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Abstract
Background  Reduced endometrium thickness and receptivity are two important reasons for recurrent implantation 
failure (RIF). In order to elucidate differences between these two types of endometrial defects in terms of molecular 
signatures, cellular interactions, and structural changes, we systematically investigated the single-cell transcriptomic 
atlas across three distinct groups: RIF patients with thin endometrium (≤ 6 mm, TE-RIF), RIF patients with normal 
endometrium thickness (≥ 8 mm, NE-RIF), and fertile individuals (Control).

Methods  The late proliferative and mid-secretory phases of the endometrium were collected from three individuals 
in the TE-RIF group, two in the NE-RIF group, and three in the control group. The study employed a combination of 
advanced techniques. Single-cell RNA sequencing (scRNA-seq) was utilized to capture comprehensive transcriptomic 
profiles at the single-cell level, providing insights into gene expression patterns within specific cell types. Scanning 
and transmission electron microscopy were employed to visualize ultrastructural details of the endometrial tissue, 
while hematoxylin and eosin staining facilitated the examination of tissue morphology and cellular composition. 
Immunohistochemistry techniques were also applied to detect and localize specific protein markers relevant to 
endometrial receptivity and function.

Results  Through comparative analysis of differentially expressed genes among these groups and KEGG pathway 
analysis, the TE-RIF group exhibited notable dysregulations in the TNF and MAPK signaling pathways, which are 
pivotal in stromal cell growth and endometrial receptivity. Conversely, in the NE-RIF group, disturbances in energy 
metabolism emerged as a primary contributor to reduced endometrial receptivity. Additionally, using CellPhoneDB 
for intercellular communication analysis revealed aberrant interactions between epithelial and stromal cells, 
impacting endometrial receptivity specifically in the TE-RIF group.

Conclusion  Overall, our findings provide valuable insights into the heterogeneous molecular pathways and cellular 
interactions associated with RIF in different endometrial conditions. These insights may pave the way for targeted 
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Introduction
In recent years, infertility has emerged as a significant 
global concern, affecting approximately 8–12% of couples 
of reproductive age [1]. Assisted reproductive technol-
ogy (ART) offers a beacon of hope, with over 10 million 
babies born worldwide due to its advancements [2]. 
However, approximately 10% of couples undergoing 
IVF experience recurrent implantation failure (RIF) [3]. 
Although a universally accepted definition of RIF does 
not exist, aspects such as the number of embryo trans-
fers, the quantity of transferred embryos based on dif-
fering morphologies, euploidy status, and maternal age 
are considered. The consensus among most clinicians is 
that RIF can be characterized as the failure to achieve 
pregnancy after three fresh or frozen embryo transfers. 
We adopted the criteria of the Preimplantation Genetic 
Diagnosis (PGD) Consortium of the European Society of 
Human Reproduction and Embryology (ESHRE), which 
defines RIF as more than three failed embryo transfers 
with high-quality embryos or the failed transfer of 10 or 
more embryos in multiple cycles [4]. The reasons behind 
recurrent implantation failure are multifaceted and can 
be grouped into several categories: embryonic factors, 
maternal conditions, and the synchronization between 
the endometrium and the embryo [5]. Among these, 
endometrial receptivity and thickness play pivotal roles. 
On one hand, the thickness of the endometrium reflects 
the structural integrity and functional capacity of the 
endometrial lining. Notably, patients with thin endome-
tria, constituting 1-2.5% of cases in most ART studies, 
frequently experience recurrent implantation failure [6], 
and these patients also have significantly lower rates of 
ongoing pregnancies and live births. On the other hand, 
endometrial receptivity is regulated by a complex inter-
play of molecular and cellular factors, including the inter-
paly between stromal and epithelial cells, and the levels 
of hormones, cytokines, and growth factors.

Several studies have investigated various aspects of 
impaired endometrial function underlying RIF, under-
scoring the importance of the proliferation, differentia-
tion, and interplay between epithelial cells and stromal 
cells. Wang et al., through single-cell sequencing analy-
sis of post-intercourse endometrial samples and embryos 
from pregnant mice, found that embryonic implantation 
released signaling molecules Pdgfa and Efna3/4 to acti-
vate differentiation in maternal endometrial epithelial 

cells and establish endometrial receptivity [7]. Lai et al. 
reported a decreased proportion of dominant NK cells 
expressing high levels of CD49a and EOMES in RIF 
patients [8]. These NK cells primarily function to pro-
mote fetal growth in early pregnancy by enhancing cell 
adhesion and tissue remodeling in stromal and epithelial 
cells through the TNFSF14/TNFRSF14 and MMP9 sig-
naling pathways, and assisting angiogenesis to facilitate 
trophoblast invasion. Additionally, SFRP4 + stromal cells 
were noted as key regulators influencing the proliferation 
of epithelial cells in women with normal fertility [9]. Pro-
liferating stromal (pStromal) cells, which contribute to 
the growth of stromal cells, were found to have impaired 
cell cycle signaling pathways in TE-RIF patients [10]. 
However, the impact of damaged cell signaling pathways 
in pStromal cells on the function of subsequent stromal 
cells and endometrial receptivity remains unclear. The 
intricate communication between stromal cells and epi-
thelial cells is still largely unexplored.

In this study, we aim to study the different etiologies 
behind impaired endometrial thickness and endometrial 
receptivity by comparing the transcriptome of endome-
trium derived from RIF patients with thin endometrium 
(≤ 6  mm, TE-RIF), normal endometrium (≥ 8  mm, NE-
RIF) and fertile individuals (control) group. The insights 
gained from this study promise to make individualized 
clinical strategies and therapeutic interventions.

