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Single-cell transcriptomic landscape of the D
mid-secretory eutopic endometrium reveals
receptivity defects in adenomyosis
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Abstract

Background Adenomyosis (AM) is a common gynecological disorder in reproductive-age women, with impaired
endometrial receptivity as a key contributor to infertility. However, a comprehensive single-cell atlas of the
eutopic endometrium during the implantation window remains lacking, particularly regarding the roles of specific
subpopulations in shaping the implantation microenvironment. This gap has limited mechanistic insights into
AM-associated implantation failure.

Methods We performed 10x Genomics single-cell RNA sequencing of mid-secretory eutopic endometrium from
three primary infertile AM patients and three parous controls, validated by gRT-PCR, immunohistochemistry, and
immunofluorescence.

Results AM-derived cells accounted for a higher proportion of epithelial, perivascular, and proliferative populations,
whereas stromal and immune cell fractions remained largely unchanged. Notably, an expanded epithelial
subpopulation characterized by the stem cell markers LGR5 and SOX9 exhibited excessive proliferative activity and
strengthened tight junctions, collectively disrupting the establishment of a receptive epithelial phenotype. In the
stroma, a DIOZ" decidual subpopulation with senescence-associated secretory phenotype (SASP) features was
markedly reduced in AM, accompanied by downregulation of inflammatory mediators and key decidualization
markers, indicative of impaired decidualization. Cell-cell communication analysis revealed marked remodeling

of epithelial-stromal crosstalk in AM. Hyperactive epithelial PTN and loss of ncWNT could be linked to aberrant
proliferative activity and polarity alterations, while reduced epithelial DKK1 and IGF2 signaling, together with stromal
ncWNT loss, may partially explain deficient decidualization.
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Conclusions In summary, our findings indicate that excessive proliferation and impaired differentiation of epithelial
cells, along with insufficient inflammatory activation and decidualization defects in stromal cells, jointly underlie
reduced endometrial receptivity in AM. Moreover, altered epithelial signaling may further compromise stromal

decidualization.

Keywords Adenomyosis, Endometrial receptivity, Single-cell RNA sequencing.

Introduction
Adenomyosis (AM) is a common gynecological disorder
in women of reproductive age, characterized by the infil-
tration of active endometrial glands and stroma into the
myometrium, often accompanied by myometrial hyper-
plasia, hypertrophy, and fibrosis. Clinically, AM not only
causes debilitating symptoms such as dysmenorrhea and
menorrhagia, which substantially impair quality of life,
but is also strongly associated with infertility and recur-
rent pregnancy loss [1]. The prevalence of AM has been
reported to be 24.4% among infertile women, increas-
ing to 38.2% in those with recurrent miscarriage and to
34.7% in women with a history of pregnancy failure [2].
In assisted reproductive technology cycles, including in
vitro fertilization/intracytoplasmic sperm injection (IVF/
ICSI), AM patients exhibit lower clinical pregnancy rates
and higher miscarriage rates compared with women of
reproductive age in the general population [3]. Notably,
embryo quality remains unaffected, highlighting that
impaired endometrial receptivity is likely the predomi-
nant cause of implantation failure in AM [4].
Endometrial receptivity refers to a series of morpho-
logical and molecular changes within the endometrium
during the window of implantation (WOI) that create a
favorable environment for embryo attachment and inva-
sion. The luminal epithelium, lining the uterine cavity,
represents the first maternal cell population to contact
the embryo. Its differentiation status during the WOI is
a decisive determinant of implantation success. In the
receptive phase, epithelial cells must undergo a transition
from a proliferative to a secretory phenotype, marked by
microvilli reduction, loss of apical-basal polarity, loos-
ening of intercellular junctions, and increased secre-
tory activity, thereby facilitating blastocyst adhesion and
invasion [5]. Incomplete execution of this transforma-
tion can act as a physical barrier, impeding implanta-
tion efficiency. Decidualization of endometrial stromal
cells (ESCs) is another essential event in establishing
receptivity. In the mid-secretory phase, ESCs respond
to rising progesterone and cAMP levels by activating the
transcription factor forkhead box O1 (FOXO1), which
drives decidual transformation [6]. During this process,
ESCs differentiate into either mature decidual cells or
acutely senescent decidual cells (snDCs) [7]. The latter
secrete a spectrum of senescence-associated secretory
phenotype (SASP) factors that transiently shape the local
inflammatory milieu, promote a short-lived “window

of inflammation” conducive to implantation, and help
maintain maternal—fetal immune tolerance and decidual
homeostasis [8]. Insufficient decidualization or func-
tional impairment of decidual cells is strongly linked to
implantation failure [9, 10]. Coordinated communication
between epithelial and stromal cells is indispensable for
achieving synchronized receptivity [11]. For example, the
progesterone-induced epithelial signal molecule Indian
Hedgehog (IHH) promotes stromal decidualization by
upregulating COUP-TFII expression in ESCs [12, 13],
whereas stromal cells secrete fibroblast growth factors
(FGFs), WNT ligands, and insulin-like growth factor 1
(IGF1) that feedback to regulate epithelial differentia-
tion and function [14, 15]. These bidirectional signaling
loops collectively ensure structural integrity and tempo-
ral coordination of the receptive endometrium. Disrup-
tion of this finely tuned epithelial-stromal crosstalk may
impair embryo—endometrium communication and lead
to implantation failure.

Previous studies have linked impaired receptivity in
AM to a range of pathological changes, including struc-
tural and functional alterations at the endometrial—
myometrial junction, immune dysregulation, abnormal
angiogenesis, oxidative stress, and disruption of implan-
tation-related signaling pathways [16]. Moreover, aber-
rant expression of key implantation molecules—such
as integrins, leukemia inhibitory factor (LIF), homeo-
box A10 (HOXA10), and components of the WNT and
Hedgehog pathways—has been reported in AM, suggest-
ing defective signaling during the acquisition of receptiv-
ity [3, 17]. Most previous studies [18, 19] have focused
on the impact of individual molecules on receptivity,
which, while informative, cannot capture the complex-
ity of the endometrial microenvironment or reveal novel
cellular subpopulations and signaling mechanisms. Sin-
gle-cell RNA sequencing (scRNA-seq) offers a system-
atic approach to overcome these limitations by mapping
cellular heterogeneity and intercellular communication
at high resolution [20]. While several scRNA-seq stud-
ies have explored the pathogenesis of AM [21-23], these
efforts largely examined ectopic lesions or eutopic endo-
metrium during the proliferative phase, thereby empha-
sizing disease initiation rather than implantation failure.
By contrast, endometrial receptivity is established exclu-
sively during the mid-secretory phase, making it the clin-
ically most relevant window for implantation. To date,
no study has generated a single-cell atlas of the eutopic
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Table 1 Baseline characteristics of scRNA-seq patients in AM
and control groups

Control (n=3) AM(n=3) P
value
Age (year), median (IQR)  35.00 34.00 0.80
(33.50-35.50) (33.00-34.50)
BMI, median (IQR) 20.03 21.17(20.49- 1.00
(19.87-21.46) 21.49)
Endometrial thickness 8.00 (6.65-9) 10.00 0.50
(mm) on LH+7, median (9.00-10.50)
(IQR)
Live birth, median (range) 1 (0-1) 0 (0-0) 0.40
Menstrual cycling Regularly (6-7 Regularly (6-7
days every days every
28-30 days) 28-30 days)

Table 2 Clinical characteristics of the validation cohort

Control AM (n=12) Pvalue

(n=12)
Age (year) 31.25+293 3250+220 0.25
BMI, median 2195+1.80  21.25+£152 031
Basal FSH (mIU/mL) 6.54+1.29 6.28+1.49 0.66
Basal LH (mIU/mL) 3.87+£1.04 395+0.97 0.85
Basal E2 (pg/mL) 3812+1347 4295+1214 037
Endometrial thickness (mm) 854+0.74 8.52+0.46 0.92
onlLH+7
Times of embryo transfers (,n 2(1,4) <0.0001
(range)
Median number of embryo 1(1,1) 3(1,6) <0.0001
transfers (range)
Median score of transferred 8(7,10) 8 (7,10) 0.92
day-3 embryos (range)
Live birth, median (range) 1(0-1) 0(0-1) 0.01
Menstrual cycling Regularly Regularly

(6-7 days (6-7 days

every 28-30  every 28-30

days) days)

Data were presented as mean=SD and were analyzed by Student’s t-test,
except for the times of embryo transfers, the number of embryo transfers, score
of transferred day-3 embryos and live birth calculated using the independent
samples Mann-Whitney U test (median, range). BMI, body mass index; FSH,
follicle stimulating hormone; LH, luteinizing hormone; E2, estradiol

endometrium in AM during this phase, leaving a critical
gap in understanding the cellular and molecular basis of
reduced receptivity.

In this study, we leveraged scRNA-seq to construct
a cellular atlas of the eutopic endometrium during the
WOI in AM patients compared with healthy controls.
Our analyses primarily focused on epithelial and stromal
compartments that are closely associated with implan-
tation, and provided a preliminary characterization of
their altered signaling interactions. These findings offer
insights into the cellular basis of impaired receptivity in
AM.
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Materials and methods

Patients and sample collection

This study was approved by the Institutional Ethics Com-
mittees of Ruijin Hospital (KY2020-3) and Shanghai
Ninth People’s Hospital (SHO9H-2020-TK6-1), Shang-
hai Jiao Tong University School of Medicine. Written
informed consent was obtained from all participants.
Endometrial samples from women with primary infertil-
ity due to adenomyosis (AM group, 7 =3) were collected
during the mid-secretory phase at the Center for Repro-
ductive Medicine, Ruijin Hospital. Control endometrial
tissues (n=3), obtained from women with a history of
fertility but with infertility caused by tubal obstruction
or male factors, were collected at the Department of
Assisted Reproduction, Shanghai Ninth People’s Hos-
pital. Patient demographic and clinical characteristics
are presented in Table 1. Single-cell RNA sequencing
(scRNA-seq) was performed for all enrolled samples. For
validation, additional mid-secretory endometrial tissues
were obtained from 12 women with adenomyosis and
12 controls meeting identical inclusion criteria (Table 2).
The diagnosis of adenomyosis was established based on
clinical symptoms in combination with imaging findings
from transvaginal ultrasonography (TVUS) and mag-
netic resonance imaging (MRI). TVUS criteria included
diffuse uterine enlargement, asymmetric myometrial
thickening, heterogeneous myometrial echotexture, and
an indistinct endometrial-myometrial junction. MRI
diagnostic indicators comprised a junctional zone thick-
ness>12 mm and high-signal intensity foci within the
myometrium on T2-weighted images. Exclusion crite-
ria included the use of intrauterine devices or hormonal
contraceptives within the preceding three months; pres-
ence of endocrine or metabolic disorders (e.g., polycys-
tic ovary syndrome, diabetes mellitus, insulin resistance,
thyroid dysfunction); chromosomal abnormalities in
either partner; coexisting endometriosis, uterine fibroids,
hydrosalpinx, intrauterine adhesions, or congenital uter-
ine malformations; thrombophilia; autoimmune diseases;
and a body mass index (BMI) > 24 kg/m?. All tissues were
collected on LH+7 using a sterile endometrial suction
curette (LILYCLEANER, Shanghai, China).

Single-cell dissociation

Fresh endometrial tissues were immediately rinsed with
ice-cold phosphate-buffered saline (PBS) to remove
residual blood and mechanically minced into approxi-
mately 1 mm?® fragments. The fragments were enzy-
matically digested with collagenase type IV (1 mg/mL;
Sigma-Aldrich, USA) at 37 °C for 15-20 min with gentle
agitation. The resulting suspension was filtered through
a 70-um cell strainer (Falcon, USA), and cells were col-
lected by centrifugation at 400 x g for 7 min. Red blood
cells were removed using lysis buffer (Solarbio, Beijing,
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China) for 15 min on ice, followed by washing in PBS
containing 0.04% bovine serum albumin (BSA). The cell
suspension was subsequently passed through a 35-pum
filter (Falcon, USA) to eliminate debris. Cell viability was
determined by acridine orange/propidium iodide (AO/
PI) staining with a Countstar Fluorescence Cell Analyzer,
and only samples with viability >90% were included. To
further enrich viable cells, a Dead Cell Removal Kit (Milt-
enyi Biotec, Germany) was applied according to the man-
ufacturer’s instructions.

