and gene clusters. CellPhoneDB was used to infer cell–
cell communication network by expression of ligand-
receptor [27].

Single-cell datasets integration and analysis
Two preprocessed single-cell RNA-seq datasets, consist-
ing of our cultured eMSC dataset and a primary human 
endometrial dataset, were integrated to enable a compre-
hensive analysis of cellular populations. To address batch 
effects between the datasets, the Harmony algorithm [25] 
was applied. Dimensionality reduction was performed 
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using PCA on the integrated gene-cell matrix to capture 
the major sources of variation. For clustering analysis, the 
first 30 principal components were utilized to construct 
a shared nearest-neighbor graph (SNN; FindNeighbors() 
in Seurat), followed by clustering with the Louvain algo-
rithm via FindClusters() to refine cellular groupings and 
identify subpopulations.

Cells were annotated based on pre-defined cell clusters 
from the original preprocessing steps of each dataset. 
These pre-existing annotations were retained to ensure 
consistency with prior analyses. For pseudotime trajec-
tory analysis, Monocle 3 [28] was used to infer dynamic 
cellular processes and lineage differentiation.

Cell sorting and flow cytometry
FACS using CD146, PDGFRβ and LEPR on freshly isolated 
human endometrial cells
Sorting of fresh endometrial cells was performed on the 
day of tissue isolation. After dissociation of the endo-
metrial tissues with collagenase, the dispersed cells were 
passed through a 40 µm sieve, and red blood cells were 
removed by gradient centrifugation using Ficoll Paque. 
The single cell suspensions were successively incubated 
with Zombie Aqua™ (Biolegend, USA, #423,101) in PBS 
for 10 min on ice in the dark, with APC-conjugated anti-
PDGFRβ antibody, PerCP/Cyanine5-conjugated anti-
CD146 antibody, PE-conjugated anti-LEPR antibody, 
Alexa Fluor 700-conjugated anti-CD45 antibody and 
PE/Cyanine7-conjugated anti-CD326 antibody in 0.5% 
BSA/PBS for 45 min at 4 °C in the dark (Supplementary 
Table S2). Cell sorting was performed on a FACSAria™ 
III Cell Sorter (BD Biosciences) at the core laboratory of 
The University of Hong Kong-Shenzhen Hospital. Fluo-
rescence Minus One (FMO) controls were included with 
the anti-LEPR, anti-CD146 and anti-PDGFRβ antibod-
ies. Data were analyzed by the FlowJo Software (Tree Star 
Inc). The gating strategies for different stromal subsets 
are shown in Supplementary Figure S8.

Cell cycle analysis on freshly isolated endometrial cells
Single cell suspensions of freshly isolated endome-
trial cells were incubated with the respective antibodies 
described above. The stained cells were resuspended in 
the Fixation/Permeabilization solution (BD Bioscience, 
#554,714) for 20 min on ice. After permeabilization, the 
cells were incubated with PerCP/Cyanine5 conjugated 
anti-Ki67 antibody (Supplementary Table S2) in 1X 
Perm/Wash™ buffer (BD Bioscience) for 1 h at room tem-
perature and then with Hoechst 33,342 (ThermoFisher 
Scientific, #3,143,066) for 10  min on ice. FMO controls 
were included for each antibody and dye, and compen-
sation was performed using single-stained compensation 
beads (Invitrogen). Cells were analyzed by a CytoFLEX 

flow cytometer (Beckman Coulter Inc.) using the FlowJo 
software (Tree Star).

Detection of HES-1 on freshly isolated endometrial cells
Freshly isolated endometrial cells were incubated with 
Zombie Aqua™ in PBS for 10 min on ice in the dark. Sub-
sequently, they were incubated with six surface marker 
antibodies (Supplementary Table S2), along with the 
BV510-conjugated anti-CD326 antibody and BV510-
conjugated anti-CD45 antibody in 0.5% BSA/PBS for 
45  min at 4  °C in the dark. The cells were then resus-
pended in 1  ml of True-Nuclear™ 1X Fix Concentrate 
(Biolegend, #424,401) and incubated for 1  h at room 
temperature. After fixation, cells were mixed with 2  ml 
of True-Nuclear™ 1X Perm Buffer (Biolegend, #424,401) 
and resuspended in 1X Perm Buffer. Following permea-
bilization, the cells were incubated with the anti-HES-1 
antibody (Supplementary Table S2) for 1 h at room tem-
perature. Compensation for fluorescence spillover was 
performed using single-stained compensation beads 
(Invitrogen). Finally, the cells were analyzed by a Cyto-
FLEX flow cytometer (Beckman Coulter Inc.) and the 
FlowJo software (Tree Star).

FACs using CD146, PDGFRβ and LEPR on cultured human 
endometrial stromal cells
Cultured endometrial stromal cells (P1-3) were incubated 
with APC-conjugated anti-PDGFRβ, FITC-conjugated 
anti-CD146, and PE-conjugated anti-LEPR antibodies 
(Supplementary Table S2) in 0.5% BSA/PBS for 45  min 
at 4 °C in the dark. Cell sorting was performed using the 
FACSMelody Cell Sorter (BD Biosciences) at the Imag-
ing and Flow Cytometry Core, CPOS, The University of 
Hong Kong using the BD diva software (BD Biosciences) 
or FACSAria™ III Cell Sorter (BD Biosciences) at the 
Core laboratory, The University of Hong Kong-Shenzhen 
Hospital. For analyzing cell properties, flow cytometry 
was performed on a CytoFLEX flow cytometer (Beck-
man Coulter Inc.). FMO controls were included for each 
antibody. Data were analyzed using the FlowJo software 
(Tree Star). The gating strategies to identify different 
stromal subsets are shown in Supplementary Fig S7.

Immunohistochemistry
Paraffin sections (5  µm) from human endometrial tis-
sues were dewaxed with xylene, rehydrated in descend-
ing alcohol series and water before antigen retrieval 
using the antigen retrieval buffer (Dako, USA, #S169984) 
in a microwave oven. The sections were then incubated 
with 0.3% hydrogen peroxide for 10  min, blocked with 
5% BSA/PBS for 30 min, and further incubated with the 
anti-LEPR antibody (Supplementary Table S3) or iso-
type-matched control antibody diluted in 0.1% BSA/PBS 
overnight at 4  °C. The sections were then successively 
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incubated with the biotinylated secondary antibody 
(Supplementary Table S3) for 1  h and with Vectastain 
ABC reagent (Vector Laboratories, USA, #PK-6100) for 
30  min before examination under a Zeiss Axioskop II 
microscope (Carl Zeiss) for colour development with 
3,3’-daminobenzidine (Dako, K3467). Nuclei were coun-
terstained with hematoxylin for 30  s and washed with 
distilled water. The slides were mounted with an aque-
ous mounting medium (Dako, S3025), and images were 
captured using a Photometrics CoolSNAP digital camera 
(Roper Scientific).