Methods
Sample collection
Zhejiang Provincial People’s Hospital approved the use 
of human tissue for this study (2019QT003). We adopted 
the criteria for RIF set by the Preimplantation Genetic 
Diagnosis (PGD) Consortium of the European Soci-
ety of Human Reproduction and Embryology (ESHRE), 
which defines RIF as more than three failed embryo 
transfers with high-quality embryos, or the failed trans-
fer of 10 or more embryos in multiple cycles [4]. TE-RIF 
(thin endometrium with recurrent implantation fail-
ure) patients had a maximum endometrial thickness of 
≤ 6  mm throughout the menstrual cycle, while NE-RIF 
(normal-thickness endometrium with unexplained recur-
rent implantation failure) participants maintained a nor-
mal endometrial thickness of ≥ 8  mm (Supplementary 
Tables 1–2). Volunteers in the control group had at least 
one child born naturally and displayed an endometrial 
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thickness exceeding 8 mm, without a history of infertility 
or abortion. We enrolled three participants in the TE-RIF 
group, two in the NE-RIF group, and three in the control 
group. Among the eight participants, one from the con-
trol group and one from the TE-RIF group were from our 
previous study [11]. Inclusion criteria included age under 
35, a regular menstrual cycle lasting 26–30 days, nor-
mal ovulation, non-smoking habits, and the absence of 
abnormalities in metabolism, blood coagulation, immune 
system, and reproductive system, such as polycystic 
ovary syndrome, polyps, adenomyosis, endometritis, and 
tumors. Exclusion criteria included the presence of an 
intrauterine device or having received any endometrial 
therapy within the past month.

Biopsies of the endometrium were obtained from the 
anterior or posterior wall during the late proliferative 
phase (1–2 days before ovulation) and the mid-secretory 
phase (6–7 days after ovulation) in a natural cycle. Dat-
ing was performed with ultrasound scans and hormone 
levels (Supplementary Table 1), and histological dating 
of the endometrial samples was consistent with the men-
strual cycle phases (Fig. 1B).

Sample preparation
Each endometrial sample was approximately 100  mm³ 
in size. After collection, the samples were promptly 
immersed in 0.9% cold sodium chloride and trans-
ported on ice to ensure cell viability. Following this, the 

Fig. 1  Comparison of clinical examination results among three groups. (A) Representative ultrasound images of endometrial thickness for the TE-RIF, 
NE-RIF, and control groups in the late proliferation phase and middle secretory phase. (B) Representative hematoxylin and eosin staining of TE-RIF, NE-RIF, 
and control samples at the late proliferative phase and mid-secretory phase. (C) Comparison of the quality and number of secretory vesicles for the TE-RIF, 
NE-RIF, and control samples, detected by scanning electron microscopy; comparison of the number of secretory cells for the TE and control samples, de-
tected by transmission electron microscopy. TE-RIF: recurrent implantation failure patients with thin endometrium, NE-RIF: recurrent implantation failure 
patients with normal endometrium thickness, control: fertile volunteers
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endometrial tissue underwent a thorough rinse with 
phosphate-buffered saline (PBS, BIOIND, USA) and Dul-
becco’s Modified Eagle Medium (DMEM, Gibco, USA) 
before being finely dissected into smaller fragments. 
Subsequently, the dissected tissue was transferred into 
a digestive solution (Sigma, USA) containing 1.5  mg/
ml type I collagenase. The mixture was gently shaken at 
4℃ and incubated for 7–8 h to obtain cell suspensions. 
The cell suspension was filtered through a 40 μm nylon 
strainer (BD Falcon, USA) and centrifuged at 1500  rpm 
for 6 min. The supernatant was discarded. Next, a diges-
tion solution containing 0.25% trypsin-EDTA (Gibco, 
USA) and 2.3  mg/ml DNase I (Roche, Switzerland) was 
introduced. Sequential incubation steps were carried out 
at 37 °C for 5 min each. An equal volume of DMEM/F12-
10% FBS (BIOIND, USA) was then added before another 
round of centrifugation. Red blood cells were lysed using 
an RBC lysis buffer (Beyotime, China) at room tempera-
ture, followed by another centrifugation. The resulting 
pellet was retained. Trypan blue (Sigma, USA) staining 
was used to determine cell viability. Finally, the cells were 
suspended in PBS at a density of 1 × 10^5 cells/100µl for 
single-cell sequencing.

Single-cell RNA-seq data processing
RNA sequencing was conducted using 10x Genomics 
technology, and the Cell Ranger software (v.6.1.2) was 
employed to decode gene expression and align reads to 
the reference genome (GRCh38). For each individual 
sample, matrices for gene and cell counts were created 
(Supplementary Table 3). Using “Cellranger aggr” to 
aggregate multiple samples, the R package Seurat (v.4.1.1) 
was then used for downstream analysis (Resolution: 0.8, 
Dims used for cell clustering: 20). Cells expressing more 
than 500 genes and with less than 25% mitochondrial 
gene expression were included [12, 13]. The filtered gene 
expression matrix was normalized using the Normalize-
Data function, which employs the global-scaling normal-
ization method “LogNormalize”. The normalized gene 
expression matrix generated after preprocessing was 
used to cluster cells and visualized by dimension reduc-
tion. In brief, 2000 highly variable genes were selected, 
and then principal component analysis (PCA) based on 
the z-transformed expression values of the identified 
highly variable genes was performed. The top 20 were 
used for clustering by uniform manifold approximation 
and projection (UMAP) for dimension reduction with a 
resolution of 0.8. Cluster identities were assigned based 
on the differentially expressed genes (DEGs) for each 
cluster, as determined by the FindMarkers function (with 
parameters: p-value < = 0.01 and Log2FC > = 0.26), and 
gene expression of known marker genes.