ScRNA-seq data processing

We utilized 10x Genomics scRNA-seq technology to
profile individual cells from the 6 tissue samples. The
sequence data were aligned to the hg38 human genome
for quality control and gene quantification using Cell
Ranger (v.7.1.0) with default parameters. It is gener-
ated gene-cell sparse matrices for each sample by Cell
Ranger software. We integrated and analyzed the data
from all 6 patients, including downloaded from published
data as control group samples using standard pipeline
of the Seurat package (v4). In brief, we combined the
count matrices from all the samples into a single merged
matrix. We retained cells meeting the following quality
criteria: (1) expressed 500 and 5,000 genes; (2) cells with
UMI count less than 50,000; (3) cells with mitochon-
drial gene expression percentages fewer than 25. Genes
expressed in fewer than 5 cells were filtered out to avoid
excluding rare cell types. Next, the filtered gene expres-
sion matrix was normalized and log-transformed using
‘NormalizeData’ and ‘ScaleData’ function from Seurat
package. Highly variable genes were identified with ‘Find-
VariableFeatures’ function and used to perform principal
component analysis (PCA) with n_comps=20. Then we
applied the mutual nearest neighbors (MNN) algorithm
for batch correction to integrate the different samples
(Supplementary Fig. 1), and the batch-corrected princi-
pal components were used for further analyses, including
nearest-neighbor graphs. Finally, we performed unsu-
pervised clustering using the Leiden algorithm on the
neighborhood graph generated by ‘FindNeighbors’ and
‘FindClusters’ function.

To address cell cycle heterogeneity, we first obtained
a cell cycle gene list and calculated cell cycle scores for
each cell using the CellCycleScoring function in Seurat.
Clusters were categorized into major cell lineages based
on the average expression of well-established marker
genes: stromal cells (DCN+and PDGFRA+), epithe-
lial cells (KRT8+, KRTI8+and WFDC2+), immune
cells (PTPRC+), vascular cells (VASC, ACTA2+and
VWF+), and proliferative cells (MKI67+and TOP2A+).
Within the stromal and endothelial cell clusters, sub-
clusters were further delineated and annotated as spe-
cific subtypes based on the expression of relevant gene
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sets in each major cell type. Identification of differen-
tially expressed genes were using ‘FindMarkers’ func-
tion in Seurat. Genes with p-adjusted value (FDR)<0.05
(adjusted using the Benjamini—Hochberg (BH) proce-
dure) and log fold change>0.25 and minimum percent
of expressed genes>0.1 were considered significantly
upregulated in a given cluster or sub-cluster. Enrichment
analysis of biological process Gene Ontology (GO) terms
for these differentially expressed genes was performed
using the ‘enrich’ function from R package Clusterprofiler
(v4.0.1). Signaling pathway activity scores were calculated
and Z-score normalized across samples, allowing com-
parison of relative pathway activities between groups.

Cell-type proportion analysis

For each sample, cell-type proportions were calculated as
the number of cells in each cluster divided by the total
cell count. Enrichment or depletion of specific cell types
was assessed by the log2 ratio of observed to expected
proportions, with expected values derived from total
cluster sizes across samples.

Pseudotime analysis

Cell differentiation trajectories were reconstructed using
Monocle2 [24]. The top 1,000 variable genes with FDR <
0.05 after BH correction were used to order cells along
pseudotime. Gene variability was assessed using log2
(counts + 1)-transformed data and calculated by ‘differ-
entialGeneTest’ function, and trajectories were inferred
with default Monocle2 parameters.

Cell-cell communication analysis

Intercellular signaling was evaluated using CellChat
(v1.6.1) and Nichenet (v1.1.1). Overexpressed ligands and
receptors in each cell group were identified and mapped
to known human ligand-receptor interaction databases.
Protein—protein interaction networks were incorpo-
rated to refine pathway inference. To ensure statistical
rigor, ligand-receptor interactions were filtered using
the Benjamini—Hochberg (BH) false discovery rate (FDR)
procedure, and only interactions with p-adjusted value
(FDR)<0.05 were retained. Additionally, only interac-
tions involving>10 cells per group were considered for
downstream analysis.

Reverse transcription quantitative real-time PCR (RT-qPCR)
Total RNA was extracted using TRIzol reagent (Invit-
rogen, USA) and reverse transcribed with PrimeScript™
RT Master Mix (Takara, Japan). Quantitative PCR was
performed using SYBR Green Master Mix (Takara) on
an Applied Biosystems 7500 Real-Time PCR System
(USA). Primer sequences are listed in Supplementary
Table 1. GAPDH was used as an internal control, and
relative expression levels were calculated using the 2 A4t
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method. All reactions were conducted in triplicate, and
experiments were repeated at least three times.

Immunofluorescence (IF) staining

Endometrial tissues and cultured cells were fixed in 4%
paraformaldehyde at 4 °C overnight. Tissues were cryo-
protected in 30% sucrose, embedded in OCT, and stored
at — 80 °C. Sections (15 um) were cut using a Leica cryo-
stat, air-dried at 45 °C for 40 min, and rinsed in PBS. Sec-
tions were treated with 0.3 mol/L glycine, permeabilized,
and blocked with 0.5% Triton X-100 in 3% BSA/PBS for
4 h. Primary antibodies (Supplementary Table 2) were
applied overnight at 4 °C, followed by washing and incu-
bation with fluorophore-conjugated secondary antibod-
ies for 2—3 h at room temperature.

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded tissue sections (5 um)
were deparaffinized, rehydrated, and subjected to antigen
retrieval. Endogenous peroxidase activity was quenched
with 3% hydrogen peroxide for 10 min. Sections were
blocked with 5% goat serum for 30 min and incubated
with primary antibodies at 4 °C overnight, followed by
secondary antibody incubation. Signal was developed
with diaminobenzidine (DAB) and counterstained with
hematoxylin. Antibodies are listed in Supplementary
Table 2.

Enzyme-linked immunosorbent assay (ELISA)

Endometrial tissues and cell culture supernatants were
processed for ELISA analysis. Endometrial tissues were
homogenized in PBS containing protease inhibitors,
sonicated, and centrifuged to obtain supernatants. Cell
culture supernatants were harvested and clarified by cen-
trifugation to remove debris. Concentrations of prolactin
(PRL, Multisciences, China), insulin-like growth factor-
binding protein 1 (IGFBP1, Multisciences, China), C-X-C
motif chemokine ligand 14 (CXCL14, Mlbio, China),
tissue inhibitor of metalloproteinases 3 (TIMP3, Multi-
sciences, China), and Interleukin 15 (IL15, Multisciences,
China) were determined following manufacturers’ pro-
tocols. Optical density at 450 nm was measured using a
microplate reader.

Cell culture

Primary human endometrial epithelial cells (HEECs)
and stromal cells (HESCs) were isolated as previously
described [25]. Endometrial tissues were digested with
1 mg/mL type IV collagenase (Gibco, USA) at 37 °C for
1 h and sequentially filtered through 100-pum and 40-pm
strainers to obtain stromal and epithelial fractions,
respectively. Cells were cultured in DMEM/F12 (Gibco,
USA) supplemented with 10% fetal bovine serum (FBS,
Dcell, China), penicillin (100 U/mL, NCM, China), and
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streptomycin (0.1 mg/mL, NCM, China) at 37 °C with 5%
CO..

Small interfering RNA (siRNA) knockdown and plasmid
overexpression

Primary HEECs and HESCs were transfected at 50-60%
confluence. Control, LGR5, SOX9, and DIO2 overexpres-
sion plasmids (GeneCopoeia, China) were introduced
using X-tremeGENE 9 (Roche, USA). Gene-specific
siRNAs targeting DIO2, LGR5, or SOX9, or a scram-
bled control siRNA (15 nM; GenePharma, China), were
transfected using Lipofectamine RNAIMAX (Invitro-
gen, USA) according to the manufacturer’s instructions.
siRNA sequences are listed in Supplementary Table 3.

Cell proliferation assays

Cell proliferation of HEECs was evaluated using the Cell
Counting Kit-8 (CCK-8; Yeasen, China) following the
manufacturer’s protocol. Transfected cells were seeded
into 96-well plates at a density of 2,000 cells per well and
cultured for the indicated time points. CCK-8 reagent (10
uL) was added to each well and incubated at 37 °C for 1 h,
after which absorbance at 450 nm was measured using a
microplate reader.

Cell proliferation was examined using the BeyoClick
EdU-488 assay (Beyotime, China) in accordance with
the manufacturer’s protocol. Transfected cells cultured
in 48-well plates were incubated with EAU to label pro-
liferating cells, followed by nuclear counterstaining with
DAPI. Fluorescence images were acquired using an
inverted fluorescence microscope (Axio Vert.Al, Zeiss,
Germany) from three randomly selected fields per well.

Western blotting

Cells were lysed in RIPA buffer (Epizyme, China) sup-
plemented with protease inhibitors (NCM, China). Pro-
tein concentrations were quantified using a BCA assay
(Epizyme, China), and equal amounts of protein were
resolved by SDS-PAGE (10%) and transferred onto
0.22 pm PVDF membranes (Millipore, USA). Membranes
were blocked with 5% non-fat milk and incubated over-
night at 4 °C with primary antibodies, followed by HRP-
conjugated secondary antibodies. Protein bands were
detected using ECL reagents (Yeasen, China) and quan-
tified by densitometry with Image]J software, normalized
to GAPDH. Antibody details are provided in Supplemen-
tary Table 2.

In vitro decidualization

Primary HESCs were isolated from mid-secretory endo-
metrium of AM patients and controls, then transfected
with siRNAs or plasmids for 48 h. For decidualization,
the transfected cells were grown in red-free DMEM/F12
(Gibco) with 2% charcoal stripped FBS (CS-FBS, Dcell)
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in the presence of 1 uM medroxyprogesterone acetate
(MPA) (MCE, China) and 0.5 mM 8-bromoadenosine
3}5’-cyclic monophosphate (8-Br-cAMP) (Sigma, USA).

Dickkopf-related protein 1 (DKK1) and inhibitor treatment
Primary HEECs and HESCs were isolated from normal
mid-secretory endometrium. To modulate epithelial
WNT signaling, HEECs were treated with DKK1 (100
ng/mL; MCE) or a DKK1 inhibitor (antiDKK1, 1 pM;
MCE). Culture supernatants were subsequently collected,
centrifuged to remove cellular debris, and used as epithe-
lial-conditioned medium. This conditioned medium was
applied to HESC cultures to evaluate epithelial-stromal
paracrine interactions. Following conditioned medium
exposure, HESCs were induced to undergo in vitro decid-
ualization with MPA and 8-Br-cAMP as described above.

Senescence-associated B-galactosidase (SA-B-gal) staining
SA-B-gal activity was detected using a staining kit (Beyo-
time, China). Cells were fixed at room temperature for
15 min, washed three times with PBS, and incubated with
the staining solution at 37 °C in a CO,-free environment
overnight. Senescent cells were identified by blue-green
staining and imaged under a light microscope the next
day.

Statistical analysis

Continuous variables were compared between two
groups using a two-tailed Student’s t-test or, when
appropriate, nonparametric tests. For multiple-group
comparisons, one-way ANOVA with Bonferroni post
hoc correction was applied to normally distributed
data; otherwise, the Kruskal-Wallis test was used. Cat-
egorical variables were analyzed using Fisher’s exact
test. Statistical analyses were performed using Graph-
Pad Prism (v9.5.1; GraphPad Software Inc., USA), and a
P-value <0.05 was considered statistically significant.