Triple immunofluorescence staining
After dewaxing and antigen retrieval as described above, 
tissue sections were incubated with 3% hydrogen perox-
ide for 10  min before permeabilization by 0.1% Triton 
X-100 for 10  min and blocking of non-specific binding 
with 5% BSA/PBS for 1  h. The sections were incubated 
with primary antibodies (Supplementary Table S3) at 
4  °C overnight, followed by incubation with secondary 
antibodies (Supplementary Table S3) for 1 h. The sections 
were then washed, counterstained with DAPI, mounted 
using an anti-fade fluorescence mounting medium (Dako, 
#S3023) and were washed with PBST. All the above steps 
were conducted at room temperature. Multi-spectrum 
fluorescence images were acquired by the Zeiss confocal 
microscope (Carl Zeiss LSM 880), using the LSM ZEN 
(Zen 3.2, blue edition) software (Carl Zeiss, Germany) at 
the Imaging and Flow Cytometry Core, CPOS, The Uni-
versity of Hong Kong. For quantification analysis, at least 
500 cells from each sample were counted.

Multiplexed immunohistochemistry
Multiplexed immunohistochemistry (mIHC) was per-
formed on 4-μm-thick formalin-fixed, paraffin-embed-
ded whole tissue sections using sequential staining with 
standard primary antibodies, in combination with a TSA 
7-color kit (Absinbio, China, #abs50015-100  T). DAPI 
staining was subsequently applied. After deparaffiniza-
tion, the slides were incubated overnight at 4  °C with 
primary antibodies listed in Supplementary Table S3, fol-
lowed by 10 min incubation with horseradish peroxidase 
(HRP)-conjugated secondary antibodies (anti-rabbit/
mouse HRP, Absinbio, #abs50015-02, or anti-goat HRP, 
Supplementary Table S3). Fluorescent labeling was devel-
oped for 10 min according to the manufacturer's instruc-
tions for each TSA reagent, then transferred to preheated 
citrate solution (90  °C) and subjected to heat treatment 
in a microwave at 20% maximum power for 15 min. The 
slides were cooled to room temperature in the same 
solution. Slides were washed with Tris buffer between 
all steps. This process was repeated for the following 
antibodies and corresponding fluorescent dyes: anti-
PDGFRβ/TSA 570, anti-DLL1/TSA 690, anti-CD146/

TSA 520, anti-JAG1/TSA 480, and anti-LEPR/TSA 620. 
Finally, DAPI (Absinbio, #abs47047616) was applied (2 
drops per slide), followed by washing in distilled water 
and coverslip. After air drying, the slides were imaged 
using the Pannoramic MIDI II system (3DHISTECH), 
and the images were analyzed with Indica Halo software.

In vitro colony-forming assay
Cell sorted populations of endometrial stromal cells were 
seeded in triplicates at clonal density (300 cells per well) 
onto fibronectin-coated plates and cultured in GM for 
15 days in a humidified incubator at 37℃. Medium was 
changed every 7 days, and the colonies were monitored 
regularly to ensure that they were derived from single 
cells. The number of colonies formed was evaluated on 
day-15 by toluidine blue (1 mg/ml, Sigma-Aldrich) stain-
ing. Clones ≥ 50 cells were counted. Cloning efficiency 
was determined by the number of colonies divided by the 
number of seeded cells multiply by 100.

In vitro serial cloning assay
Large colonies (> 4000 cells) derived from the sorted 
populations of stromal cells were trypsinized using clon-
ing rings (Sigma-Aldrich). The cell number of each clone 
was determined and the cells were reseeded at a density 
of 300 cells per well in 6-well plates [9].

Mesenchymal lineages differentiation assay
In vitro differentiation
In vitro differentiation was performed to compare 
multipotency of the sorted stromal subsets (eMSC, 
LEPR− eMSC, and LEPR+ eMSC) as described [29]. The 
clonally derived cells from each stromal subset of differ-
ent patients were pooled and expanded. For adipogenic 
and osteogenic lineages, the cells were re-seeded into 
6-well plates and cultured in the respective differentia-
tion induction medium. For chondrogenic lineage dif-
ferentiation, 5 × 105 cells were prepared into cell pellets 
and cultured in chondrogenic induction medium in 
15  ml Falcon tubes. The adipogenic induction medium 
was changed every 3  days, and the cells were cultured 
for 18 days. The osteogenic induction medium and chon-
drogenic medium were changed weekly and cultured for 
4  weeks. Stromal cells cultured in GM only from each 
subset were used as the negative control. To assess the 
differentiation, cells were histochemically stained with 
oil red O and immunocytochemistry using antibodies 
against PTHR1 and collagen X (Supplementary Table S4) 
for adipogenic, osteogenic and chondrogenic differentia-
tion, respectively.

Real-time RT-PCR
Expression of lineage marker genes was detected using 
quantitative real-time polymerase chain reaction (qPCR) 
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with Taqman probes (Supplementary Table S4). Total 
RNA was extracted from induced differentiated cells and 
control cells using the Absolutely RNA microprep kit 
(Stratagene, USA, #400,805), and RNA was reverse tran-
scribed to cDNA using the High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystem, USA, #4,374,966). 
Results were calculated based on the comparative 2−ΔΔct 
method. The induced cells of each subset were compared 
to their control group separately, and the fold changes 
were normalized to the eMSC group.

Western blot
Proteins were extracted from samples with cell lysis buf-
fer (Ambion, USA). The protein samples were mixed 
with 5X sodium dodecyl sulfate loading buffer, denatured 
at 95  °C for 10  min and loaded in amount according to 
their concentration in the samples. The samples were 
subjected to sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis, and the resolved proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes. 
The membranes were blocked with 5% nonfat milk 
(Nestle, Switzerland) in PBS containing 0.1% Tween-20 
(PBST) for 30  min before incubation with the respec-
tive primary antibodies overnight at 4  °C (Supplemen-
tary Table S5) followed by incubation with horseradish 
peroxidase-conjugated secondary antibody (Supplemen-
tary Table S5) for 1 h at room temperature. Protein bands 
were visualized by enhanced cavity-based chemilumines-
cence (Westsave UP™; AbFrontier, Korea, #LF-QC0101). 
The expression of target proteins was calculated relative 
to the housekeeping protein β-actin. The fold change was 
determined after normalization to the eMSC group.

Real-time RT-PCR for quiescent markers
Cellular quiescence was assessed by the expression of 
quiescence genes (Supplementary Table S6) using qPCR, 
glyceraldehyde 3-phasephate dehydrogenase (GAPDH) 
as an internal reference. Total RNA was extracted from 
cell-sorted endometrial stromal subsets using the RNeasy 
micro kit (Qiagen, USA, #74,104). The extracted RNA 
was then reverse transcribed into cDNA with the aid of 
the HiScript III All-in-one RT SuperMix Perfect for the 
qPCR Reverse Kit (Vazyme, China, #R333-01). Real-
time PCR was carried using an ABI 7500 Real-Time PCR 
system (Life Tech, USA) using SYBR Green Reagents 
(TaKaRa, Japan). The results were calculated using the 
comparative 2−ΔΔct method and normalized to the eMSC 
group.