Enrichment analysis
The combined approach of KEGG and GO enrichment 
analysis served to illuminate the intricate interplay of 
genes within broader biological pathways and func-
tional categories [13, 14]. The differentially expressed 
genes (DEGs) were used for enrichment analysis by the 
OmicStudio platform (https://www.omicstudio.cn/
home?slide=2).

Construction of single-cell trajectories
The Python package scVelo (Python version 0.2.5.1) was 
employed to construct single-cell trajectories in pseu-
dotime order by calculating the RNA velocity (https://
scvelo.readthedocs.io/en/stable/). This analysis was 
pivotal in uncovering the directional trends in gene 
expression changes, enabling us to unravel the complex 
relationships between stromal cells and epithelial cells 
during their differentiation processes.

Cell communication
To figure out the communication between different cell 
types, CellPhoneDB (www.cellphonedb.org, v3) was used 
to analyze the interaction between proteins secreted by 
epithelial and stromal cells in different groups [15]. Nor-
malized counts and cell type annotation information 
were inputted and combined. The percentage of cells 
expressing the gene and the mean value of gene expres-
sion were calculated. A ligand-receptor pair was included 
in the analysis when the percentage of cells expressing 
both receptor and ligand genes exceeded 10%. All cells 
were randomly arranged to form a new cell population 
(the default number of random arrangements was 1000 
times). The average expression level of the ligand in the 
cell population after random arrangement and the aver-
age expression level of the receptor in the cell type with 
which it interacted were calculated, and then an aver-
age mean was calculated. This process was repeated 
many times to obtain a mean null distribution. After the 
null distribution was generated, the actual mean of the 
ligand-receptor pair between the two cell types was cal-
culated according to the original cell clustering, and the 
possible significance p-value of the ligand-receptor pair 
in the two cell types was inferred from the proportion of 
the calculated mean that was equal to or higher than the 
actual mean. Finally, highly specific interactions between 
cell types were ranked according to the number of signifi-
cant ligand-receptor pairs enriched in both cell types to 
allow manual screening of biologically relevant interac-
tion relationships.

Hematoxylin and eosin staining
Tissue sections (3  μm) from formalin-fixed, paraffin-
embedded human endometrium underwent HE staining. 
The process involved dewaxing, hydration, staining with 

https://www.omicstudio.cn/home?slide=2
https://www.omicstudio.cn/home?slide=2
https://scvelo.readthedocs.io/en/stable/
https://scvelo.readthedocs.io/en/stable/
http://www.cellphonedb.org
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hematoxylin and eosin, dehydration, and sealing. Imag-
ing was performed using a Nikon ECLIPSE E100 micro-
scope and Nikon DS-U3 imaging software.

Scanning and transmission electron microscopy
Scanning Electron Microscope (SEM): Tissues fixed in 
2.5% glutaraldehyde were first rinsed with PBS, then fixed 
in 1% osmic acid for 1.5 h and again rinsed in PBS. This 
was followed by a series of alcohol dehydrations (50%, 
70%, 90%, 100%). Samples were examined using the SEM 
Nova Nano450 (Thermo Fisher FEI, USA).

Transmission Electron Microscope (TEM): After fixa-
tion in 2.5% glutaraldehyde and rinsing in PBS, tissues 
were fixed in 1% osmic acid for 1.5 h, washed in PBS, and 
stained with 2% uranyl acetate (HEAD, China). A sequen-
tial alcohol dehydration was employed. The tissues were 
then infiltrated using a mixture of embedding agent and 
pure propionic acid (Guidechem, China) in ratios of 1:1 
and 3:1, embedded in resin (ChemNet, China), polym-
erized, and fixed. The examination was conducted using 
an electron microscope (Thermo Fisher Scientific, MA, 
USA). For methodology details, please see our prior 
research [11].

Immunohistochemistry (IHC)
Immunohistochemical staining was conducted on 3  μm 
formalin-fixed paraffin-embedded human endometrium. 
The protocol included dewaxing, rehydration, antigen 
retrieval, peroxidase blocking, primary and second-
ary antibody incubation, DAB staining, counterstaining 
with Harris hematoxylin, and subsequent dehydration 
and sealing, as described in our previous research [11]. 
Microscopic examination was performed using a CIC 
XSP-C204 microscope. Primary antibodies used were as 
follows: GZMK, COL1A1, VWF, FGFBP2, GNLY, CD3D, 
FOXJ1, PCDH9, DCN, PECAM1, GZMB, ALDOC, 
KLRC1, FAM183A, HLA-DRA, and STMN1 (all 
sourced from Servicebio, Bioss, Proteintech, Abcam, and 
Abclonal in China, and ATLAS antibodies in Sweden).

Statistical analysis
Data were presented as means ± SD. Gene expressions in 
three groups were compared and analyzed by the Wil-
coxon rank-sum test or ANOVA test in GraphPad Prism9 
(GraphPad Software, La Jolla, CA, USA), and mentioned 
in the legend. A p-value < 0.01 was considered statisti-
cally significant in the comparison of gene expression 
among the TE-RIF samples, NE-RIF samples, and control 
samples.