Results

Single-cell transcriptomics of mid-secretory eutopic
endometrium in adenomyosis

To comprehensively characterize the cellular composi-
tion and transcriptional landscape of the endometrium,
we collected mid-secretory phase samples from ade-
nomyosis patients (AM; n = 3) at Ruijin Hospital and
retrieved control samples (# = 3) from the GEO database
(GSE183837) for single-cell transcriptomic profiling.
ScRNA-seq libraries from AM samples were constructed
using the 10x Genomics Chromium platform (Fig. 1A).
After quality control and normalization, 30,027 high-
quality single cells were retained for downstream analy-
ses, including 15,148 from AM and 14,879 from controls.
The median sequencing depth reached 8,800 reads per
cell, with a median of 2,708 genes detected. Cells were
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clustered based on canonical marker gene expression and
visualized by UMAP (Fig. 1B), identifying five major cell
types. Representative marker gene expression patterns
are shown in heatmaps (Figs. 1C and D): stromal cells
(Str; 84.05%, expressing DCN and PDGFRA), epithelial
cells (Epi; 2.90%, expressing KRT8, KRT18 and WFDC(C2),
immune cells (8.10%, expressing PTPRC), vascular cells
(VASC; 3.08%, expressing ACTA2 and VWF), and prolif-
erative cells (1.87%, expressing MKI67 and TOP2A). To
evaluate the robustness of our cell-type and subpopula-
tion definitions, we performed sensitivity analyses using
random subsampling strategies. Specifically, we randomly
selected 60% and 80% of cells from the full dataset and
repeated unsupervised clustering analyses (Supplemen-
tary Fig. 2). Importantly, when compared with clustering
results obtained from 100% of cells, the key cell subpopu-
lations and their defining marker genes were consistently
preserved, supporting the stability of our clustering strat-
egy. As expected, stromal cells represented the most
abundant population, constituting the majority of the
functional layer of the endometrium [26]. Although the
overall cellular yield and major lineage composition were
comparable between the AM and control groups (Fig.
1E), the relative contributions of AM and control cells
within individual cell types were markedly altered (Fig.
1F). Specifically, epithelial, VASC, and proliferative cell
numbers were elevated in AM relative to controls, with
epithelial cells showing the most pronounced increase,
whereas stromal and immune cell numbers remained
largely unchanged. Previous studies have reported that
in the basal layer of eutopic endometrium from AM
patients, aberrant epithelial proliferation and enhanced
angiogenesis provide structural and nutritional support
for lesion formation and invasion [27]. Our data extend
these observations by demonstrating that abnormal
expansion of specific cell subsets also occurs within the
functional layer during the mid-secretory phase in AM.
These findings indicate pathological remodeling within
the functional layer of eutopic endometrium in AM,
thereby potentially contributing to impaired endometrial
receptivity.

Stem cell-like LGR5 SOX9 epithelial cells drive
hyperproliferation in the mid-secretory eutopic
endometrium of adenomyosis

As the critical interface for blastocyst implantation, the
endometrial epithelium plays a central role in establishing
uterine receptivity and transmitting signals to other tissue
compartments [28]. Single-cell transcriptomic analysis
of eutopic endometrium revealed a marked enrichment
of epithelial cells in AM compared with controls, war-
ranting further investigation. Based on canonical
marker gene expression profiles, four epithelial subclus-
ters (Epil—Epi4) were identified (Fig. 2A and B). Epil
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(See figure on previous page.)

Fig. 2 Characterization of eutopic endometrial epithelial cells in adenomyosis (AM). (A) UMAP plot showing four epithelial cell subclusters (Epi1-Epi4) (B)
Heatmap of the top marker genes for each epithelial subcluster. (C-E) Gene Ontology (GO) enrichment analyses of top marker genes in Epi1 (C), Epi2 (D),
and Epi3 (E). (F) Box plots showing the relative proportions of AM and control cells within each epithelial subcluster. (G) LGR5 and SOX9 mRNA expressions
in mid-secretory eutopic endometrium from AM and control patients examined by gPCR analysis (n=12 per group). (H, I) Immunofluorescence staining
for the expression and localization of LGRS and SOX9. Scale bars, 50 um; n=12 per group. (J) Immunohistochemical staining for the expression of prolifera-
tion marker Ki-67. Scale bars, 50 um; n=12 per group. (K) Cell proliferation following plasmid LGR5 and SOX9 (p(LGR5 + SOX9)) overexpression in human
endometrial epithelial cells (HEECS) isolated from mid-secretory endometrial tissues of controls (n=3) measured by CCK-8 assay. (L) Proliferation of HEECs
transfected with p(LGR5 + SOX9) determined via EdU assay. Actively proliferating cells are visualized by green fluorescence, with all nuclei counterstained
in blue. Scale bar =100 um; n=3. (M) RT-qPCR quantification of proliferation markers (MKI67, PCNA) and differentiation markers (LIF, HOXA10) levels after
LGR5 and SOX9 overexpression in control HEECs (n=3). (N) Representative immunofluorescence images for Ki-67 (red) and corresponding quantification
of positive cells in HEECs. Scale bar =100 um; n=3. (O) Western blotting of LIF and PCNA protein levels in HEECs transfected with p(LGR5 + SOX9). Data

are presented as the mean + 5D, *P<0.05, **P<0.01

expressed classical epithelial markers (KRT18 and KRT8)
together with high levels of metallothionein-1 family
genes (MT1F, MT1E and MT1G). Functional enrichment
analysis indicated activation of “oxidative phosphory-
lation” and “ATP synthesis” (Fig. 2C). Consistent with
previous bulk [29] and single-cell transcriptomic stud-
ies [30], metallothioneins are involved in proliferation,
repair, and antioxidant responses, serving as markers of
the proliferative-to-early-secretory transition. Within
Epil, the AM group accounted for a significantly larger
fraction of cells than controls (Fig. 2F), indicating that
many epithelial cells in AM persist in an incompletely
differentiated state during the mid-secretory phase. Epi2
was characterized by high expression of extracellular
matrix (ECM) and collagen synthesis genes (COL3A1,
COLIAI, COL6AI, FNI) (Fig. 2B), with enrichment in
“cell-cell junction” and “ER-nucleus signaling pathway”
functions (Fig. 2D). Normally, progesterone-mediated
loosening of junctions and suppression of estrogen sig-
naling enhance receptivity during this phase [31]. In Epi2,
AM-derived cells were more abundant (Fig. 2F), reflect-
ing reinforced epithelial junctions and sustained estrogen
signaling in AM, which may hinder implantation window
progression. Notably, the Epi3 subcluster exhibited high
expression of stem cell markers leucine-rich repeat con-
taining G protein-coupled receptor 5 (LGR5) and SRY-
box transcription factor 9 (SOX9) (Fig. 2B), enriched in
“stem cell maintenance” pathways (Figs. 2E), indicating
a stem cell-like proliferative potential. The proportion
of AM-derived cells in Epi3 was significantly increased
(Fig. 2F). This finding suggests enhanced epithelial stem
cell-like properties and increased proliferative capacity in
AM endometrium during the mid-secretory phase, when
the endometrium normally completes the transition from
proliferation to differentiation. To validate these find-
ings, we examined secretory-phase endometrial tissues.
QPCR analysis revealed markedly elevated LGR5 and
SOX9 expression in AM (Fig. 2G). Immunofluorescence
(Fig. 2H and I) confirmed their localization predomi-
nantly in epithelial cells, with stronger expression in AM
patients. Furthermore, the proliferation marker Ki-67
was significantly upregulated in epithelial cells from AM

patients (Fig. 2J), supporting the presence of aberrant
stem cell-like properties and excessive proliferation dur-
ing the mid-secretory phase. To investigate the roles of
LGR5 and SOX9 in endometrial epithelial cells, we iso-
lated primary HEECs from mid-secretory endometrium
of both healthy controls and patients with AM. In normal
HEECs, overexpression of LGR5 and SOX9 significantly
increased proliferative capacity, as assessed by CCK-8
(Fig. 2K) and EdU assays (Fig. 2L). This was associated
with upregulation of the proliferation markers (Ki-67 and
PCNA) and downregulation of the secretory marker LIF,
as confirmed by qPCR (Fig. 2M), immunofluorescence
(Fig. 2N), and western blot analysis (Fig. 20). Conversely,
knockdown of LGR5 and SOX9 in AM-derived HEECs
led to reduced proliferation, decreased Ki-67 and PCNA
expression, and increased LIF levels (Supplementary Fig.
3). These results indicate that LGR5 and SOX9 promote
epithelial proliferation while suppressing differentiation.
Epi4, characterized by LGALSI expression (Fig. 2B), con-
tained similar proportions of cells from AM and control
samples (Fig. 2F). Galectin-1, encoded by LGALSI, is
known to contribute to implantation, maternal immune
tolerance, placentation, and angiogenesis [32], sug-
gesting a potential role in epithelial-immune—vascular
interactions. Collectively, these findings highlight a criti-
cal expansion of the LGR5 SOX9 Epi3 subcluster in the
eutopic endometrium of AM, marked by pronounced
stem cell-like properties and hyperproliferation. The
failure of these cells to transition into differentiated,
receptive epithelium may represent a key mechanism
underlying impaired endometrial receptivity in AM.

Aberrant Epi2-to-Epi3 signaling drives stem cell-like
properties and hyperproliferation in adenomyosis

To assess alterations in signaling among epithelial sub-
clusters in AM, we applied the CellChat algorithm to sys-
tematically analyze ligand-receptor interactions across
the four subclusters. The analysis (Fig. 3A) revealed dis-
tinct communication patterns between AM and controls.
AM epithelial cells exhibited predominant outgoing sig-
nals mediated by fibronectin 1 (FN1) [33], semaphorin-5
A (SEMAS5A) [34], and junctional adhesion molecule
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(JAM) [35], which regulate proliferation, angiogenesis,
and tight junction assembly, accompanied by aberrant
activation of cell adhesion proteins (CDH, PTPRM)
and IGF signaling. These enriched pathways in AM may
synergistically drive abnormal epithelial proliferation
and enhanced cell-cell adhesion, compromising uterine
receptivity and embryo implantation. By contrast, epi-
thelial cells in the control group were enriched for SPP1
[36], non-canonical WNT (ncWNT) [37], and Notch sig-
naling [38], pathways that have been closely associated
with epithelial differentiation, receptivity acquisition,
and embryo—epithelium interactions. Further analysis of
intercellular communication networks (Fig. 3B) revealed
substantial remodeling of epithelial interactions in AM
patients. Specifically, Epil and Epi2 established new sig-
naling connections, while communication from Epi2 to
Epi3 was markedly enhanced. Epi2 predominantly trans-
mitted ECM-rich ligands (FN1, COL1IAI, COL6AI) and
growth factors (IGF1, PTN) to Epi3, which expressed
adhesion receptors (CD44, ITGAI, ITGBI) (Fig. 3C),
suggesting reinforced cell-cell adhesion and facilitation
of signal transmission. Notably, Pleiotrophin (PTN) sig-
naling from Epi2 to Epi3 was markedly elevated in AM
(Fig. 3D). PTN sustains stem cell properties and self-
renewal across diverse stem cell systems and promotes
proliferation while inhibiting epithelial differentiation
[39], suggesting that excessive PTN from Epi2 drives the
enhanced stem cell-like properties of the Epi3 subclus-
ter in AM. Conversely, ncWNT signaling from Epi2 to
Epi3, present in controls, was absent in AM (Fig. 3E), a
pathway essential for epithelial differentiation, functional
maturation, progesterone responsiveness, embryo—epi-
thelium interactions, and stromal signaling relevant to
decidualization [37, 40]. Its loss may prevent Epi3 cells
from completing the proliferative-to-differentiated tran-
sition, sustaining stem cell-like properties and hyperp-
roliferation. Together, these findings indicate that AM is
associated with profound remodeling of epithelial com-
munication. In particular, the Epi2-to-Epi3 axis shows
increased PTN and loss of ncWNT signaling, which may
contribute to enhanced stem cell-like properties and
impaired differentiation of the Epi3 subcluster.