Statistical analysis
All statistical analyses were performed using the Graph-
Pad PRISM software (version 8.2.0; GraphPad Software 
Inc., USA) and tested for normal distribution using the 
Shapiro–Wilk test. Mann–Whitney test was performed 

to determine the statistical significance between the two 
groups. Kruskal–Wallis test followed by Dunn’s post hoc 
test was used for multiple group comparisons. Data are 
presented as mean ± SD. Results were considered statisti-
cally significant when P < 0.05.

Results
Expression of LEPR in subpopulation-3 from single-cell 
sequencing dataset of cultured eMSCs
CD140b+CD146+ eMSCs were collected from a full-
thickness endometrial sample at secretory phase of 
menstrual cycle after enzymatic dispersion (Fig.  1A) 
and serial magnetic microbeading [9]. A portion of the 
CD140b+CD146+ cells (S3) were used for scRNA-seq. 
Another portion of the cells were cultured at low seed-
ing density, and the clones formed after 15  days were 
harvested as differentiated eMSCs (S3C) and processed 
for scRNA-seq. In total, two single-cell libraries were 
subjected to scRNA-seq on a 10X genomics platform. 
After quality control of the raw sequencing tags, around 
5 × 108 sequence reads from each sample were obtained. 
73% of the data confidently and 76% of the data uniquely 
mapped to the human reference transcriptome GRCh38 
(NCBI). Finally, we obtained 1,101 and 2,499 high-quality 
cells from S3 and S3C, respectively in the final dataset.

The Seurat analysis pipeline was applied to the dataset. 
After batch correction, clustering analysis of the scRNA-
seq data revealed 5 subpopulations (SP0-4) containing 
1013 SP0 (28.1%), 896 SP1 (24.9%), 670 SP2 (18.6%), 658 
SP3 (18.3%) and 363 SP4 (10.1%) cells (Fig. 1B). Pearson 
correlation analysis on the 5 SPs based on average gene 
expression analysis revealed that SP4, SP0 and SP2 had 
closer mutual expression distances than that of SP3 and 
SP1 (Fig. 1C). Marker expression analysis showed higher 
expression of the two eMSC markers PDGFRB (CD140b) 
and MCAM (CD146) in SP3 and SP1 when compared to 
the other SPs (Supplementary Fig S1A, B). Interestingly, 
cells in SP3 and SP1 were mostly (99.8%) from the freshly 
isolated cells before culture, while cells in the other SPs 
were mostly (0.2%) from the sample after cultured for 
14-day (Supplementary Fig S1C, D).

To investigate the differentiation relationship of the 
SPs, cell trajectory and pseudotime inference analysis was 
performed using Monocle 2 [30, 31]. The results revealed 
that the majority of the SP3 cells and a proportion of SP1 
cells were located at the root, while majority of the SP0 
and SP2 cells were distinctly at the terminals, consistent 
with their differentiation after culture (Fig. 1D, E). Cells 
along the trajectory were mostly from SP1 and SP4, indi-
cating that they were intermediate cell types.

Based on single-cell sequencing, we selected LEPR 
and several other markers, and in preliminary experi-
ments, we found that LEPR+ eMSCs exhibited superior 
clonogenic potential compared to other marker-positive 
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Fig. 1  A single-cell atlas of cultured human eMSCs. A Schematic of the study design. The image was created by BioRender (Fang, Y. (2026) ​h​t​t​p​s​:​​​/​​/​B​i​o​R​e​​
n​d​e​​​r​.​c​​o​​m​/​​6​b​​4​e​p​b​q). B Unsupervised clustering of scRNA-seq data combining serial magnetic beaded eMSCs and 15-day single-cell cloning of eMSCs. 
C The heatmap showing the Pearson’s correlation coefficient of 5 subpopulations. Developmental trajectories of 5 subpopulations colored by D clusters 
and E pseudotime. F Expression distribution of LEPR among clustering. G Violin plots showing LEPR among 5 subpopulations

 

https://BioRender.com/6b4epbq
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populations. In mouse bone marrow MSCs, Lepr marks a 
quiescent, multipotent population crucial for hematopoi-
esis [32], suggesting that LEPR+ eMSCs in humans may 
similarly possess enhanced regenerative and self-renewal 
capabilities. Notably, Lepr, which has been shown to be 
expressed by mouse bone marrow MSCs [32], was abun-
dantly and specifically expressed in SP3 (Fig. 1F, G), with 
29.33% of SP3 cells being LEPR+. These findings collec-
tively suggest that the eMSCs in SP3 represent a subset 
of primitive eMSCs. Base from our preliminary data and 
previous publications, we focused on the expression of 
LEPR+ eMSCs.

LEPR+ eMSCs in a single-cell dataset of primary human 
endometrium
To gain insight into human eMSCs in vivo, a scRNA-
seq dataset of primary human endometrium [10] was 
analyzed. The dataset was derived from a total of 65,984 
high-quality cells from endometrial biopsies at different 
phases of the menstrual cycle from 10 healthy donors 
with regular menstrual cycles and without gynecologic 
pathology. Nine distinct cell types were distinguished by 
specific biomarkers (Supplementary Table S7), namely 
NK cells, endothelia, lymphocytes, macrophages, peri-
vascular cells, stromal fibroblasts, ciliated epithelia, glan-
dular epithelia, and luminal epithelia (Fig. 2A).

In the dataset, 2,319 CD140b+CD146+ cells were iden-
tified. Clustering analysis of these primary human eMSCs 
revealed six distinct clusters, labeled C0 to C5, consist-
ing of 1,149 cells (C0: 49.6%), 425 cells (C1: 18.3%), 325 
cells (C2: 14.0%), 177 cells (C3: 7.6%), 124 cells (C4: 
10.8%), and 119 cells (C5: 5.1%), respectively (Fig.  2B). 
The genes predominantly expressed in each cluster are 
shown in Fig.  2C. Specifically, IGFBP1 and IGF1 were 
prominently expressed in C0, NOTCH3 and RGS5 in C1, 
ACTA2, MYH11, and JAG1 in C2, MKI67, CENPF, and 
TOP2A in C3, LEPR and HES1 in C4, and WFDC2 and 
CLDN4 in C5 when compared to genes in the other clus-
ters (Fig.  2C, D) of human endometrial cells. Based on 
the gene expression profile, C4 cluster contained as the 
LEPR+ eMSC.

Relationship between cultured eMSCs and primary human 
endometrial cells
To investigate the relationship between cultured eMSCs 
and primary human endometrial cells, we integrated the 
above two single-cell datasets and corrected them for 
batch effects. Clustering analysis revealed 16 subpopula-
tions in the combined dataset (Supplementary Fig S2A). 
To correlate the subpopulations (SP0-4) in the cultured 
eMSCs and the endometrial cell types in the primary 
human endometrial dataset, we mapped the identified 
cell types and subpopulations to the integrated dataset 
(Fig. 2A).