Results
Morphology of the endometrium
Ultrasound was employed to assess the endometrial 
thickness (Fig. 1A). In the late proliferative phase (LPP), 

HE-stained sections from the control group showed 
round and closely arranged stromal cells, proliferated 
and spirally coiled small arteries within the stroma, an 
increased number of glands, and enlarged and slightly 
curved glandular cavities (Fig.  1B). Conversely, the TE-
RIF group exhibited relatively loose stromal cells, fewer 
spiral curly arterioles, a reduced glandular count, and 
flatter luminal structures (Fig.  1B). The NE-RIF group 
demonstrated better characteristics compared to the TE-
RIF group (Fig. 1B).

After transitioning to the mid-secretory phase (MSP), 
the endometrial glands in the TE-RIF group did not 
exhibit the expected curvature and hypertrophy charac-
teristics seen in the control group. Similarly, stromal cells 
in the TE-RIF group did not display the loose or edema-
tous characteristics typical of this phase, while the endo-
metrial epithelial glands in the NE-RIF group showed 
slight curvature without significant expansion of glandu-
lar cavities or secretion (Fig. 1B) [16].

In addition, SEM results demonstrated that both TE-
RIF and NE-RIF patients in the MSP phase had fewer 
fully developed endometrial pinopodes, which appeared 
shrunken and immature, mostly suggesting regressing 
pinopodes (Fig.  1C). In contrast, the control group dis-
played developing and fully developed pinopodes with 
abundant microvilli (Fig.  1C). In terms of supranuclear 
secretion observed by TEM, the control group exhibited 
relatively rich secretory content, while the TE-RIF group 
displayed predominantly subnuclear secretion (Fig.  1C). 
These findings suggested that the endometrial receptiv-
ity in TE-RIF and NE-RIF patients was impaired [17–19].

Single-cell atlas of the endometrium
To further explore the mechanism of impaired endome-
trial receptivity, single-cell RNA sequencing was per-
formed on endometrium samples from eight participants 
in both the late proliferative and mid-secretory phases, 
resulting in a total of 16 samples. After filtering, an unbi-
ased clustering approach identified 102,920 cells, which 
were subsequently categorized into ten distinct cell types 
across 21 clusters (Fig. 2A-C). The predominant cell type, 
marked by COL1A1 and DCN, was stromal cells with a 
subset identified as proliferating stromal cells (pStro-
mal) characterized by the expression of MKI67, PCNA, 
and STMN1 [9, 10, 20, 21]. Epithelial cells were identi-
fied by high expression levels of KRT18 and EPCAM [9], 
while ciliated epithelial cells were marked by FAM183A 
and FOXJ1 [22]. NK cells were identified by GNLY and 
KLRC1 [10], endothelial cells by PECAM1 and VWF 
[8, 9], T cells by CD3D and GZMK [23, 24], B cells by 
CD74 and HLA-DRA [25, 26], NK T cells by GZMB and 
FGFBP2 [27], and pNK cells by PCDH9 and ALDOC [10] 
(Fig. 2D).
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Delving into the shifting proportions of distinct cell 
types, we observed intriguing patterns. In the control 
group, stromal cells constituted merely 43.06% in LPP, 
which surged to 80.41% during MSP (Fig.  2E-F, Supple-
mentary Table 3). Strikingly, unlike the control group, 
neither the TE-RIF group (from 62.00 to 61.87%) nor the 
NE-RIF group (from 63.41 to 60.91%) exhibited a twofold 
surge in stromal cell proportions (Fig. 2G-J, Supplemen-
tary Table 4).

In terms of the percentage of epithelial cells, the con-
trol group experienced a marked 12% decline in MSP 
compared to the LPP (from 29.92 to 17.01%), and the 
NE-RIF group exhibited a similar pattern, while the TE-
RIF group demonstrated a contrasting trend (from 13.23 
to 18.09%) (Fig.  2G-J, Supplementary Table 4). Consid-
ering that epithelial and stromal cells are key players in 
the endometrium, these imbalances in their proportions 
during the menstrual cycle imply endometrial growth 
asynchrony.

Remarkably, a parallel shift in the proportion of pStro-
mal cells was observed in both the control and TE-RIF 
groups. Intriguingly, the NE-RIF group displayed a higher 
proportion of pStromal cells compared to the control 
group in both phases (Fig. 2I-J, Supplementary Table 4).

Dysregulation of cell cycle in stromal cells
In our quest to uncover the factors contributing to 
the resistance of thin endometrium to thickening, we 
embarked on an exploration of gene expressions in pStro-
mal cells. Among the top 10 markers in clusters 10 and 
13, MKI67 and STMN1 emerged, corroborated by a pre-
vious study as indicative of pStromal cells [10]. Remark-
ably, MKI67 was identified as a novel marker gene for 
pStromal cells, associated with the G2 phase and mito-
sis [28–30] (Fig.  3A-B). GO analysis confirmed enrich-
ment of biological processes pertinent to pStromal cells, 
including protein binding, cell cycles, and cell division 
(Fig. 3C). To ascertain potential functional impairments 
in pStromal cells, we conducted a gene expression com-
parison between the control and TE-RIF groups in 
LPP. The resulting volcano plot showcased 206 genes 
expressed at significantly elevated levels and 208 genes 
at significantly diminished levels. Notably, genes such as 
CREB5, FOS, JUNB, and JUN, known regulators of the 
cell cycle, exhibited upregulation (Fig. 3I). Their overex-
pression could disrupt cell cycle regulation, potentially 
leading to premature apoptosis [31–33]. RNA veloc-
ity analysis illuminated the differentiation trajectory 
of pStromal cells into stromal cells in LPP, implying the 
potential impact of abnormal pStromal cell expression 
on stromal cells (Fig.  3E-G). This trend resonated in 