A SASP-like mature decidual stromal subpopulation is
deficient in adenomyosis

As the largest cellular compartment of the endometrium
(Fig. 1D), stromal cells play a pivotal role in implantation
and decidualization. Despite comparable overall propor-
tions between AM and controls, their predominance,
together with accumulating evidence of stromal impair-
ment, motivated us to focus on potential dysfunction
within specific subclusters [19]. Accordingly, we focused
on stromal (Str) cells and identified four functionally dis-
tinct subclusters (Str1-Str4) (Fig. 4A and B). The Strl
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subcluster was characterized by high expression of the
oxidative stress molecule SOD2, complement-related
genes CFD and C3, and the immune-associated mol-
ecule HLA-B. These features align with established roles
of oxidative stress, complement activation, and immune
responses in initiating decidualization [6, 41], indicat-
ing that Strl may engage in early immune regulation
through interactions with immune cells. In addition,
Strl expressed the calcium-binding protein SI10044, a
regulator of calcium signaling, cytoskeletal organiza-
tion, cell migration, and tissue remodeling, which is also
upregulated in stromal cells of the normal mid-secre-
tory endometrium [30]. The Str2 subcluster was marked
by elevated expression of ECM components (HSPG2,
FBLN2, CILP, ELN) and IGF2, indicating active protein
synthesis and secretion and a role in decidual extracel-
lular matrix remodeling. The Str3 subcluster showed
enrichment for genes involved in ECM remodeling,
including ECM1, MMPI11, and ADAM]I2, as well as the
WNT pathway regulator SFRP4. ECM remodeling has
been recognized as essential for successful implantation
and placentation, with metalloproteinases like MMP11
and ADAM12 and their substrates contributing to this
process [42]. WNT signaling similarly plays a critical
role in stromal decidualization, embryo implantation,
and placentation, and SFRP4 expression is decreased in
the endometrium of patients with recurrent implantation
failure [43]. Notably, the Str4 subcluster co-expressed
some metalloproteinases observed in Str3, but specifi-
cally exhibited high expression of the TGFf pathway reg-
ulator PMEPA1 [44] and the decidualization-related gene
DIO2 [7, 45]. Single-cell analysis of normal endometrium
has highlighted TGEp signaling as a key coordinator of
stromal-epithelial interactions [46], implying that Str4
may regulate epithelial function through TGFp signal-
ing. Given that decidualization is a progesterone-driven,
progressively enhanced differentiation process, we per-
formed pseudotime analysis on the four stromal subclus-
ters, constructing a developmental trajectory from Strl
to Strd (Fig. 4C). Functional enrichment analysis (Fig.
4D) revealed a gradual shift in cellular functions along
this trajectory: Strl cells were enriched for RNA process-
ing, protein refolding, and RNA metabolic processes,
whereas Str4 cells displayed features typical of decidual-
ization, including cell junction assembly, collagen fibril
organization, and extracellular matrix organization.
Str4 was further enriched for protein sumoylation and
cilium organization, the former linked to progesterone-
mediated decidual signaling [47] and the latter essential
for decidualization and epithelial-stromal interactions
[48]. Integration with pseudotime analysis indicated
that decidual-related functions progressively intensi-
fied toward Str4, which also expressed high levels of
maturation markers including DIO2, PGR, and WNT5A
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(Fig. 4E), identifying this subcluster as the most mature,
progesterone-responsive, and epithelium-interactive
population. Notably, Str4 specifically expressed DIO2, a
representative marker of snDCs [7, 45]. SnDCs contrib-
ute to decidual responses and modulate the endometrial
immune environment through the secretion of SASP fac-
tors [7, 8]. SASP components comprise pro-inflamma-
tory cytokines (e.g., IL-6, IL-15), chemokines (e.g., IL-8,
CXCL14), growth factor-binding proteins (e.g., IGFBP3),
and extracellular matrix-remodeling regulators (e.g.,
MMPs and their inhibitor TIMP3), whose controlled
release supports decidual cell maturation [49]. Consis-
tently, inflammation scoring (Fig. 4F) revealed that Str4
was enriched for inflammatory mediators, further sug-
gesting SASP-like secretory activity and a role in decid-
ual-associated inflammatory regulation. Importantly,
in AM patients, the proportion of Str4 cells was signifi-
cantly reduced (Fig. 4G) and this subcluster was notably
absent at the end of the pseudotime trajectory (Fig. 4H).

To validate the single-cell transcriptomic findings, we
performed IHC and ELISA on mid-secretory eutopic
endometrial tissues from 12 AM patients and 12 controls.
DIO2 was detected in both epithelial and stromal com-
partments, but stromal expression was markedly reduced
in AM (Fig. 5A). Key SASP-related regulators, includ-
ing CXCL12, IGFBP3, and MMP14 (Fig. 5B) were also
significantly diminished in AM. ELISA (Fig. 5C) further
revealed a substantial decrease of decidualization mark-
ers IGFBP1 and PRL in AM. In vitro decidualization of
normal primary HESCs increased senescence-associated
[-galactosidase (B-gal) activity (Fig. 5D) and upregulated
SASP-related cytokines, including CXCL14, TIMP3, and
IL15, at both mRNA (Fig. 5E) and protein levels (Fig. 5F).
To investigate the role of DIO2 in senescence-associated
decidualization, normal HESCs were transfected with
DIO2-targeting siRNA and subsequently treated with
MPA and cAMP. Efficient knockdown was confirmed
by RT-qPCR (Supplementary Fig. 4A). DIO2 depletion
reduced B-gal staining (Fig. 5G) and suppressed SASP
cytokine expression at both mRNA (Fig. 5H) and protein
levels (Figs. 51-K). Morphologically, control cells exhib-
ited typical decidual morphology with cytoskeletal reor-
ganization and a shift from spindle-shaped to rounded
forms, reflected by a decreased major-to-minor axis
ratio (Fig. 5L and M), which was largely absent in DIO2-
deficient cells. Conversely, DIO2 overexpression in AM
stromal cells restored B-gal activity and enhanced SASP
cytokine expression (Supplementary Fig. 4B—E). Collec-
tively, these data support that Str4 represents a mature
decidual population characterized by DIO2 expression,
SASP-like activity, inflammatory responsiveness, and its
deficiency in AM may underlie defective decidualization
and implantation failure.
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We next applied CellChat to systematically map
ligand—receptor interactions among the four stromal
subclusters. In controls, stromal cells exhibited strong
enrichment of classical decidualization-associated path-
ways, including non-canonical WNT [50], FGF [51],
PDGF [52], and IGF signaling [53]. Strikingly, these path-
ways were entirely absent or markedly attenuated in AM,
with IGF signaling showing near-complete loss of IGF1
and IGF1R expression (Fig. 6A, B and Supplementary Fig.
5). In the normal endometrium, Str4 served as a central
communication hub, integrating inputs from Strl, Str2,
and Str3. By contrast, in AM, this network was severely
disrupted: input from Str2 to Str4 was lost, and connec-
tions from Strl and Str3 to Str4 were markedly weakened
(Fig. 6C). The complete loss of ncWNT signaling among
AM stromal subclusters (Fig. 6D) further underscores
a breakdown in the normal differentiation trajectory,
impairing the transition from early stromal states toward
the mature, decidual Str4 phenotype.

Disrupted bidirectional epithelial-stromal crosstalk
impairs endometrial receptivity in adenomyosis
Endometrial receptivity relies on finely tuned bidirec-
tional communication between epithelial and stromal
cells. To dissect these interactions during the mid-secre-
tory phase, we first applied NicheNet to examine epithe-
lial-to-stromal signaling (Fig. 7A). GO analysis of the top
20 epithelial-derived ligands (Fig. 7B) revealed enrich-
ment for cell junction organization, cell-cell adhesion,
and secretory processes—mechanisms critical for epithe-
lial membrane remodeling and acquisition of receptivity
[54]. The predicted stromal targets of these ligands were
predominantly involved in angiogenesis, tissue remod-
eling, cell migration, and cytokine responses (Fig. 7C),
suggesting that epithelial signals orchestrate stromal
decidualization and create a favorable microenviron-
ment for implantation. Among epithelial-derived sig-
nals, IGF2 showed the highest interaction frequency with
stromal targets (Fig. 7A), including key decidualization
regulators (DIO2, IGFBPS5, PAPPA), SASP-associated
factors (IL32, CXCL12), and extracellular matrix com-
ponents (COLIAI, VCAN, LAMA4, COL5AI). In AM
patients, IGF2 signaling was significantly reduced (Fig.
7D), indicating impaired epithelial-stromal communica-
tion. Another prominently downregulated signal in AM
was DKK1, a canonical WNT antagonist that targets the
transcription factor LEF1 in stromal cells. In AM, DKK1
expression is markedly reduced (Fig. 7E), accompanied
by decreased stromal LEF1 [19], indicating a disruption
of WNT-mediated epithelial-stromal crosstalk that com-
promises decidualization. To explore the potential role
of PTN/ncWNT signaling in epithelial-stromal cross-
talk, we focused on DKK1, a ncWNT pathway regula-
tor that was prominently recruited in our intercellular
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Fig. 6 Altered communication networks among stromal subclusters in adenomyosis (AM). (A) Bar graph showing the relative contributions of control
and AM groups to individual signaling pathways across stromal subclusters. (B) Heatmap of stromal subcluster (Str) signaling patterns in control and
AM inferred by CellChat. (C) Circle plot (upper) and heatmap (lower) illustrating inter-subcluster interactions in control vs. AM. (D) Circle plot of inferred

ncWNT signaling networks among stromal subclusters in control and AM

signaling analysis (Supplementary Fig. 6). Treatment of
normal primary epithelial cells with DKK1 or a DKK1
inhibitor, followed by collection of conditioned media to
treat stromal cells undergoing decidualization, showed

that DKK1 promoted IGFBP1 and PRL expression while
DKK1 inhibition had the opposite effect, suggesting
that epithelial-stromal interactions are at least partly
ncWNT-dependent. At the subcluster level (Fig. 7F),
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Fig. 7 Aberrant epithelial-to-stromal communication in mid-secretory endometrium of adenomyosis (AM). (A) A Heatmaps (NicheNet) of ligand activity
of top-ranking ligands expressed by epithelial cells (left) and their regulatory potential on predicted target genes expressed by stromal cells (right). (B)
Gene Ontology (GO) enrichment analyses of epithelial ligands. (C) GO enrichment of predicted stromal targets. (D) NicheNet heatmaps showing ligand
activity (left) and expression (middle) of top epithelial-derived ligands, with log fold change (LFC, right) indicating differential expression between AM
and controls. (E) Representative immunohistochemistry images of DKK1 in mid-secretory eutopic endometrium from control and AM patients. Scale bars,
50 um. (F) NicheNet heatmaps displaying ligand activity of Epi3 epithelial cells (left) and their regulatory influence on Str4 stromal targets (right)
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Fig. 8 Alterations in stromal-to-epithelial signaling in adenomyosis (AM). (A) NicheNet heatmaps showing activity of top stromal-derived ligands (left)
and their predicted regulatory impact on epithelial targets (right). (B) Gene Ontology (GO) enrichment of stromal ligands. (C) GO enrichment of epithelial
targets. (D) Circle plot depicting inter-subcluster inter-subcluster signaling between stromal (Str) and epithelial (Epi) cells in controls versus AM. (E) Dot
plots illustrating representative ligand-receptor interactions across these subclusters in both groups. (F) Schematic summary of epithelial-stromal cross-

talk alterations in adenomyosis

Epi3 epithelial cells transmit multiple signals—including
ITM2B, LGALS3, DKK1, VCAN, MMP14, and OCLN—
to the mature decidual stromal subcluster Str4. The
predicted targets of these signals are enriched in path-
ways related to inflammatory responses (IL32, MMP2),
hormone regulation (ESRI), stress response (NR4AlI,
GADD45B), and decidualization (IGFBP3, FKBP5 [55]),
highlighting their critical role in Str4 maturation. In AM,
these epithelial-stromal signals are variably disrupted,
impairing stromal maturation.