Our analysis revealed that SP0, SP2, and SP4 were 
more differentiated and were close together. Specifically, 
SP0 was adjacent to the ciliated epithelial cells and the 
endothelial cells, SP2 was distinct from other cell types 
but close to a small subpopulation of stromal cells, and 
SP4 was close to the ciliated epithelial cells. SP3 and SP1 
were at the root of the in vitro differentiation trajectories 
of eMSCs. They formed a group distinct from the other 
three SPs. SP3 was between the perivascular cells and the 
bulk of stromal cells, while SP1 was near the bulk of stro-
mal cells (Fig. 3A).

We further examined the gene expression of endo-
metrial cell type-specific markers within the eMSC SPs. 
Besides the perivascular cell markers, stromal cell mark-
ers, and luminal epithelial cell markers, other cell-type 
markers were either expressed at low levels or not at all in 
the cultured eMSCs (Supplementary Fig S2C, D, E). The 
perivascular cell marker PDGFRB and the stromal cell 
marker HAND2 were most abundantly expressed in SP3, 
while the luminal epithelial cell marker MSX1 was mostly 
expressed in SP0 and SP2 (Supplementary Fig S2F, G, H). 
These observations suggested that the various eMSC SPs 
were related to certain primary endometrial cell types. 
Additionally, based on the highly variable features, we 
determined the correlation between the eMSCs in cul-
ture and those in the primary human endometrial tissue. 
Pearson correlation analysis revealed a high correlation 
between them (Supplementary Fig S2B), indicating that 
the cultured eMSCs shared similar characteristics with 
those derived from the human endometrium.

Cell fate trajectory analysis of cultured eMSCs and primary 
eMSCs
To investigate the transition of eMSCs to terminally dif-
ferentiated endometrial cells at single-cell resolution, we 
performed cell fate trajectory and pseudotime analysis 
using Monocle 3 [33] on the integrated dataset, which 
includes both the cultured eMSCs and various endome-
trial cell types within the primary human endometrium.

Our trajectory analysis revealed a continuum of cells, 
with a ‘root’ primarily corresponding to the cultured 
eMSCs and a terminal population corresponding to lumi-
nal and glandular epithelia, and three distinct branch 
points (Fig.  3B, C). States 1 and 2 were predominantly 
composed of epithelial cells, including glandular, luminal, 
and ciliated types (Fig.  3B, D). State 3 consisted mainly 
of endothelial and stromal cells, which might represent 
an intermediate phase in eMSC differentiation (Fig.  3B 
- D). State 5 included cultured eMSCs along with some 
perivascular, stromal, and endothelial cells, which, based 
on pseudotime analysis, represented the initial stage of 
endometrial cell differentiation (Fig. 3B - D).

Notably, trajectory analysis revealed that the SP3 and 
SP0 subpopulations of cultured eMSCs were located at 
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Fig. 2  A single-cell atlas of primary human eMSCs and their relationship to primary human endometrial cells. A Unsupervised clustering of scRNA-seq 
data of primary human endometrial cells from 10 donors. B Unsupervised clustering of scRNA-seq data of eMSCs of primary human endometrial cells. 
C The distinct expressed genes of different clusters of primary human eMSCs. D The distribution of IGFBP1, NOTCH3, ACTA2, MKI67, LEPR and WFDC2 in 
primary human endometrial cells
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the very beginning of the cell trajectory, suggesting that 
these subpopulations represented the most primitive 
state (Fig. 3B - D).

Human endometrium contains LEPR+ eMSCs
The presence of LEPR+ eMSCs in freshly isolated and 
cultured endometrial stromal cells was confirmed by 
flow cytometry. Figure 4A shows that 2.57 ± 1.51% of the 
unfractionated endometrial stromal cells expressed LEPR 
(n = 10), and the percentage increased to 12.03 ± 11.80% 
of the CD140b+CD146+ eMSCs (n = 10) from freshly iso-
lated samples. Since LEPR expression changes across the 
menstrual cycle [34], we classified the eMSC samples into 
proliferative and secretory phase according to the histo-
pathological results (Fig.  4B). The average expression of 
LEPR in the freshly isolated proliferative phase endome-
trial stromal cells was 2.24 ± 1.32%, while in the eMSC 
population, it was 12.26 ± 9.78% (n = 5, P < 0.01; Fig. 4B). 

The proportions were 2.90 ± 1.76% and 11.79 ± 14.75% for 
the secretory phase stromal cells and eMSCs, respectively 
(n = 7; Fig.  4B). The observations revealed that the pro-
portion of eMSCs in the human endometrium remains 
unchanged.

Next, the effect of culture on the proportion of LEPR+ 
eMSC was examined. The proportion of LEPR+ cells was 
25.59 ± 19.04% in the eMSC population and 2.61 ± 1.43% 
in the unfractionated stromal population (n = 12; Fig. 4C). 
In the proliferative phase samples (n = 5), the average 
proportions of LEPR+ cells in the endometrial stromal 
cells and the eMSC populations were 2.43 ± 1.23% and 
23.03 ± 18.51%, respectively (Fig.  4C). In the secretory 
phase samples (n = 7), the corresponding proportions 
were 2.75 ± 1.64% and 27.41 ± 20.66% (Fig.  4D). These 
findings demonstrated similar expression levels of LEPR 
in freshly isolated and cultured endometrial stromal cells.

Fig. 3  A single-cell atlas of primary human eMSCs and their relationship to cultured eMSCs and primary human endometrial cells. A Unsupervised clus-
tering of scRNA-seq data integrated primary human endometrial cells and cultured eMSCs. Developmental trajectories of 5 distinct subpopulations and 
various endometrial cell types, represented by B cluster classifications, C pseudotime dynamics, and D defined cellular states
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Fig. 4 (See legend on next page.)
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LEPR+ eMSCs are localized to the perivascular region of the 
human endometrium
Immunohistochemical analysis demonstrated that LEPR 
staining was predominantly localized to blood vessels 
within the endometrium (Fig. 4E, F). Glandular cells and 
myometrial cells also expressed LEPR. Co-localization 
of LEPR+ staining with the CD140b+CD146+cells were 
observed around blood vessels in the human endome-
trium (Fig.  4I). Bioinformatic analysis of the composi-
tion LEPR+ CD140b+CD146+ cells in the endometrium 
revealed that they consisted of 62.4% stromal cells, 30.1% 
perivascular cells, and 7.5% endothelial cells (Supple-
mentary Fig S2A). Given that the perivascular cells 
include pericytes, adventitial fibroblasts, and mesenchy-
mal stromal cells [35], there was likely significant over-
lap between the perivascular and the stromal cells within 
the LEPR+ eMSC population. The CD140b+CD146+cells 
were negative for the endothelial marker CD31 [8], con-
sistent with their identity as perivascular cells. CD140b is 
specifically expressed on perivascular cells and pericytes 
[36, 37]. There was a high level of co-expression of LEPR 
with CD140b around the blood vessels (Fig.  4I). Strong 
CD140b staining was also observed in most of the endo-
metrial stromal cells, but not the endothelial or epithelial 
cells. CD146 was abundantly expressed in the endothe-
lial cells and perivascular cells and less in pericytes as 
reported previously [38, 39]. 