Fig. 2  Comparison of the proportion of different cell types. (A) Summary of sample collection, single-cell sequencing, and analysis workflow. (B) UMAP 
(uniform manifold approximation and projection) plot consisting of 21 clusters colored by differential clusters. (C) UMAP plot of 102,920 single cells 
colored by major cell lineages, with each dot representing an individual cell. (D) Mean expression of classical marker genes for each cell type in the endo-
metrial samples. (E-J) Nightingale rose diagrams showing the distribution of cell fractions of each cell type across the TE-RIF, NE-RIF, and control groups 
in the late proliferative phase and the mid-secretory phase.TE-RIF (n = 3): recurrent implantation failure patients with thin endometrium, NE-RIF (n = 2): 
recurrent implantation failure patients with normal endometrium thickness, control (n = 3): fertile volunteers
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Fig. 3 (See legend on next page.)
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the KEGG analysis, where stromal cells of the TE-RIF 
group in LPP exhibited enrichment in apoptosis and cel-
lular senescence signaling pathways (Fig.  3H). The TNF 
(tumor necrosis factor) signaling pathway, crucial for 
cell cycle regulation, emerged as the second significantly 
enriched pathway. Key genes such as TNFRSF1A, CEBPB, 
NFKBIA, SOCS3, and FOS showed higher expression in 
stromal cells from the TE-RIF group compared to those 
in the control group in LPP (Fig.  3J). TNF-α signaling 
triggers inflammation and apoptosis, and the emergence 
of suppressor of cytokine signaling 3 (SOCS3) curbs 
ongoing NF-κB activation, fostering apoptosis [34]. In 
conclusion, we surmised that one contributing factor 
to the resistance of thin endometrium to thickening in 
TE-RIF patients might be the accelerated apoptosis of 
stromal cells. Aberrant TNF signaling pathways, poten-
tially linked to abnormal activation, might underlie this 
phenomenon.

Recent reports have highlighted the profound impact 
of cellular senescence on endometrial receptivity [35]. 
Correspondingly, marker genes such as IGFBP2, PGR, 
HAND2, FOXO1, HOXA10, and HOXA11 exhibited 
reduced expression levels in stromal cells of the TE-RIF 
group during the MSP (Fig.  4A) [36]. KEGG analysis of 
stromal cells from both the control and TE-RIF endome-
trium in MSP continued to reveal enrichment in apop-
tosis and cellular senescence pathways (Fig.  4B). This 
observation led us to infer that accelerated senescence 
of pStromal cells could potentially affect subsequent 
function of stromal cells. Notably, the MAPK (mitogen-
activated protein kinases) signaling pathway emerged as 
a pivotal mediator within this context (Fig.  4B). Taking 
a closer look at the MAPK signaling pathway, we identi-
fied highly expressed genes including TNFRSF1A, RRAS, 
MYC, HSPA1A, JUND, and FOS (Fig. 4C-D). This path-
way not only regulates stromal cell progesterone sensitiv-
ity adjustments but also wields significant influence over 
cellular senescence and inflammation outcomes [37–39]. 
The delicate balance in MAPK signaling ensures proper 
stromal cell function, while excessive activation might 
culminate in cellular senescence and inflammatory cas-
cades. This interplay between cellular senescence, MAPK 
signaling, and stromal cell dynamics underscores the 

intricacies governing endometrial receptivity. It high-
lights how abnormalities at the pStromal cell level could 
cascade into significant disruptions in subsequent stages 
of stromal cell maturation, ultimately impacting endome-
trial receptivity.

Compared to the NE-RIF group, KEGG analysis of 
differentially upregulated genes in pStromal cells of the 
TE-RIF group showed that cell senescence and the TNF 
signaling pathway were still enriched pathways (Fig. 3K). 
The same phenomenon was observed when gene expres-
sions in stromal cells were compared between the two 
groups, further indicating dysregulation in the stromal 
cell cycle in TE-RIF patients (Figs. 3L and 4E).

Insensitive epithelial cells and decreased adhesion
The gradual proliferation of epithelial cells and their 
altered adhesion had significant implications, particu-
larly in light of the direct interaction between embryonic 
trophoblasts and the luminal epithelium, which is crucial 
for uterine receptivity [40]. Notably, our KEGG analysis 
revealed downregulation of gene expression in the estro-
gen signaling pathway in epithelial cells of the TE-RIF 
group compared to the control group in LPP (Fig.  5A). 
This pathway plays a key role in promoting cellular 
growth. Thus, we further investigated the expression of 
ESR1, a gene responsible for synthesizing a critical regu-
latory hormone that governs endometrial growth in LPP 
[41]. Strikingly, ESR1 expression was found to be lower in 
the TE-RIF group in both LPP and MSP (Fig. 5B-C). This 
indicated an insufficient estrogen response to support 
epithelial cell growth in LPP, thereby limiting their pro-
liferation. Moreover, considering the role of progestogens 
in driving epithelial cells into a receptive state, the low-
ered expression of PGR in epithelial cells during the MSP 
of the TE-RIF group substantiated their unpreparedness 
for embryo implantation [42](Fig. 5D).