Conversely, stromal-to-epithelial signaling analysis
identified 17 candidate ligands (Fig. 8A), enriched in

ECM remodeling, cell development, and serine/tryp-
tophan metabolism (Fig. 8B), all critical for stromal
decidualization. Their epithelial targets were enriched in
glandular differentiation, tissue morphogenesis, and cell-
matrix adhesion pathways (Fig. 8C), highlighting a recip-
rocal regulatory axis. Among these, TGFB1 emerged as
the most active signal, targeting polarity regulator SGK1,
gap junction protein GJA1l, and mucin MUCI, all inti-
mately linked to epithelial remodeling. Suppression of
MUCI1 and GJAL1 is required for receptivity [56, 57], and
persistent aberrant SGK1 expression can impair implan-
tation [58]. Notably, TGFB1 signaling was paradoxically
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enhanced in AM (Fig. 8A), potentially disturbing epi-
thelial polarity. Subcluster interaction analysis revealed
a complete loss of signaling from Str4 to Epi3 in AM,
particularly the LAMA2-CD44 ligand-receptor pair
(Fig. 8D and E). LAMA?2, a key ECM protein, transmits
intercellular cues via CD44 [59] and has been shown to
restrain excessive proliferation while promoting differen-
tiation in neural stem cells [60]. CD44 is critical for epi-
thelial polarity remodeling and embryo adhesion during
the mid-secretory phase, and its reduced expression is
associated with impaired decidualization [61]. Disruption
of this pathway likely diminishes differentiation signals to
Epi3 epithelial stem cells, hindering the establishment of
the non-polarized state required for endometrial recep-
tivity. In summary, epithelial-stromal interactions during
mid-secretory phase are profoundly perturbed in AM,
with altered ligand—receptor signaling that promotes epi-
thelial stem cell-like properties while inhibiting epithelial
polarity remodeling and stromal decidualization (Fig.
SF).

Furthermore, we analyzed communication between
immune cells and other endometrial cell types. Cell—cell
communication analysis revealed no significant differ-
ence in overall signaling between AM and control groups
(Supplementary Fig. 7A). Stratification into lymphoid
populations (including uNK cells) and macrophages
similarly showed no change in global communication
intensity (Supplementary Fig. 7B). Immune—stromal
interactions were consistently stronger than immuneepi-
thelial interactions across both cohorts. In AM, the dom-
inant immune—stromal signaling axis was IFNG/IFNGR,
whereas in control endometrium, GZMA/F2R and
GZMA/PARD3 interactions prevailed (Supplementary
Fig. 7C). These data indicate that while the overall magni-
tude of immune-stromal communication is comparable,
the qualitative composition differs between AM and con-
trol endometrium.

Discussion

Embryo implantation is a highly coordinated process that
requires the endometrium to acquire an optimal recep-
tive state during the window of implantation. In recent
years, increasing attention has been given to receptiv-
ity defects in the eutopic endometrium of patients with
AM [62]. Proposed mechanisms include aberrant hor-
monal signaling [63], immune dysregulation [64], and
abnormal angiogenesis [65], yet the precise cellular and
molecular landscape during this critical period remains
poorly defined. Unlike endometriosis, where lesions are
ectopic, AM involves invasion of endometrial glands and
stroma into the myometrium, causing junctional zone
disruption, intramural remodeling, and localized inflam-
mation [66]. Our high-resolution scRNA-seq analysis of
mid-secretory eutopic endometrium reveals AM-specific
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alterations: aberrant expansion of epithelial subclusters
with stem cell-like properties and proliferative proper-
ties, impaired differentiation of stromal cells toward a
mature decidual phenotype with SASP-like features, and
disrupted epithelial-stromal crosstalk. These alterations
may synergistically impair endometrial receptivity and
contribute to implantation failure in AM.

The endometrial epithelium is the first maternal cell
type encountered by the blastocyst during adhesion
and implantation, playing a central role in establish-
ing the maternal—fetal interface [67]. Single-cell profil-
ing revealed that, while the overall cellular composition
was similar between groups, AM samples exhibited a
pronounced expansion of epithelial cells during the mid-
secretory phase. This finding aligns with previous reports
of glandular hyperplasia in the basal layer and ectopic
lesions of AM [27, 68], suggesting that epithelial abnor-
malities may be a shared feature of both eutopic and
ectopic endometrium. We identified three epithelial sub-
clusters (Epil-Epi3) with distinct transcriptional signa-
tures that were significantly expanded in AM. Epil cells,
marked by metallothionein family members associated
with the proliferative-to-secretory transition [30, 69],
normally diminish as the cycle advances. Their persis-
tence in AM during the mid-secretory phase suggests a
delayed transition from proliferation to differentiation,
which may result in a displaced or postponed implan-
tation window, consistent with clinical observations of
delayed implantation in AM [70]. The Epi2 subcluster in
AM exhibited aberrantly enhanced tight junction activ-
ity and persistent estrogen signaling, deviating from the
progesterone-driven remodeling essential for receptiv-
ity. Normally, receptivity establishment involves down-
regulation of estrogen signaling, cessation of epithelial
proliferation, and transition to a differentiated pheno-
type, accompanied by cytoskeletal rearrangement, loos-
ening of tight junctions, and loss of apical microvilli [5].
In AM, dysregulated steroid hormone signaling—char-
acterized by local estrogen dominance and progesterone
resistance—likely contributes to these epithelial abnor-
malities [21]. Elevated estradiol levels and altered recep-
tor expression (upregulated ERP, downregulated PR-B)
promote epithelial proliferation and inflammation while
impairing stromal decidualization, reducing expression
of implantation-associated markers such as HOXA10 and
LIF [16]. Persistent tight junction activity in Epi2 may
hinder epithelial remodeling, delay receptivity onset, and
interfere with blastocyst—endometrium interactions. Pre-
vious studies have reported sustained expression of tight
junction proteins such as Claudin-10 [71] and downregu-
lation of receptivity markers such as LIF and HOXA10
[19] in AM mid-secretory endometrium, supporting this
hypothesis. Collectively, the persistence of proliferative
Epil and the abnormal junctional reinforcement of Epi2
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delineate distinct epithelial dysfunctions that converge
on receptivity impairment in AM.

Most notably, the Epi3 subcluster highly expressed
stem cell markers LGR5 and SOXO9, enriched in stem cell
maintenance pathways, and exhibited strong prolifera-
tive potential. Importantly, LGR5 cells have been shown
to play a key role in uterine gland development [72],
whereas SOX9 epithelial cells peak during the prolifera-
tive phase and decline during differentiation, establishing
a precise window for embryo implantation [46]. Their
temporally coordinated expression is thus essential for
maintaining a normal endometrial cycle. Importantly,
AM is increasingly recognized as a disorder driven by
repeated cycles of tissue injury and repair at the endo-
metrial-myometrial interface, accompanied by chronic
inflammation and progressive fibrotic remodeling [1,
27]. In such contexts, epithelial progenitor-associated
programs are often activated as part of a regenerative
response to sustained injury signals. Consistent with this
paradigm, enrichment of LGR5 /SOX9 epithelial cells
has been observed not only in AM lesions [23] but also
in peritoneal endometriotic lesions [73], suggesting that
chronic inflammatory microenvironments engage stem-
like epithelial states across disease compartments. In
our study, the marked expansion of Epi3 in the eutopic
endometrium of AM patients, together with IHC con-
firming upregulation of LGR5, SOX9, and the prolifera-
tion marker Ki-67, suggests that chronic inflammatory
remodeling in AM extends beyond ectopic lesions and
actively reshapes epithelial cell states in situ. This
expanded epithelial subset maintains stem cell-like prop-
erties and proliferative activity while failing to differen-
tiate during the secretory phase—a likely contributor to
impaired receptivity. These findings raise the possibility
that sustained activation of progenitor-associated epithe-
lial programs in the context of chronic injury and inflam-
mation may be linked to epithelial dysregulation and
reduced endometrial receptivity in AM. Further cell—cell
communication analysis revealed a profound rewiring of
ligand—receptor interactions in AM epithelium, with the
most pronounced changes observed in signaling from
Epi2 to Epi3. In AM, PTN signaling from Epi2 was mark-
edly enhanced, whereas ncWNT pathway activity was
nearly abolished. PTN, a cytokine closely associated with
stem cell properties maintenance, is known to inhibit epi-
thelial differentiation while promoting proliferation [36].
Consistently, single-cell studies have shown reduced PTN
signaling in thin endometrium [74] but elevated levels in
adenomyotic lesions [23]. Mechanistically, PTN has been
shown to enhance P-catenin stabilization and nuclear
accumulation, thereby promoting [-catenin/TCF-
dependent transcription and proliferative programs [75].
Normally, canonical WNT is downregulated during the
implantation window to allow epithelial depolarization,
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junctional loosening, and morphological remodeling,
whereas persistent activation can impair receptivity [76].
By contrast, ncWNT signaling is critical for establishing
receptivity: WNT5a and WNT11 activate the ncWNT/
PCP pathway to remodel the epithelial cytoskeleton [50],
while WNT7a trigger ncWNT/Ca® signaling to enhance
embryo—epithelium adhesion [77]. In addtion, multiple
studies have demonstrated that dominant activation
of canonical WNT/B-catenin signaling can antagonize
ncWNT/PCP and ncWNT/Ca® outputs, not by directly
inhibiting ncWNT ligands, but by shifting pathway bal-
ance toward [-catenin—dependent cell fate and prolifera-
tion programs [78, 79]. Taken together, in AM, enhanced
PTN signaling from Epi2 to Epi3 likely drives persistent
proliferation of the Epi3 subcluster via canonical Wnt
activation, while loss of ncWNT signaling disrupts dif-
ferentiation cues. This dual alteration promotes expan-
sion of the LGR5/SOX9 Epi3 population, sustaining
stem-like activity and hyperproliferation, which in turn
interferes with normal epithelial differentiation and
remodeling, ultimately impairing endometrial receptivity
and providing a mechanistic explanation for AM-associ-
ated infertility.

Proper decidualization of stromal cells is essential for
successful embryo implantation and pregnancy mainte-
nance [10]. While the overall stromal cell proportion in
AM endometrium is largely unchanged, subcluster and
pseudotime analyses indicate substantial impairment
in the decidualization process. Notably, Str4 represents
a mature decidual subpopulation marked by high DIO2
expression and SASP enrichment, characteristic of snDCs
[7]. Decidualization is initiated by conserved acute stress
responses, including rapid release of pro-inflammatory
factors and transient ROS elevation [80, 81], followed by
morphological transition from fibroblast-like to secretory
decidual cells. Concomitantly, snDCs are induced, tran-
siently expressing senescence markers such as p16"INK4,
and producing SASP to amplify early inflammatory
responses, promote synchronous stromal differentiation,
and activate receptivity-related genes [7, 8]. These acute
senescent cells are then cleared by uNK cells, maintain-
ing tissue homeostasis and preventing prolonged damage
[82]. Although snDCs contribute to physiological decid-
ual remodeling, excessive accumulation—particularly of
DIO2"high cells—has been linked to recurrent pregnancy
loss [45], suggesting a dual role in regulating the decidual
response. Physiological, transient senescence and SASP
support implantation by generating a controlled pro-
inflammatory milieu, recruiting immune regulators, and
facilitating dynamic tissue remodeling [83]. In contrast,
excessive or unresolved accumulation of senescent cells
can produce sustained SASP, creating a chronic inflam-
matory microenvironment, impairing stromal hormone
responsiveness, and diminishing decidual differentiation
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capacity, which collectively compromise endometrial
receptivity [84]. In AM, the deficiency of this acute senes-
cent subpopulation likely undermines the complete-
ness and functionality of decidualization, compromising
endometrial receptivity.

Endometrial receptivity is a prerequisite for successful
embryo implantation, relying on finely tuned, dynamic
crosstalk between epithelial and stromal cells. In the
normal cycle, epithelial-derived signals promote stro-
mal decidualization, which in turn regulates epithelial
function to establish a supportive implantation micro-
environment [85]. In AM, this interdependent communi-
cation network is disrupted. We observed a pronounced
loss of ncWNT signaling in both epithelial and stromal
compartments, accompanied by significant downregula-
tion of epithelial DKK1, a progesterone-regulated WNT
inhibitor that facilitates stromal decidualization [86].
Aberrant WNT/SERP signaling in AM lesions has also
been implicated in disease pathogenesis [23, 68], suggest-
ing that WNT dysregulation may directly impair endo-
metrial receptivity. Our epithelial-stromal interaction
experiments using DKK1 indicate that these interactions
are at least partly ncWNT-dependent. Although prelimi-
nary, these findings support a model in which ncWNT
signaling coordinates communication between epithe-
lial and stromal compartments. Future studies employ-
ing endometrial organoids with targeted modulation of
PTN or key ncWNT components in co-culture with stro-
mal cells will be essential to establish causality and elu-
cidate the underlying mechanisms of epithelial-stromal
crosstalk.