LEPR+ eMSCs exhibit high stem-cell characteristics
Flow cytometer sorted CD140b+CD146+cells but not 
CD140b−CD146− cells exhibit MSC-like characteristics 
[8]. Therefore, the MSC attributes of cultured endome-
trial stromal cells from sorted eMSCs (CD140b+CD146+), 
LEPR+ eMSCs (LEPR+CD140b+CD146+) and LEPR− 
eMSCs (LEPR−CD140b+CD146+) were compared. Sig-
nificantly more colonies were generated by the LEPR+ 
eMSCs than the eMSCs and the LEPR− eMSCs (P < 0.05, 
Fig.  5A). The colonies derived from the LEPR+ eMSCs 
were larger in size comprising of densely packed cells 
(Fig.  5A). The cloning efficiencies of the LEPR+ eMSCs, 
LEPR− eMSCs and eMSCs (n = 10) at passage 1 were 
1.74 ± 2.05%, 1.19 ± 1.11% and 0.67 ± 0.56%, respectively 
(Fig.  5B). At passage 2, all the three groups formed 
more colonies (LEPR+ eMSCs: 12.24 ± 7.60%; eMSCs: 
4.68 ± 4.17% and LEPR− eMSCs: 4.16 ± 5.95%) and the 

number of colonies formed gradually declined with 
further passages. The difference in cloning efficiencies 
among the three groups was most significant in passage 
4, when the eMSCs and the LEPR− eMSCs failed to form 
colonies (Fig.  5C). Overall, 7 out of 10 LEPR+ eMSCs 
samples continued to be subcloned after passage 3. The 
results indicate that the LEPR+ eMSCs possess better clo-
nogenic and self-renewal ability.

Next, the multipotency of the three stromal subsets 
were assessed by in vitro differentiation assays (n = 4). For 
adipogenic lineage, the gene expression of CEBPA and 
PPARG were higher in the LEPR+ eMSCs than eMSCs 
(Fig. 5D). The protein level of CEBPA was also found to 
be significantly higher in the LEPR+ eMSCs (Fig.  5E). 
In addition, oil-red-O staining revealed the presence of 
adipocytes exclusively in the LEPR+ eMSCs and eMSCs 
(Fig.  5F). The expression levels of osteogenic lineage-
related genes at both mRNA (Supplementary Fig S3A) 
and protein levels (Supplementary Fig S3B, C) were simi-
lar among the three groups. For the chondrogenic lin-
eage, LEPR+ eMSCs exhibited higher levels of COL10A1 
expression compared to eMSCs (Supplementary Fig 
S3D). However, the difference in protein levels did not 
reach statistical significance (Supplementary Fig S3E, F). 
Overall, all three stromal subsets were able to differenti-
ate into the three mesenchymal lineages.

LEPR+ eMSCs exhibit quiescent properties
Mouse Lepr+ MSCs are quiescent and activated upon 
injuries to form osteoblasts and adipocytes in bone mar-
row [40]. Since the endometrium is a highly dynamic 
tissue that undergoes cycles of proliferation, and differ-
entiation, the cell cycle status of the LEPR+ eMSCs was 
evaluated. We used the Seurat package to assign the cell 
cycle phases (G0/G1, G2M, S) in each SP in our scRNA-
seq dataset (Supplementary Fig S1D) and found a high 
proportion (> 90%) of the cultured cells in the SP3 and 
SP4 subpopulation were at the G0/G1 phase (Supple-
mentary Fig S4B). Due to the limitations of the Seurat 
package, it can only score and distinguish the G2M and S 
phases cells by specific markers, categorizing the remain-
ing cells as being in the G0/G1 phase, thus mixing cells in 
the G0 and G1 phases. Quiescent cells typically express 
high levels of the cyclin-dependent kinase inhibitor p27 
and low levels of the proliferation marker Ki67 [41, 42]. 

(See figure on previous page.)
Fig. 4  The expression and location of leptin receptor (LEPR) in human endometrium and its relationship with endometrial mesenchymal stem cells 
(eMSCs). A Representative contour plots showing the expression of LEPR in freshly isolated endometrial stromal cells and eMSCs (n = 10). B The expression 
of LEPR at different menstrual phase of freshly isolated endometrial stromal cells and eMSCs (proliferative: n = 5; secretory: n = 5). C Representative contour 
plots showing the expression of LEPR in cultured endometrial stromal cells and eMSCs (n = 12). D The expression of LEPR in different menstrual phases 
of cultured endometrial stromal cells and eMSCs (proliferative: n = 5; secretory: n = 7). Full-thickness human endometrial sections immunohistochemical 
stained with LEPR from E proliferative and F secretory phase of the menstrual cycle. Isotype controls for G proliferative and H secretory sample, respec-
tively. *, blood vessel; GE, glandular epithelium; S, stroma. (Scale bar: 50 µm). I Representative immunofluorescent images showing the co-localization 
(white arrows) of CD140b (green; pericytes), CD146 (red; endothelial) and LEPR (pink) in blood vessels in the endometrial stroma. (Scale bar: 10 µm). 
Results are presented as mean ± SD; **, P < 0 .01
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Fig. 5  Colony-forming activity and self-renewal ability of different cultured endometrial stromal subsets. A Representative image showing the distri-
bution colonies and colony morphology in different subsets of cultured endometrial stromal cells after 15 days of culture (Scale bars = 200 µm). B The 
cloning efficiency of cultured endometrial stromal subsets at different cell passage (n = 10). C The self-renewal ability of different subsets of endometrial 
stromal cells in different generations after sorting (n = 10). In vitro differentiation potential of eMSCs, LEPR− eMSCs and LEPR+ eMSCs into adipogenic 
lineage (n = 4). D Comparison of relative mRNA levels of adipogenic lineage-specific genes CEBPA and PPARG. E Representative western blot images and 
quantitative analysis of CEBPA protein. F Oil-red O staining (Scale bars: 100 µm). Results are presented as mean ± SD, * P < 0.05, ** P < 0.01
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In our analysis, CDKN1B expression was highest in SP3 
while MKI67 expression was lowest (Supplementary Fig 
S4C, D). In primary eMSCs, clusters marked by LEPR 
also showed these characteristics (Supplementary Fig 
S4E—G), suggesting that the LEPR+ eMSCs exhibited a 
quiescent phenotype.