Further scrutinizing the epithelial cells of the TE-RIF 
group in MSP, we noted the downregulation of genes 
associated with the ECM-receptor signaling pathway, 
offering another crucial insight into embryo implantation 
failure (Fig.  5F). Within it, extracellular matrix (ECM)-
related genes, including COL1A1, COL1A2, COL6A1, 
COL4A1, COL4A2, SPP1, LAMB1, and FREM2 alongside 

(See figure on previous page.)
Fig. 3  Distribution of key transcription factors in stromal cells between the TE-RIF and control samples in late proliferative phase. (A) Cell distribution and 
expression of MKI67 for pStromal cells from all samples. (B) UMAP (uniform manifold approximation and projection) plot highlighting the distribution 
of pStromal and stromal cells. (C) GO (Gene Ontology) enrichment analysis for pStromal cells (p < 0.01, log FC < 0.26 & log FC > -0.26). (D) Volcano plot 
depicting gene expression differences between pStromal cells of the TE-RIF group and the control group in LPP (p < 0.01, log FC < 0.26 & log FC > -0.26). 
(E) Box plot showing the expression of key genes in cell cycle regulation (purple: control group, pink: TE-RIF group). (F-H) RNA velocity of the TE-RIF, NE-RIF, 
and control groups in the late proliferative phase. (I) KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis of upregulated differentially 
expressed genes in stromal cells of the TE-RIF group compared to the control group in LPP (p < 0.01, log FC < 0.26 & log FC > -0.26). (J) Box plot showing 
the expression of key genes in the TNF signaling pathway (purple: control group, pink: TE-RIF group). (K, L) KEGG enrichment analysis of upregulated 
differentially expressed genes in pStromal cells (K) and stromal cells (L) of the TE-RIF group compared to the NE-RIF group in the late proliferation phase 
(p < 0.01, log FC < 0.26 & log FC > -0.26). Wilcoxon test: * p < 0.033, *** p < 0.001. TE-RIF: recurrent implantation failure patients with thin endometrium, 
NE-RIF: recurrent implantation failure patients with normal endometrium thickness, control: fertile volunteers
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their receptors (ITGA6, ITGB8, and ITGB1), manifested 
low expression in the TE-RIF group (Fig. 5E, G-H). The 
intricate process of trophoblastic invasion during the 
implantation window necessitates robust epithelial cell 
adhesion, essential for embryo recognition, attachment, 
and tissue repair. The ECM plays an important role in 
maintaining endometrial structure, facilitating differ-
entiation, and ensuring embryo nutrition. Their sup-
pressed expression implied that the endometrium, during 
the implantation window, struggled to establish normal 
communication with the embryo and create a conducive 
implantation environment.

When we performed KEGG analysis of the differen-
tially expressed genes in epithelial cells between the TE-
RIF group and the NE-RIF group, it was found that the 
downregulated genes in the TE-RIF group were enriched 
in the estrogen signaling pathway during LPP. This sug-
gested a significant impairment in the response of epi-
thelial cells to estrogen stimulation during this phase, 
potentially affecting their subsequent sensitivity to 
progesterone [43]. Interestingly, compared to the TE-
RIF group, we observed downregulation of the ECM-
receptor signaling pathway in the NE-RIF group during 
MSP (Fig.  5J). Simultaneously, we detected abnormal 

Fig. 4  Distribution of key transcription factors in stromal cells between the TE-RIF and control groups in mid-secretory phase. (A) Violin plots showing 
differences in the expression of marker genes related to endometrial decidualization among the TE-RIF, NE-RIF, and control groups in stromal cells during 
the mid-secretory phase. Wilcoxon test: * p < 0.033, *** p < 0.001. Orange: control, purple: TE-RIF, green: NE-RIF. (B) KEGG (Kyoto Encyclopedia of Genes and 
Genomes) enrichment analysis of upregulated differentially expressed genes in stromal cells between the TE-RIF and control groups in the mid-secretory 
phase (p < 0.01, log FC < 0.26 & log FC > -0.26). (C-D) Violin plots showing the expression of key genes in the MAPK signaling pathway of stromal cells in the 
mid-secretory phase. (E) KEGG enrichment analysis of the upregulated differentially expressed genes in stromal cells of the TE-RIF group compared to the 
NE-RIF group in the mid-secretory phase (p < 0.01, log FC < 0.26 & log FC > -0.26). TE-RIF: recurrent implantation failure patients with thin endometrium, 
NE-RIF: recurrent implantation failure patients with normal endometrium thickness, control: fertile volunteers
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metabolic pathways in NE-RIF patients, which could lead 
to dysfunction of protein and lipid synthesis in epithelial 
cells (Fig. 5J). This dysfunction may explain the impaired 
synthesis of extracellular matrix collagen, which is criti-
cal for facilitating embryo implantation [44].

Successful implantation requires cooperative interac-
tion between epithelial and stromal cells, and there are 
differing opinions on whether epithelial-mesenchymal 
transition (EMT) actually occurred [35, 45]. RNA veloc-
ity was employed to study cell development, and our data 
did not show evidence of EMT (Fig.  3F-H). This sug-
gested that in normal endometrium, epithelial cells do 
not undergo transformation from stromal cells, and due 
to challenges in obtaining full-thickness endometrium, 
the specific origin of epithelial stem cells remains uncer-
tain. While the existence of EMT or MET in the endome-
trium has not been proven, the communication between 
stromal cells and epithelial cells remains a crucial area for 
investigation.