NicheNet analysis further revealed that mid-secretory
epithelial ligands predominantly influence cell adhesion
and junction remodeling—prerequisites for establish-
ing a non-polarized state—while downstream stromal
targets are associated with angiogenesis, tissue remodel-
ing, migration, and cytokine responses, underscoring the
role of epithelial cues in activating stromal decidual pro-
grams. Notably, IGF2 emerged as a key epithelial signal,
regulating decidual factors, SASP molecules, and ECM
components, and directly promoting stromal decidu-
alization [87]. IGF2 also enhances epithelial lysosomal
activity via STAT3, facilitating degradation of “non-
receptive” markers such as CLDN1 and MUC]1, thereby
supporting the acquisition of a receptive phenotype [13].
Its downregulation in AM indicates a loss of positive epi-
thelial-to-stromal regulatory input. Importantly, stromal
IGF signaling is also essential for decidualization: sin-
gle-cell study has identified an IGF1-IGF1R axis within
stromal compartments that coordinates inter-stromal
differentiation, and disruption of this pathway is associ-
ated with impaired receptivity and recurrent implanta-
tion failure [53]. Consistently, in vitro decidualization
of human endometrial stromal cells is accompanied by
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upregulation of IGF signaling components, including
IGFIR [88]. In this context, the marked attenuation of
stromal IGF signaling observed in AM suggests that loss
of reciprocal stromal IGF input may further exacerbate
epithelial-stromal communication defects. Conversely,
stromal-to-epithelial signaling also contributes to recep-
tivity. In our study, decidual stromal cells were found to
express ligands such as TGFB1 to modulate epithelial
polarity, differentiation, and glandular function. TGFB1
target genes included SGK1, GJA1l, and MUCI, which
regulate membrane polarity; their overactivation can
impair establishment of a non-polarized epithelial state,
leading to implantation failure [57, 58]. Single-cell studies
of normal endometrium similarly support a key role for
TGEp signaling in coordinating stromal-epithelial func-
tions [46]. Emerging evidence indicates that the eutopic
endometrium in adenomyosis and endometriosis is not
biologically normal, exhibiting altered inflammatory gene
expression and extracellular matrix remodeling, consis-
tent with chronic inflammation and fibrotic changes [66].
TGEFBI1 is a central driver of fibrogenesis in endometrial
tissues, promoting Smad2/3-dependent extracellular
matrix deposition, myofibroblast differentiation, and
fibrotic remodeling [89, 90]. In this context, the enhanced
stromal-to-epithelial TGFB1 signaling observed in AM
may reflect ongoing fibrotic remodeling, which can fur-
ther disrupt epithelial polarity and stromal-epithelial
crosstalk. In addition, TGFB1 is associated with fibrosis-
type SASP from chronically senescent stromal cells [91],
which suppress decidual factor secretion such as PRL and
IGFBP1, further compromising receptivity [92]. In AM,
enhanced TGFBI signaling may thus drive a “pathologi-
cal decidualization” state that disrupts epithelial receptiv-
ity. Regarding aberrant epithelial proliferation, current
evidence suggests a bidirectional relationship with stro-
mal defects rather than a unidirectional cause—effect
sequence. In AM, insufficient progesterone signaling and
persistent estrogen exposure can directly drive excessive
epithelial proliferation and delay differentiation, increas-
ing expression of proliferative and progenitor-associated
transcripts [93]. Simultaneously, defective stromal decid-
ualization due to progesterone resistance fails to provide
homeostatic paracrine signals necessary to constrain epi-
thelial growth [85]. Consistently, our single-cell analysis
reveals that in AM, aberrantly proliferative and tightly
connected epithelial cells reduce positive signals such
as IGF2, thereby limiting stromal decidualization, while
incompletely decidualized stromal cells produce abnor-
mal SASP factors, including TGFB1, which impair epi-
thelial polarity and receptive phenotype acquisition. This
dual-feedback disruption breaks the epithelial-stromal
network, providing a mechanistic basis for implantation
failure and infertility in AM.
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In the analysis of immune cell interactions with other
endometrial cell types, although overall communication
strength between immune cells and other compartments
did not differ between AM and control groups, the quali-
tative composition of signaling was markedly altered.
Immune-stromal interactions predominated over
immune—epithelial interactions in both cohorts, con-
sistent with prior single-cell studies [26]. In AM, IFNG/
IFNGR1 + IFNGR2 dominated the immune-stromal
signaling landscape, reflecting a shift toward proinflam-
matory, anti-decidualization pathways. Aberrant IFN
signaling has been linked to impaired stromal differentia-
tion and adverse reproductive outcomes, including early
pregnancy loss and trophoblast dysfunction [94, 95]. In
contrast, control endometrium exhibited granzyme A-
associated interactions (GZMA/F2R, GZMA/PARD3),
which support regulated stromal turnover and immune
homeostasis [96]. These findings suggest that, while
the magnitude of immune-stromal communication is
comparable, AM is characterized by a skewed signaling
profile that may compromise stromal function and endo-
metrial receptivity.

This study had certain limitations. First, the sample
sizes of both the scRNA-seq cohort (n=3 per group)
and the validation cohort (n=12 per group) were rela-
tively limited, which may not fully capture the biological
heterogeneity of adenomyosis. Although clear and con-
sistent trends were observed, larger cohorts and multi-
center datasets will be required to improve statistical
power, enhance generalizability, and validate our find-
ings. Future studies integrating expanded sample sizes
and emerging scRNA-seq datasets specifically covering
the implantation window will be particularly valuable.
Second, from a clinical perspective, patients with adeno-
myosis required a greater number of embryo transfers
and transferred embryos yet achieved lower live birth
rates, supporting the concept that implantation failure in
adenomyosis is primarily driven by endometrial dysfunc-
tion rather than embryo quality. The elevated epithelial
expression of LGR5 and SOX9 identified in adenomyosis
may reflect a maladaptive endometrial state character-
ized by excessive proliferation and impaired receptivity.
However, given the limited sample size, the present study
does not establish robust correlations between LGR5/
SOX9 expression and implantation or live birth out-
comes. Well-powered retrospective and prospective
clinical studies will therefore be necessary to assess their
predictive value and clinical relevance. Finally, all func-
tional experiments were performed in primary cell cul-
tures, which, while informative, cannot fully capture the
complex architecture, immune cell interactions (e.g.,
uNK cells, macrophages), or hormonal influences (such
as progesterone resistance or estrogen dominance) pres-
ent in the endometrium. These factors may contribute
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to aberrant epithelial proliferation and impaired stromal
decidualization in AM. Future studies using endometrial
organoids co-cultured with stromal and immune cells
under controlled hormonal conditions will be critical to
better model these interactions and validate the func-
tional significance of our findings.

Conclusion

In conclusion, this study provides a single-cell-level
characterization of mid-secretory eutopic endometrium
in AM from the perspective of receptivity defects. We
identified an expanded epithelial subpopulation charac-
terized by high expression of stem cell markers LGR5 and
SOX9, accompanied by sustained proliferation; a loss of
DIO2* SASP-positive decidual stromal cells; and a deeply
rewired epithelial-stromal communication network
marked by abnormal activation of PTN and TGFB1 sig-
naling and loss of ncWNT and IGF2 signaling. Together,
these findings establish a mechanistic link between
aberrant epithelial proliferation, stromal decidualiza-
tion failure, and disrupted intercellular communication,
providing concrete molecular clues to the implantation
defects observed in AM.

Abbreviations
AM Adenomyosis

scRNA-seq  Single-cell RNA sequencing

IVF/ICSI In vitro fertilization/intracytoplasmic sperm injection

WOI Window of implantation

ESCs Endometrial stromal cells

cAMP Cyclic AMP

FOXO1 Forkhead box O1

snDCs Senescent decidual cells

SASP Senescence-associated secretory phenotype

FGFs Fibroblast growth factors

IGF-1 Insulin-like growth factor-1

LIF Leukemia inhibitory factor

HOXA10 Homeobox A10

TVUS Transvaginal ultrasonography

MRI Magnetic resonance imaging

BMI Body mass index

PCA Principal component analysis

IGFBP1 Insulin like growth factor binding protein 1

PRL Prolactin

RT-gPCR Quantitative real-time reverse transcription polymerase chain
reaction

IF Immunofluorescence

IHC Immunohistochemistry

ELISA Enzyme-linked immunosorbent assay

Epi Epithelial

Str Stromal

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512967-026-07866-z.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.


https://doi.org/10.1186/s12967-026-07866-z
https://doi.org/10.1186/s12967-026-07866-z

Zhou et al. Journal of Translational Medicine (2026) 24:323

Authors’ contributions

B.X.and A. Z. initiated and supervised the project. G.T. initiated and analyzed
the data. Y. Z.and C. H. performed the experimental work, analyzed the data
and prepared the original draft manuscript. M. X,, J. H. and Y. H collected the
clinical samples and data. W. Z. collected the clinical samples and analyzed the
data. X. Z. revised and polished the manuscript. H. Z.and Y. L. contributed to
experimental work. D. Z. revised the manuscript. All authors critically read and
commented on the manuscript and approved the final version for submission.

Funding

This work was supported by the National Natural Science Foundation of China
(82371704, 82271703, 82201780, 82371673), the National Key Research and
Development Program of China (2022YFC2703800), the "Fertility Research
Program of Young and Middle-aged Physicians Clinical Research in 2022"

(No. BJHPA-2022-SHZHYXZHQNYJ-LCH-009) of Beijing Health Promotion
Association donated by Merck Serono Co,, Ltd,, and the Natural Science
Foundation of Shanghai (25ZR1402353).

Data availability

All data is available in the main text or the supplementary materials. The
raw sequence data from patients with AM reported in this paper have been
deposited in the Genome Sequence Archiv [97] in National Genomics Data
Center [98], China National Center for Bioinformation / Beijing Institute of
Genomics, Chinese Academy of Sciences (GSA-Human: HRA012445) that are
publicly accessible at https://ngdc.cncb.ac.cn/gsa-human. The raw data for
the control single-cell RNA-seq samples are available from the NCBI Gene
Expression Omnibus (GEO) under accession number GSE183837.

Declarations

Ethics approval and consent to participate

All procedures concerning human samples were approved by the Institutional
Ethics Committee of Ruijin Hospital, School of Medicine, Shanghai Jiao Tong
University (no. KY2020-3) and followed the Declaration of Helsinki for human
research. Written informed consent was obtained from all participants.

Consent for publication
Written informed consent has been obtained from each patient to publish
this paper.

Competing interests
The authors declared that they have no competing interests.

Author details

'Department of Obstetrics and Gynecology of Ruijin Hospital, School of
Medicine, Shanghai Jiao Tong University, Shanghai 200025, China
Shanghai Key Laboratory of Veterinary Biotechnology, School of
Agriculture and Biology, Shanghai Jiao Tong University, Shanghai
200240, China

3Shanghai Key Laboratory of Reproductive Medicine, Department of
Histoembryology, Genetics and Developmental Biology, Shanghai Jiao
Tong University School of Medicine, Shanghai 200025, China

Received: 16 September 2025 / Accepted: 8 February 2026
Published online: 05 March 2026

References

1. Chapron C,Vannuccini S, Santulli P, Abrdo MS, Carmona F, Fraser IS, et al.
Diagnosing adenomyosis: an integrated clinical and imaging approach. Hum
Reprod Update. 2020;26:392-411.

2. LiangT, Zhang W, Pan N, Han B, Li R, Ma C. Reproductive outcomes of in vitro
fertilization and fresh embryo transfer in infertile women with adenomyosis:
A retrospective cohort study. Front Endocrinol (Lausanne). 2022;13:865358.