Next, a flow-cytometry method was used to determine 
the proportion of G0 cells in the eMSCs. Figure 6A shows 
the average distribution of G0, G1 and S/G2/M cells in 
different subsets of isolated primary endometrial stro-
mal cells (n = 10). The LEPR+ eMSCs exhibited a signifi-
cantly higher proportion of cells in the G0 phase when 
compared with the other two subsets (Fig. 6B); the pro-
portion of G0 cells in the eMSCs, LEPR− eMSCs and 
LEPR+ eMSCs were 29.72 ± 21.60%, 27.16 ± 20.69% and 
50.62 ± 24.89% respectively.

Stem cell quiescence ensures prolonged maintenance 
of stem cells and regulates stem-cell-specific proper-
ties [43]. To gain further insight into the characteristics 
of the LEPR+ eMSCs, we identified the DEGs between 
the LEPR− eMSCs and the LEPR+ eMSCs and revealed 
an upregulation of quiescence-related genes, includ-
ing RB1, RBL2, CDKN1A, CDKN1B and E2F4, in LEPR+ 
eMSCs (Fig.  6C). Notably, the heightened expression 
of these genes, except the increased expression of E2F4 
which promotes cell proliferation, were associated with 
induction of cellular quiescence [19, 44]. Quantifica-
tion of these gene expressions by qPCR in revealed a 
trend consistent with the single-cell analysis. Particu-
larly, the expression of RB1, RBL2, and CDKN1B genes 
were significantly elevated in the LEPR+ eMSCs com-
pared to eMSCs (P < 0.05, Fig. 6D). The findings strongly 
affirmed that the LEPR+ eMSCs exhibited quiescent cells 
characteristics.

LEPR+ eMSCs are the most communicative subset among 
endometrial cells
Next, we investigated the cell–cell interactions between 
LEPR+ eMSCs, LEPR− eMSCs, and non-eMSCs by ana-
lyzing their ligand-receptor relationships with all endo-
metrial cells in the primary human endometrium dataset 
[45]. The number of ligand-receptor pairs and counts of 
interactions among LEPR+ eMSCs, LEPR− eMSCs and 
non-eMSCs were quantified (Fig.  7A, B). The data indi-
cated that the LEPR+ eMSCs were the most communica-
tive subset among the three cell populations, providing 
insights into the internal regulatory role of the LEPR+ 
eMSCs. We also determined the ligand-receptor rela-
tionships (Fig.  7C). Ligands ubiquitously expressed in 
the LEPR+ eMSCs included IGF1 (insulin-like growth 
factor 1), and JAG1, and the expressed receptor was 
mainly FLT1 (also known as VEGFR-1, vascular endothe-
lial growth factor receptor 1), NRP1 (neuropilin 1), and 
CD44. IGF-1 is a master regulator of growth hormone 

[46], which enhances cell growth, migration, and viabil-
ity [47–49]. JAG1 is involved in Notch signaling and 
regulates endometrial receptivity [50]. In the interaction 
network, the LEPR+ eMSCs and the LEPR− eMSCs com-
municated most frequently, and the communication was 
mainly through Notch and Wnt signaling, especially via 
WNT4, WNT5A, and NOTCH3 (Fig. 7C).

Notch receptors are highly present in LEPR+ eMSCs
As our bioinformatics analysis showed that Notch sig-
naling was significantly expressed in the cell–cell com-
munication network of LEPR+ eMSCs and other subsets 
within the human endometrium. We hypothesized that 
activation of Notch signaling led to the quiescence of 
LEPR+ eMSCs.

To test this, we initially evaluated the expression of 
Notch-related molecules across different subsets of 
primary human endometrium at the single-cell level. 
Interestingly, the NOTCH1, NOTCH4, and HES1 expres-
sion were abundant in the LEPR+ eMSCs compared to 
the stromal cells, eMSCs, and LEPR− eMSCs (Fig.  7D). 
To validate these bioinformatics findings, the expres-
sion of these Notch-related proteins was assayed with 
flow cytometry using freshly isolated endometrial stro-
mal cells. NOTCH2 was included as the positive con-
trol. Specifically, in freshly isolated endometrial stromal 
cells, the proportion of HES1 (n = 8) was 6.82 ± 4.62% in 
the LEPR+ eMSCs, while in the stromal cells, eMSCs, 
and LEPR− eMSCs, it was 0.38 ± 0.54%, 3.53 ± 2.43%, 
and 1.89 ± 1.73%, respectively. The proportion of 
NOTCH1 (n = 8) was 5.97 ± 3.05% in the LEPR+ eMSCs, 
and 0.25 ± 0.22%, 2.39 ± 1.66%, and 3.11 ± 5.09%, in the 
stromal cells, eMSCs, and LEPR− eMSCs respectively. 
The proportion of NOTCH2 (n = 8) was 1.03 ± 3.91% 
in the LEPR+ eMSCs, and 0.20 ± 0.25%, 1.46 ± 0.57%, 
and 1.11 ± 1.25% in the stromal cells, eMSCs, and 
LEPR− eMSCs, respectively. Lastly, the proportion of 
NOTCH4 (n = 8) was 6.66 ± 2.86% in the LEPR+ eMSCs, 
and 0.71 ± 0.78%, 1.93 ± 1.18%, and 1.78 ± 1.50%, in the 
stromal cells, eMSCs, and LEPR− eMSCs, respectively 
(Fig. 7E). Overall, the LEPR+ eMSC subset displayed sig-
nificantly higher expression of Notch related proteins 
than the other three groups.

Activation of Notch maintained the phenotypic expression 
of LEPR+ eMSCs
Our bioinformatics analysis showed that Notch signal-
ing was significantly expressed in the cell–cell commu-
nication network of LEPR+ eMSCs and other subsets 
within the human endometrium. Therefore, we next 
studied the activation of Notch signaling on LEPR+ 
eMSCs. The proportion of LEPR expression in LEPR+ 
eMSCs increased from 2.43 ± 1.42% to 24.20 ± 25.60% 
when cultured on JAG1-coated plate when compared 



Page 15 of 21Fang et al. Stem Cell Research & Therapy          (2025) 16:682 

Fig. 6  The cell-cycle status of LEPR+ eMSCs in freshly isolated endometrial stromal cells. A Representative contour plots for co-staining of Hoechst 33342 
and Ki67 (n = 10). B The relative proportion of different freshly isolated endometrial stromal subsets in each cell cycle phase (n = 10). C Comparison of 
analysis of quiescent markers in different stromal subsets in the primary human endometrial single-cell dataset. D The qPCR results of quiescent markers 
in different stromal subsets derived from freshly isolated endometrial samples (n = 5). Results are presented as mean ± SD, * P < 0.05
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Fig. 7 (See legend on next page.)
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to CTRL (Supplementary Fig S5A, B). Additionally, the 
proportion of eMSCs and LEPR+ eMSCs increased from 
3.07 ± 2.42% to 7.89 ± 3.05% (Supplementary Fig S5C, 
D) and 0.20 ± 0.15% to 2.07 ± 1.14% (Supplementary Fig 
S5E, F), respectively. The above results demonstrate that 
Notch signaling also promotes the LEPR+ phenotype.