Cell communication
Optimal uterine receptivity and successful embryo 
implantation require effective communication between 

the epithelial and stromal cells [40, 46]. CellPhoneDB 
analysis indicated higher cell communication activity in 
the TE-RIF group compared to the control group in LPP 
(Fig.  6A-B). However, by observing the top 20 ligand-
receptor pairs, WNT5A-SFRP4 was found to be active 
in epithelial-stromal cell communication in the con-
trol group and not active in the TE-RIF group (Fig. 6C, 
Supplementary Tables 5–6). Wu’s article also noted that 
stromal cells expressing SFRP4 had a significant propor-
tion in the proliferative phase, and when these cells were 
co-cultured with epithelial cells, the cell growth rate was 
significantly increased [9]. WNT5A encodes a member of 
the WNT family that is related to the growth of epithelial 
glands, and the expression levels of WNT5A and SFRP4 
change with the menstrual cycle [47, 48]. This suggests 
that WNT-SFRP4 might be a key target for the impaired 
proliferation of epithelial cells due to abnormal com-
munication between stromal and epithelial cells in thin 
endometrium.

In MSP, we observed strong intercellular communica-
tion in the control group, where interactions between 
endothelial cells and B cells were extremely active 
(Fig. 6D-E). In contrast, compared to the control group, 

Fig. 5  Distribution of key transcription factors in epithelial cells between the TE-RIF and control groups. (A) KEGG (Kyoto Encyclopedia of Genes and 
Genomes) enrichment analysis for downregulated differentially expressed genes in epithelial cells between the TE-RIF and control groups in the late 
proliferative phase (p < 0.01, log FC < 0.26 & log FC > -0.26). (B, C) Expression of ESR1 in epithelial cells in the late proliferative phase (B) and mid-secretory 
phase (C). Peach orange: TE-RIF, wax flower: control. (D) Expression of PGR in epithelial cells during the mid-secretory phase. (E) Interactions between 
various collagens and integrins. (F) KEGG enrichment analysis of downregulated differentially expressed genes in epithelial cells between the TE-RIF and 
control groups in the mid-secretory phase. (G-H) Expression of key genes in the ECM-receptor interaction signaling pathway in epithelial cells during the 
mid-secretory phase. (I, J) KEGG enrichment analysis of downregulated (I) and upregulated (J) differentially expressed genes in epithelial cells of the TE-RIF 
group compared to the NE-RIF group in the late proliferative phase (p < 0.01, log FC < 0.26 & log FC > -0.26). TE-RIF: recurrent implantation failure patients 
with thin endometrium, NE-RIF: recurrent implantation failure patients with normal endometrium thickness, control: fertile volunteers
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we found that the COL1A2-integrin α1β1 ligand-receptor 
pair was not as active between stromal cells and epithelial 
cells in the TE-RIF group (Fig. 6F, Supplementary Tables 
7–8). This might indicate that the secretion of collagen 
and integrin was not sufficient in thin endometrium, 

which is related to the communication between stromal 
cells and epithelial cells.

Metabolic disruptions in the NE-RIF group
The KEGG analysis unveiled significant upregulation of 
metabolic pathways in both pStromal and stromal cells 

Fig. 6  Cell communication in the TE-RIF and control groups. (A, B) Heatmaps showing cell-cell communication in the control group (A) and the TE-RIF 
group (B) during the late proliferative phase. (C) Dot plot showing the extracted ligand-receptor pair of WNT5A-SFRP4 in the control group (top) and in 
the TE-RIF group (bottom) during the late proliferative phase. (D, E) Heatmaps showing cell-cell communication in the control group (D) and the TE-RIF 
group (E) during the mid-secretory phase. (F) Dot plot showing the extracted ligand-receptor pair of COL1A2-integrin α1β1 in the control group (top) 
and the TE-RIF group (bottom) during the mid-secretory phase. TE-RIF: recurrent implantation failure patients with thin endometrium, NE-RIF: recurrent 
implantation failure patients with normal endometrium thickness, control: fertile volunteers
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in the NE-RIF group compared to the control group 
(Fig. 7A-C). This heightened metabolic activity suggested 
a metabolic disorder in NE-RIF patients. Notably, stro-
mal cells exhibited abnormal collagen deposition and 
focal adhesion, with overexpression of genes related to 
types I and VI collagen and integrins (Fig.  7D-F). Focal 
adhesion plays an important role in the remodeling of the 
extracellular matrix and cell motility. The aberrant tran-
scriptional activation of collagen genes caused defects in 
decidualization [49, 50]. Furthermore, in epithelial cells, 
we observed increased activity in carbohydrate metabo-
lism pathways, such as fructose and mannose metabolism 
in the late proliferative phase and carbon metabolism in 
the mid-secretory phase (Fig. 7G-H). This might explain 
the improper carbohydrate metabolism, potentially detri-
mental to embryo implantation [51, 52].

Discussion
In our study, we performed a comprehensive analysis 
of scRNA-seq data of the endometrium from TE-RIF 
patients, NE-RIF patients, and volunteers with normal 
fertility. Our investigation into stromal cell differentiation 
and gene expression revealed dynamic changes and iden-
tified the TNF and MAPK signaling pathways as being 
associated with defective endometrial receptivity. Addi-
tionally, we constructed a cell-cell interaction network, 
highlighting the importance of communication between 
stromal and epithelial cells for endometrial growth and 
receptivity. Furthermore, we discovered that a metabolic 
disorder was the primary challenge for NE-RIF patients. 
These findings provide valuable information for optimiz-
ing therapy for TE-RIF and NE-RIF patients.