3. Pirtea P, de Ziegler D, Ayoubi JM. Endometrial receptivity in adenomyosis
and/or endometriosis. Fertil Steril. 2023;119:741-45.

4. Bourdon M, Mimouni A, Maignien C, Casalechi M, Vigano P, Bordonne C, et al.
Reduced live birth rates following ART in adenomyosis patients: a matched
control study. Hum Reprod. 2025;40:855-64.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 22 of 24

Owusu-Akyaw A, Krishnamoorthy K, Goldsmith LT, Morelli SS. The role of
mesenchymal-epithelial transition in endometrial function. Hum Reprod
Update. 2019;25:114-33.

Dimova T, Alexandrova M, Vangelov |, You Y, Mor G. The modeling of human
implantation and early placentation: achievements and perspectives. Hum
Reprod Update. 2025;31:133-63.

Lucas ES, Vrljicak P Muter J, Diniz-da-Costa MM, Brighton PJ, Kong CS, et

al. Recurrent pregnancy loss is associated with a pro-senescent decidual
response during the peri-implantation window. Commun Biol. 2020;3:37.
Deryabin P, Griukova A, Nikolsky N, Borodkina A. The link between endome-
trial stromal cell senescence and decidualization in female fertility: the Art of
balance. Cell Mol Life Sci. 2020;77:1357-70.

Pathare ADS, Loid M, Saare M, GidIof SB, Zamani Esteki M, Acharya G, et al.
Endometrial receptivity in women of advanced age: an underrated factor in
infertility. Hum Reprod Update. 2023;29:773-93.

Gellersen B, Brosens JJ. Cyclic decidualization of the human endometrium in
reproductive health and failure. Endocr Rev. 2014;35:851-905.

Dey SK, Lim H, Das SK, Reese J, Paria BC, Daikoku T, et al. Molecular cues to
implantation. Endocr Rev. 2004,25:341-73.

Yang SC, Park M, Hong KH, La H, Park C, Wang P, et al. CFP1 governs uterine
epigenetic landscapes to intervene in progesterone responses for uterine
physiology and suppression of endometriosis. Nat Commun. 2023;14:3220.
Wang P, Du S, Guo C, Ni Z, Huang Z, Deng N, et al. The presence of blas-
tocyst within the Uteri facilitates lumenal epithelium transformation for
implantation via upregulating lysosome proteostasis activity. Autophagy.
2024;20:58-75.

Wang Y, Hanifi-Moghaddam P, Hanekamp EE, Kloosterboer HJ, Franken P,
Veldscholte J, et al. Progesterone Inhibition of Wnt/beta-catenin signal-

ing in normal endometrium and endometrial cancer. Clin Cancer Res.
2009;15:5784-93.

Li Q Kannan A, DeMayo FJ, Lydon JP, Cooke PS, Yamagishi H, et al. The
antiproliferative action of progesterone in uterine epithelium is mediated by
Hand2. Science. 2011;331:912-6.

Vercellini P, Vigano P, Bandini V, Buggio L, Berlanda N, Somigliana E. Associa-
tion of endometriosis and adenomyosis with pregnancy and infertility. Fertil
Steril. 2023;119:727-40.

Mishra A, Modi D. Role of HOXA10 in pathologies of the endometrium. Rev
Endocr Metab Disord. 2025;26:81-96.

Yu R, Wei C, Li G, Ouyang J, Liu N, Gu N, et al. Aberrant TCF21 upregulation
in adenomyosis impairs endometrial decidualization by increasing PDE4C
expression. Biochim Biophys Acta Mol Basis Dis. 2025;1871:167526.

Duan J, Zhou X, Zhu H, Zhou M, Liu M, Zhou Y, et al. Decreased expression
of LEF1 caused defective decidualization by inhibiting IL-11 expression in
patients with adenomyosis. Mol Med. 2025;31:10.

Shema E, Bernstein BE, Buenrostro JD. Single-cell and single-molecule epig-
enomics to uncover genome regulation at unprecedented resolution. Nat
Genet. 2019,51:19-25.

Wang R, Xu S, Cui Q Chen X, Wang X, Liu J, et al. Single-cell RNA sequenc-
ing identifies the prolactin receptor as a therapeutic target in adenomyosis.
Signal Transduct Target Ther. 2025;10:258.

LiB,QiJ, CaoY, Long Y, Wei Z, Wang WS, et al. From invaginating site to deep
lesion: Spatial transcriptomics unravels ectopic endometrial penetration
features in adenomyosis. Adv Sci (Weinh). 2025;12:2411752.

ChenT, XuY, Xu X, Wang J, Qiu Z,Yu, et al. Comprehensive transcriptional
atlas of human adenomyosis Deciphered by the integration of single-cell
RNA-sequencing and Spatial transcriptomics. Protein Cell. 2024;15:530-46.
Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, et al. The
dynamics and regulators of cell fate decisions are revealed by pseudotempo-
ral ordering of single cells. Nat Biotechnol. 2014;32:381-86.

Zhou Y, Liu'Y, Huang J, Duan J, He C, Xu M, et al. Secretoglobin family 2A
member 1 downregulation impairs endometrial decidualization in recurrent
implantation failure by disrupting protein kinase B interaction and forkhead
box O1 nuclear translocation. Int J Biol Macromol. 2025;332:148658.

Lai ZZ,Wang Y, Zhou WJ, Liang Z, Shi JW, Yang HL, et al. Single-cell tran-
scriptome profiling of the human endometrium of patients with recurrent
implantation failure. Theranostics. 2022;12:6527-47.

Bulun SE, Yildiz S, Adli M, Wei JJ. Adenomyosis pathogenesis: insights from
next-generation sequencing. Hum Reprod Update. 2021,27:1086-97.
Murphy CR. Uterine receptivity and the plasma membrane transformation.
Cell Res. 2004;14:259-67.


https://ngdc.cncb.ac.cn/gsa-human

Zhou et al. Journal of Translational Medicine

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

(2026) 24:323

Hu S, Yao G, Wang Y, Xu H, Ji X, He Y, et al. Transcriptomic changes during the
pre-receptive to receptive transition in human endometrium detected by
RNA-Seq. J Clin Endocrinol Metab. 2014;99:E2744-53.

Wang W, Vilella F, Alama P, Moreno |, Mignardi M, Isakova A, et al. Single-cell
transcriptomic atlas of the human endometrium during the menstrual cycle.
Nat Med. 2020;26:1644-53.

Garg A, Zielinska AP, Yeung AC, Abdelmalak R, Chen R, Hossain A, et al. Luteal
phase support in assisted reproductive technology. Nat Rev Endocrinol.
2024,20:149-67.

Zhong J, Li J, Burton GJ, Koistinen H, Cheung KW, Ng EHY, et al. The functional
roles of protein glycosylation in human maternal-fetal crosstalk. Hum Reprod
Update. 2024;30:81-108.

Zhou Z, Wang H, Zhang X, Song M, Yao S, Jiang P, et al. Defective autophagy
contributes to endometrial epithelial-mesenchymal transition in intrauterine
adhesions. Autophagy. 2022;18:2427-42.

WuT, Shi G, JiZ, Wang S, Geng L, Guo Z. Circulating small extracellular
vesicle-encapsulated SEMASA-IT1 attenuates myocardial ischemia-reperfu-
sion injury after cardiac surgery with cardiopulmonary bypass. Cell Mol Biol
Lett. 2022;27:95.

Sundqyist J, Andersson KL, Scarselli G, Gemzell-Danielsson K, Lalitkumar PG.
Expression of adhesion, attachment and invasion markers in eutopic and
ectopic endometrium: a link to the aetiology of endometriosis. Hum Reprod.
2012;27:2737-46.

Koel M, Krjutskov K, Saare M, Samuel K, Lubenets D, Katayama S, et al. Human
endometrial cell-type-specific RNA sequencing provides new insights into
the embryo-endometrium interplay. Hum Reprod Open. 2022;2022:hoac043.
Tulac S, Nayak NR, Kao LC, Van Waes M, Huang J, Lobo S, et al. Identification,
characterization, and regulation of the canonical Wnt signaling pathway in
human endometrium. J Clin Endocrinol Metab. 2003;88:3860-6.

Dietrich B, Haider S, Meinhardt G, Pollheimer J, Knéfler M. WNT and NOTCH
signaling in human trophoblast development and differentiation. Cell Mol
Life Sci. 2022;79:292.

Kim H, Cho B, Kim HK, Kang S, An S, Kwon D, et al. PTN activity in quiescent
neural stem cells mediates Shank3 overexpression-induced manic behavior.
Nat Commun. 2025;16:2435.

Santamaria X, Roson B, Perez-Moraga R, Venkatesan N, Pardo-Figuerez M,
Gonzalez-Fernandez J, et al. Decoding the endometrial niche of asherman’s
syndrome at single-cell resolution. Nat Commun. 2023;14:5890.

Robertson SA, Moldenhauer LM, Green ES, Care AS, Hull ML. Immune
determinants of endometrial receptivity: a biological perspective. Fertil Steril.
2022;117:1107-20.

Latifi Z, Fattahi A, Ranjbaran A, Nejabati HR, Imakawa K. Potential roles of
metalloproteinases of endometrium-derived exosomes in embryo-maternal
crosstalk during implantation. J Cell Physiol. 2018;233:4530-45.

Revel A, Achache H, Stevens J, Smith Y, Reich R. MicroRNAs are associated
with human embryo implantation defects. Hum Reprod. 2011,26:2830-40.
Piqué-Gili M, Andreu-Oller C, Mesropian A, Esteban-Fabro R, Barcena-Varela
M, Ruiz de Galarreta M, et al. Oncogenic role of PMEPAT and its associa-

tion with immune exhaustion and TGF-{3 activation in HCC. JHEP Rep.
2024,6:101212.

Muter J, Kong CS, Nebot MT, Tryfonos M, Vrljicak P, Brighton PJ, et al. Stalling of
the endometrial decidual reaction determines the recurrence risk of miscar-
riage. Sci Adv. 2025;11:eadv1988.

Mareckova M, Garcia-Alonso L, Moullet M, Lorenzi V, Petryszak R, Sancho-
Serra C, et al. An integrated single-cell reference atlas of the human endome-
trium. Nat Genet. 2024;56:1925-37.

Jones MC, Fusi L, Higham JH, Abdel-Hafiz H, Horwitz KB, Lam EW, et al. Regu-
lation of the SUMO pathway sensitizes differentiating human endometrial
stromal cells to progesterone. Proc Natl Acad Sci U S A. 2006;103:16272-7.
Long X, Chen L, Xiao X, Min X, Wu Y, Yang Z, et al. Structure, function, and
research progress of primary cilia in reproductive physiology and reproduc-
tive diseases. Front Cell Dev Biol. 2024;12:1418928.

Tamura K, Yoshie M, Kusama K, Tsuru A. Mechanisms of decidual dysfunction
and infertility in endometriosis: roles of prostaglandins and SASP. Reprod
Med Biol. 2025,24:e12663.

Zhang Q, Yan J. Update of Wnt signaling in implantation and decidualization.
Reprod Med Biol. 2016;15:95-105.

Zhang X, Mo Y, Lu C, Su Z, Li X. Fibroblast growth factors and endometrial
decidualization: models, mechanisms, and related pathologies. J Zhejiang
Univ Sci B. 2025;26:573-88.

53.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Page 23 of 24

Harvey MB, Leco KJ, Arcellana-Panlilio MY, Zhang X, Edwards DR, Schultz GA.
Roles of growth factors during peri-implantation development. Hum Reprod.
1995;10:712-8.

ShiJW, Lai ZZ, Yang HL, Zhou WJ, Zhao XY, Xie F, et al. An IGF 1-expressing
endometrial stromal cell population is associated with human decidualiza-
tion. BMC Biol. 2022;20:276.

Whitby S, Zhou W, Dimitriadis E. Alterations in epithelial cell Polarity during
endometrial receptivity: A systematic review. Front Endocrinol (Lausanne).
2020;11:596324.