Furthermore, to assess the broader implications of 
Notch activation, we evaluated the impact on cell viabil-
ity through a cell apoptosis assay. The cell viability of this 
model was studied with the cell apoptosis assay. The pro-
portions of early apoptosis in the CTRL and JAG1-coated 
plates were 3.64 ± 0.92% and 4.81 ± 0.15%, respectively, 
while the proportions of late apoptosis were 2.41 ± 1.24% 
and 4.34 ± 2.81%, respectively (Supplementary Fig S5G). 
There was no significant difference in the compari-
son of early apoptosis (Supplementary Fig S5G and H, 
P = 0.17) and late apoptosis (Supplementary Fig S5G and 
I, P = 0.34) between the control and JAG1-coated group. 
The findings suggest that activation of the Notch pathway 
does not impact the cell’s viability.

Localized co-expression of JAG1 and DLL1 in LEPR+ eMSCs
Since high expression of Notch receptors were detected 
on the LEPR+ eMSCs, we postulated that Notch ligands 
derived from neighboring cells in the endometrium could 
activate the Notch signaling pathway for stem cell quies-
cence. To investigate this, we examined the expression 
of Notch ligands across various endometrial cell types at 
single-cell level. The analysis revealed JAG1 was highly 
expressed in several cell types, including endothelial 
cells, perivascular cells, and epithelial cells during both 
the proliferative and the secretory phases (Supplemen-
tary Fig S4H, I). Additionally, there was lower expression 
levels of DLL1 in endothelial cells and NK cells during 
the secretory phase compared to the proliferative phase. 
A constant low expression of the other Notch ligands was 
detected across the menstrual cycle (Supplementary Fig 
S4H, I).

To investigate the spatial distribution of JAG1 and 
DLL1 within the endometrium and their potential asso-
ciation with LEPR+ eMSCs, multiplex immunohisto-
chemistry was performed. The analysis revealed that 
JAG1 and DLL1 co-localized with a subset of LEPR+ 
eMSCs (Fig. 7F). Since co-localization was not observed 
in all LEPR+ eMSCs, this suggested heterogeneity in 
their interaction with these Notch ligands. In addition, 

expression of these ligands was observed in other endo-
metrial cell types, though further analysis would be 
required to fully characterize their distribution across the 
various cell populations.

Discussion
Stem/progenitor cells in the endometrium are respon-
sible for the cyclical proliferation, differentiation and 
regeneration of the tissue. The identification of stem cell 
markers can assist researchers in isolating these rare 
cells for in vitro studies. To date, there are two sets of 
well-characterized markers for human eMSCs, the co-
expression of CD140b+CD146+ [8] and the single marker 
sushi domain containing-2+ (SUSD2) [51] cells. However, 
one major obstacle is the heterogeneity within the eMSC 
population, i.e. the cells show cell-to-cell variability in 
phenotypic expression, proliferation capacity, and cyto-
kine secretion [52].

The main finding of this study was the identification of 
the LEPR+ subpopulation within eMSCs. Compared with 
the negative subset, the LEPR+ eMSCs exhibited remark-
ably higher clonogenic activity at each passage, a better 
self-renewal ability, and comprised of more quiescent 
cells. This is the first study in which LEPR was charac-
terized in endometrial stem cells, and our findings dem-
onstrated that the endometrial LEPR+ subset possessed 
similar characteristics as the Lepr+ stromal cells in the 
bone marrow [40].

Human CD140b+CD146+ eMSCs is a heterogeneous 
cell population [12]. In this study, scRNA-seq was per-
formed on magnetic bead selected eMSCs and clonally 
derived eMSCs obtained from a secretory phase endo-
metrial sample to better understand the differentiation 
trajectories of eMSCs during in vitro culture. A total of 
5 subpopulations (SPs) were identified through unsuper-
vised clustering. SP3, which largely stands at the root of 
differentiation trajectories, was considered the origin of 
the trajectory reconstruction. The distinct expression of 
LEPR in SP3 highly suggests that these cells play a critical 
role in stem cell regulation. Consistently, we identified 6 
clusters in the primary eMSCs predominantly expressed 
LEPR in a primary human endometrial single-cell dataset 
[10]. Thus, both in vitro and in vivo data indicated LEPR 
marks a subset within eMSCs.

By integrating two single-cell datasets to elucidate the 
relationship between cultured eMSCs and endometrial 

(See figure on previous page.)
Fig. 7  The role and expression of Notch-related ligands and receptors in different endometrial stromal subsets. A Heatmap representation of the num-
ber of potential ligand-receptor pairs among different cell types of human endometrial cells. B The cell–cell interaction network was established by 
CellPhoneDB. C Ligand-receptor pairs of different cell types determined with CellPhoneDB are displayed with bubble plots. D The gene expression pat-
tern of NOTCH-related molecules in stromal (yellow), eMSC (green), LEPR− eMSC (blue), LEPR+ eMSC (red) from a primary human endometrial single-cell 
sequencing dataset (n = 10). E Quantification of HES1, NOTCH1, NOTCH2, and NOTCH4 in freshly isolated human endometrial stromal subsets (n = 8). 
Representative immunofluorescent images showing the co-localization (white arrows) of CD146 (green), CD140b (yellow), LEPR (pink), DLL1(orange) and 
JAG1(red) in blood vessels in the endometrial stroma. S, stroma; BV, blood vessels (Scale bar: 20 µm). The results are presented as the mean ± SD, * P < 0.05, 
** P < 0.01, *** P < 0.001
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cells, we showed that SP1 and SP3 at the root of the 
differentiation trajectory were originated from undif-
ferentiated eMSCs closely associated with stromal and 
perivascular cells. In contrast, SP0, SP2, and SP4 at the 
branches of the differentiation trajectory were derived 
from differentiated eMSCs more closely linked to epi-
thelial cells, endothelial cells, and other unidentified cell 
types. These results indicate that the cultured eMSCs 
follow distinct differentiation pathways with specific 
subpopulations associated with various endometrial cell 
types.

Furthermore, Pearson correlation analysis revealed a 
significant correlation between the LEPR+ eMSCs from 
the cultured eMSC dataset and the primary human endo-
metrium, suggesting that LEPR+ eMSCs maintained 
consistent properties both in vivo and in vitro. This high-
lights that the unique combination of LEPR, CD146, and 
CD140b as surface markers can be used to isolate primi-
tive eMSCs from stromal cells in future experiments.

Lepr has been well studied in the mouse bone marrow 
[40, 53]. Lepr marks an adult bone marrow mesenchymal 
stromal cell population that accounts for 94% of the bone 
marrow colony forming unit fibroblasts [40]. Further-
more, Lepr+ perivascular stromal cells in the bone mar-
row can secrete stem cell factor and CXCL12 to maintain 
and regulate murine hematopoiesis [54]. Lepr is also a 
marker for functional long-term hematopoietic stem cells 
(HSC) highly enriched in engrafting cells with embry-
onic-like transcriptomic properties [55]. In the gut, Lepr+ 
mesenchymal cells can sense diet alterations and regu-
late the proliferation of mouse intestinal stem/progenitor 
cells [56]. It also plays an important role in colorectal car-
cinogenesis by proliferation to generate CD146+ cancer-
associated fibroblasts, thereby shaping the pro-tumor 
immune microenvironment [57].