In this study, we gained a more comprehensive under-
standing of the cell types in different phases of the endo-
metrium. The percentage of pStromal cells was found to 
be overally consistent among the three groups, but the 

Fig. 7  Distribution of key transcription factors between NE-RIF patients and the control sample. (A) KEGG (Kyoto Encyclopedia of Genes and Genomes) 
enrichment analysis of the upregulated differentially expressed genes in pStromal cells between the NE-RIF and control groups during the late prolifera-
tive phase (p < 0.01, log FC < 0.26 & log FC > -0.26). (B, C) KEGG enrichment analysis of the upregulated differentially expressed genes in stromal cells be-
tween the NE-RIF and control groups during the late proliferative phase (B) and the mid-secretory phase (C) (p < 0.01, log FC < 0.26 & log FC > -0.26). (D-F) 
Violin plots showing the expression of collagen- and integrin-related genes in pStromal cells (D) and stromal cells (E, F) during the late proliferative phase; 
orange denotes NE-RIF patients, and blue denotes control volunteers. (G) KEGG enrichment analysis of the upregulated differentially expressed genes in 
epithelial cells between the NE-RIF and control groups during the late proliferative phase. (H) KEGG enrichment analysis during the mid-secretory phase 
(p < 0.01, log FC < 0.26 & log FC > -0.26). TE-RIF: recurrent implantation failure patients with thin endometrium, NE-RIF: recurrent implantation failure pa-
tients with normal endometrium thickness, control: fertile volunteers
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cell cycle of pStromal cells was abnormal in both TE-
RIF and NE-RIF groups, which could potentially impact 
the differentiation of stromal cells (Figs. 2E-J and 3A-E). 
In our previous study, the proportion of stromal cells 
increased and that of epithelial cells decreased in the 
control group in MSP, but the TE-RIF group showed the 
opposite pattern [11], as confirmed in this study. Addi-
tionally, we found that in the NE-RIF group, stromal 
cells failed to increase in MSP, while epithelial cells in 
this group decreased in MSP (Fig. 2E-J). Consistent with 
our earlier work, the estrogen receptor and progesterone 
receptor related to TE-RIF receptivity were downregu-
lated in this study (Figs. 4A and 5B-D). Furthermore, our 
current investigation placed greater emphasis on under-
standing the intercellular communication dynamics 
between these two cell types, whereas our previous study 
suggested inadequate secretion of collagen and integrins 
in both stromal and epithelial cells.

Our findings also aligned with recent research indicat-
ing cell cycle dysfunction in pStromal and stromal cells. 
Specifically, the expression of PCNA, a proliferation 
marker, was found to be reduced in pStromal cells in the 
G1, S, and G2/M phases in thin endometrium [10]. Con-
sidering that stromal cells were differentiated from pStro-
mal cells (Fig. 3F-H), we suspected that this dysfunction 
might extend to stromal cells, potentially shortening their 
survival cycle. This could contribute to the challenge of 
thickening thin endometrium. Moreover, these abnormal 
stromal cells might adversely affect endometrial receptiv-
ity. MAPK signaling pathways, highlighted in our study, 
have been reported to activate downstream inflammation 
factors and mediate cellular senescence through ROS by 
oxidative modification of kinases in the p38 MAPK sig-
naling cascade (Fig. 3B) [37, 53, 54].

Endometrial epithelial cells play a crucial role in blas-
tocyst apposition and adhesion. In LPP, epithelial cells 
responded to estrogen, forming the foundation for sup-
portive and adhesive epithelial cells in MSP [7]. There-
fore, the reduced expression of ESR1 (Fig.  5B) and 
downregulated estrogen signaling pathway (Fig.  5I) in 
the TE-RIF group suggested that the growth and differ-
entiation of epithelial cells were inhibited. Additionally, 
the downregulation of the ECM-receptor signaling path-
way indicated impaired nutrient provision and adhesion 
capacity for embryo implantation (Fig.  5A, F). In MSP, 
laminins and collagens were regulated by progester-
one and accumulated in the endometrium [55, 56]. In 
line with this, a decrease in PGR expression in epithelial 
cells was observed in the TE-RIF group (Fig. 5E), and the 
downregulated ECM pathway in the TE-RIF group led to 
insufficient secretion of collagens, integrins, and laminins 
(Figs. 5F and 6F). This resulted in an abnormal endome-
trial structure during the secretory phase, failing to pro-
vide a conducive implantation environment for embryos. 

In summary, compromised estrogen and progesterone 
function during the LPP and MSP in the TE-RIF group 
prevented epithelial cells from achieving a receptive state.

A study pointed out that co-culturing SFRP4 + stro-
mal cells with epithelial cells enhanced the growth of 
both cell types. A dynamic interaction between stromal 
and epithelial cells through WNT5A-SFRP4 in LPP was 
observed in our study (Fig.  6C) [9, 47]. While previous 
research has focused on stromal cells in TE-RIF, we sug-
gest that epithelial-stromal cell interactions are also criti-
cal for endometrial growth and decidualization.

Conclusion
Our study sheds light on the distinct pathogenesis of 
TE-RIF and NE-RIF, employing scRNA-seq.  Our find-
ings underscore the significance of disrupted cell cycles 
and differentiation in pStromal cells, reveal intricate net-
works of communication between epithelial and stromal 
cells, and identify disordered carbohydrate and collagen 
metabolism, which contribute to challenges in endome-
trial receptivity. These findings may be harnessed to opti-
mize individualized treatments for RIF patients.
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