Guzeloglu-Kayisli O, Semerci N, Guo X, Larsen K, Ozmen A, Arlier S, et al.
Decidual cell FKBP51-progesterone receptor binding mediates maternal
stress-induced preterm birth. Proc Natl Acad Sci USA. 2021;118.

Granot |, Dekel N, Bechor E, Segal |, Fieldust S, Barash A. Temporal analysis of
connexin43 protein and gene expression throughout the menstrual cycle in
human endometrium. Fertil Steril. 2000;73:381-6.

Dharmaraj N, Gendler SJ, Carson DD. Expression of human MUCT during
early pregnancy in the human MUCT Transgenic mouse model. Biol Reprod.
2009;81:1182-8.

Deng N, Li G, Zhang L, Wang P, Liu M, He B, et al. H3K27me3 timely dictates
uterine epithelial transcriptome remodeling and thus transformation essen-
tial for normal embryo implantation. Cell Death Differ. 2024;31:1013-28.
RenY, Li B, Yang B, Fan B, Huang S, Shi G, et al. Single-cell RNA sequencing

of the post-spinal cord injury dorsal root ganglia in cynomolgus monkeys:
elucidation of the cellular immune microenvironment of the central nervous
system. Neural Regen Res. 2025.

Zhang L, Zhang X, JiR, JiY, Wu Y, Ding X, et al. Lama2 and Samsn1 mediate
the effects of Brn4 on hippocampal neural stem cell proliferation and dif-
ferentiation. Stem Cells Int. 2023;2023:7284986.

Zhou X, Cao 'Y, Zhou M, Han M, Liu M, Hu Y, et al. Decreased CD44v3
expression impairs endometrial stromal cell proliferation and decidualiza-
tion in women with recurrent implantation failure. Reprod Biol Endocrinol.
2022;20:170.

Dai Y, Yuan Z, Fan W, Lin Z. Molecular mechanism of aberrant decidualization
in adenomyosis leading to reduced endometrial receptivity. Front Endocrinol
(Lausanne). 2024;15:1435177.

Stratopoulou CA, Rossi M, Beaussart C, Zipponi M, Camboni A, Donnez J,

et al. Generation of epithelial-stromal assembloids as an advanced in vitro
model of impaired adenomyosis-related endometrial receptivity. Fertil Steril.
2025;123:350-60.

Peng Y, Jin Z, Liu H, Xu C. Impaired decidualization of human endo-

metrial stromal cells from women with adenomyosist. Biol Reprod.
2021;104:1034-44.

Harmsen MJ, Wong CFC, Mijatovic V, Griffioen AW, Groenman F, Hehen-
kamp WJK; et al. Role of angiogenesis in adenomyosis-associated abnormal
uterine bleeding and subfertility: a systematic review. Hum Reprod Update.
2019;25:647-71.

ShiJ, XuQ,YuS, Zhang T. Perturbations of the endometrial immune microen-
vironment in endometriosis and adenomyosis: their impact on reproduction
and pregnancy. Semin Immunopathol. 2025;47:16.

Ye X. Uterine luminal epithelium as the transient gateway for embryo implan-
tation. Trends Endocrinol Metab. 2020;31:165-80.

Yildiz S, Kinali M, Wei JJ, Milad M, Yin P, Adli M, et al. Adenomyosis: single-cell
transcriptomic analysis reveals a paracrine mesenchymal-epithelial interac-
tion involving the WNT/SFRP pathway. Fertil Steril. 2023;119:869-82.

Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT, Dosiou C, et al. Molecular
phenotyping of human endometrium distinguishes menstrual cycle phases
and underlying biological processes in normo-ovulatory women. Endocrinol-
ogy. 2006;147:1097-121.

Mahajan N, Kaur S, Alonso MR. Window of implantation is significantly
displaced in patients with adenomyosis with previous implantation

failure as determined by endometrial receptivity assay. J Hum Reprod Sci.
2018;11:353-58.

Loeffelmann AC, Hoerscher A, Riaz MA, Zeppernick F, Meinhold-Heerlein |,
Konrad L. Claudin-10 expression is increased in endometriosis and adenomy-
osis and mislocalized in ectopic endometriosis. Diagnostics (Basel). 2022;12.
Seishima R, Leung C, Yada S, Murad KBA, Tan LT, Hajamohideen A, et al. Neo-
natal Wnt-dependent Lgr5 positive stem cells are essential for uterine gland
development. Nat Commun. 2019;10:5378.

Garcia-Alonso L, Handfield LF, Roberts K, Nikolakopoulou K, Fernando RC,
Gardner L, et al. Mapping the Temporal and Spatial dynamics of the human
endometrium in vivo and in vitro. Nat Genet. 2021,53:1698-711.



Zhou et al. Journal of Translational Medicine

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

(2026) 24:323

Lv H, Zhao G, Jiang P, Wang H, Wang Z, Yao S, et al. Deciphering the endo-
metrial niche of human thin endometrium at single-cell resolution. Proc Natl
Acad Sci USA 2022;119.

Wong JC, Krueger KC, Costa MJ, Aggarwal A, Du H, McLaughlin TL, et al. A
glucocorticoid- and diet-responsive pathway toggles adipocyte precursor
cell activity in vivo. Sci Signal. 2016;9:ra103.

Mufoz-Blat I, Pérez-Moraga R, Castillo-Marco N, Cordero T, Ochando A,
Ortega-Sanchis S, et al. Multi-omics-based mapping of decidualization
resistance in patients with a history of severe preeclampsia. Nat Med.
2025;31:502-13.

Lou'Y, Pinel L, Dufort D. Uterine WNTS modulates fibronectin binding activity
required for blastocyst attachment through the WNT/CA(2+) signaling path-
way in mice. Reprod Biol Endocrinol. 2023;21:85.

Yuzugullu H, Benhaj K, Ozturk N, Senturk S, Celik E, Toylu A, et al. Canoni-

cal Wnt signaling is antagonized by noncanonical Wnt5a in hepatocellular
carcinoma cells. Mol Cancer. 2009;8:90.

Grumolato L, Liu G, Mong P, Mudbhary R, Biswas R, Arroyave R, et al.
Canonical and noncanonical Wnts use a common mechanism to activate
completely unrelated coreceptors. Genes Dev. 2010,24:2517-30.

Bao S, Chen Z,Qin D, Xu H, Deng X, Zhang R, et al. Single-cell profiling reveals
mechanisms of uncontrolled inflammation and Glycolysis in decidual stromal
cell subtypes in recurrent miscarriage. Hum Reprod. 2023;38:57-74.
Erkenbrack EM, Maziarz JD, Griffith OW, Liang C, Chavan AR, Nnamani MC, et
al. The mammalian decidual cell evolved from a cellular stress response. PLoS
Biol. 2018;16:22005594.

Brighton PJ, MaruyamaY, Fishwick K, Vrljicak P, Tewary S, Fujihara R, et al.
Clearance of senescent decidual cells by uterine natural killer cells in cycling
human endometrium. Elife. 2017;6.

Rawlings TM, Makwana K, Taylor DM, Molé MA, Fishwick KJ, Tryfonos M, et al.
Modelling the impact of decidual senescence on embryo implantation in
human endometrial assembloids. Elife. 2021;10.

Zeng Z, Mo D, LiuY, YuY, Li R. The overlooked uterine factor: unlocking endo-
metrium potential in premature ovarian insufficiency. Trends Mol Med. 2025.
Zhang S, Lin H, Kong S, Wang S, Wang H, Wang H, et al. Physiological

and molecular determinants of embryo implantation. Mol Aspects Med.
2013;34:939-80.

Tulac S, Overgaard MT, Hamilton AE, Jumbe NL, Suchanek E, Giudice LC. Dick-
kopf-1, an inhibitor of Wnt signaling, is regulated by progesterone in human
endometrial stromal cells. J Clin Endocrinol Metab. 2006,91:1453-61.

87.

88.

89.

90.

91.

92.

93.

95.

96.

97.

98.

Page 24 of 24

Irwin JC, de las Fuentes L, Dsupin BA, Giudice LC. Insulin-like growth factor
regulation of human endometrial stromal cell function: coordinate effects on
insulin-like growth factor binding protein-1, cell proliferation and prolactin
secretion. Regul Pept. 1993;48:165-77.

Ganeff C, Chatel G, Munaut C, Frankenne F, Foidart JM, Winkler R. The IGF
system in in-vitro human decidualization. Mol Hum Reprod. 2009;15:27-38.
Gozdz A, Zeberkiewicz M, Janiuk |, Hyc A, Iwan A, Zwierzchowska A, et al. The
influence of menstrual cycle and endometriosis on endometrial expression
of epithelial-to-mesenchymal transition (EMT)-related genes. Reprod Biol
Endocrinol. 2025;23:144.

Vissers G, Giacomozzi M, Verdurmen W, Peek R, Nap A. The role of fibrosis in
endometriosis: a systematic review. Hum Reprod Update. 2024;30:706-50.
Tang X, Zhu'Y, Cao Z, Wang X, Cai X, Tang Y, et al. CDC42 deficiency leads to
endometrial stromal cell senescence in recurrent implantation failure. Hum
Reprod. 2024,39:2768-84.

Ni N, Li Q. TGF@ superfamily signaling and uterine decidualization. Reprod
Biol Endocrinol. 2017;15:84.

Bulun SE, Yildiz S, Adli M, Chakravarti D, Parker JB, Milad M, et al. Endometrio-
sis and adenomyosis: shared pathophysiology. Fertil Steril. 2023;119:746-50.
Guo L, Guo A, Guo Y, Han S, Klein C, Chen ZJ, et al. Enrichment of decidual
CD11c+CD8+T cells with altered immune function in early pregnancy loss.
Nat Commun. 2025;16:6678.

Simoni MK, Negatu SG, Park JY, Mani S, Arreguin MC, Amses KR, et al. Type

| interferon exposure of an implantation-on-a-chip device alters invasive
extravillous trophoblast function. Cell Rep Med. 2025;6:101991.

King A, Wooding P, Gardner L, Loke YW. Expression of perforin, granzyme A
and TIA-1 by human uterine CD56 + NK cells implies they are activated and
capable of effector functions. Hum Reprod. 1993,8:2061-7.

ChenT, Chen X, Zhang S, Zhu J, Tang B, Wang A, et al. The genome sequence
archive family: toward explosive data growth and diverse data types. Genom-
ics Proteom Bioinf. 2021;19:578-83.

Database resources of the national genomics data center. China National
center for bioinformation in 2022. Nucleic Acids Res. 2022;50:D027-38.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Single-cell transcriptomic landscape of the mid-secretory eutopic endometrium reveals receptivity defects in adenomyosis
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Patients and sample collection
	﻿Single-cell dissociation
	﻿ScRNA-seq data processing
	﻿Cell-type proportion analysis
	﻿Pseudotime analysis
	﻿Cell–cell communication analysis
	﻿Reverse transcription quantitative real-time PCR (RT-qPCR)
	﻿Immunofluorescence (IF) staining
	﻿Immunohistochemistry (IHC)
	﻿Enzyme-linked immunosorbent assay (ELISA)
	﻿Cell culture
	﻿Small interfering RNA (siRNA) knockdown and plasmid overexpression
	﻿Cell proliferation assays
	﻿Western blotting
	﻿In vitro decidualization
	﻿Dickkopf-related protein 1 (DKK1) and inhibitor treatment
	﻿Senescence-associated ﻿β﻿-galactosidase (SA-﻿β﻿-gal) staining
	﻿Statistical analysis

	﻿Results
	﻿Single-cell transcriptomics of mid-secretory eutopic endometrium in adenomyosis
	﻿Stem cell-like LGR5⁺SOX9⁺ epithelial cells drive hyperproliferation in the mid-secretory eutopic endometrium of adenomyosis
	﻿Aberrant Epi2-to-Epi3 signaling drives stem cell-like properties and hyperproliferation in adenomyosis
	﻿A SASP-like mature decidual stromal subpopulation is deficient in adenomyosis
	﻿Disrupted bidirectional epithelial–stromal crosstalk impairs endometrial receptivity in adenomyosis

	﻿Discussion
	﻿Conclusion
	﻿References