Studies of LEPR in the endometrium remain lim-
ited and mainly focus on gynecological diseases such as 
endometriosis [58–60] and endometrial cancer [61, 62]. 
Several studies have shown a change in LEPR expression 
throughout the menstrual cycle [63]. Specifically, the 
LEPR expression levels are low in the early proliferative 
phase and peak in the early secretory phase [34]. In vivo, 
the LEPR expression is highly dependent on the estrogen 
receptor and progesterone receptor status in the endo-
metrium [64]. A clinical study revealed that the expres-
sion of LEPR in the endometrium was significantly lower 
in the infertile women than the fertile women [65]. These 
observations hint at a potential relationship between 
LEPR, human endometrial and mesenchymal stem cells, 
and our study provides compelling evidence to support 
this association.

Although the expression level of LEPR is relatively low 
within the endometrial stromal compartment, it is more 
prominent within the CD140b+CD146+eMSC population. 

We found widespread expression of LEPR in the human 
endometrium, particularly concentrated around the 
blood vessels of the basalis region. The co-localization 
of LEPR and CD140b expressions along the blood ves-
sels emphasized their correlation. Bioinformatics analysis 
indicated that the LEPR+ eMSCs consisted of roughly 2/3 
of stromal cells and 1/3 perivascular cells. Immunofluo-
rescence results demonstrated that the majority of the 
LEPR+ eMSCs were located around blood vessels. In the 
same experimental setting, the LEPR+ eMSCs exhibited 
superior colony formation capabilities in terms of colony 
quantity and size, survival in subcloning conditions and 
differentiation ability towards the adipogenic lineage 
compared to eMSCs and LEPR− eMSCs. The better adip-
ogenic lineage differentiation ability was not surprising 
because leptin, a hormone primarily derived from adi-
pose tissue, acts through LEPR [66]. Another well-char-
acterized marker for human eMSC is SUSD2 [51]. Since 
SUSD2+ and CD140b+CD146+ eMSC reside in the peri-
vascular niche, it will be worth investigating the role of 
LEPR on SUSD2+ eMSCs in future studies.

Initially, we assumed that the LEPR+ eMSCs were more 
proliferative based on their higher colony-forming ability. 
However, the cell cycle analyses based on bioinformat-
ics analysis and in vitro experiments demonstrated that 
the LEPR+ eMSCs possessed a higher proportion of cells 
in the G0 phase, i.e. the LEPR+ eMSCs were more quies-
cent. In vivo, LEPR+ eMSC are quiescent when residing 
in the niche. However, when cultured without the pres-
ence of specific growth factors or niche components, 
these LEPR+ eMSC will undergo proliferation and differ-
entiation as observed by the high clonogenic activity in 
vitro. Quiescent adult stem cells can be found in a variety 
of tissues, but their proportion is more prevalent in low-
turnover tissues such as skeletal muscle or the brain [67]. 
The hematopoietic system remains an exception among 
the high turnover ‘tissue’. HSCs mostly remain quiescent 
and give rise to multipotent progenies to maintain hema-
topoiesis during normal homeostasis [68–70]. Our find-
ings revealed a small population of quiescent stem cells 
existed in a high turnover tissue—the endometrium. The 
rarity of the LEPR+ eMSCs (approximately 0.1% of human 
endometrial stromal cells) will be a challenge for in-depth 
evaluation of the quiescent cell state likely to be involved 
in the periodic regeneration of the human endometrium. 
Future studies should investigate the loss of LEPR dur-
ing endometrial regeneration and identify key regulators 
maintaining the LEPR+ eMSC quiescent in vivo.

Interestingly, we found that the LEPR+ eMSCs express 
several Notch receptors at high levels. Notch signal-
ing is essential for maintaining stem cell quiescence [71, 
72]. Certain Notch receptors and their ligands play piv-
otal roles in regulating specific hematopoietic progenitor 
subsets within distinct marrow microenvironments [73, 
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74]. We hypothesize that niche cells surrounding LEPR+ 
eMSCs express Notch ligands, which activate Notch sig-
naling in the LEPR+ eMSCs. The loss of these niche cells 
may activate the LEPR+ eMSCs. Our single-cell analysis 
revealed JAG1 and DLL1 exhibit high expression levels 
when compared to other Notch ligands in various types 
of endometrial cells. Previous studies have demonstrated 
the critical role of Notch ligands in regulating stem cells 
across multiple systems including the endometrium 
[75–78]. For example, after osteoblast ablation, the loss 
of JAG1-mediated signaling disrupts HSC quiescence 
[79]. The transcription factor Pax7 is as a marker of qui-
escent MuSCs [80, 81]. MuRCs (muscle reserve cells) 
with high Pax7 expression (Pax7High) are closely associ-
ated with JAG1 and other Notch signaling components 
for maintaining their deep quiescent state, while Pax7Low 
MuRCs display an increased tendency toward myogenic 
differentiation [82]. DLL1 is a crucial Notch ligand for 
maintaining quiescence of neural stem cells in the adult 
mouse subventricular zone [83]. DLL1-mediated Notch 
signaling is also indispensable in the MuSCs, where it sig-
nificantly enhances Pax7 expression (84). Our group has 
previously demonstrated that Notch1 mediates the qui-
escence-promoting effects of JAG1 in eMSCs [78]. Here, 
both JAG1 and DLL1 co-localized with LEPR+ eMSCs, 
suggesting their involvement in regulating endome-
trial stem cell behavior and maintenance of quiescence. 
In future, it will worth investigating the action of Notch 
on the cell cycle of LEPR+ eMSCs. It is likely these cells 
will be in a quiescent state upon Notch activation. The 
reversible state of quiescence is important for the long-
term maintenance of stem cell system of stromal cells. 
In a dynamic tissue such as the endometrium, quies-
cence can preserve their self-renewal capacity for tissue 
regeneration.

Conclusion
In this study, we identified a novel LEPR⁺ subpopula-
tion within human endometrial mesenchymal stem cells 
(eMSCs), characterized by enhanced clonogenicity, qui-
escence, and distinct gene expression patterns. Integra-
tive single-cell transcriptomic analysis of cultured and 
primary human endometrial tissues demonstrated that 
LEPR⁺ eMSCs represent a primitive, quiescent sub-
set enriched for Notch receptor expression. Functional 
assays confirmed their superior stemness and poten-
tial for endometrial regeneration. Our findings indicate 
that Notch signaling, particularly mediated by JAG1 and 
DLL1, plays a critical role in maintaining the quiescent 
state of LEPR⁺ eMSCs. These results advance the under-
standing of human endometrial stem cell biology and 
provide a foundation for future therapeutic applications 
targeting regenerative disorders of the endometrium.
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