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Abstract: Disruptions in uterine tissue function contribute to disorders such as endometrio-
sis, adenomyosis, endometrial cancer, and fibroids, which all significantly impact health
and fertility. Advances in transcriptomics, particularly single-cell RNA sequencing, have
revolutionized uterine biological research by revealing the cellular heterogeneity and
molecular mechanisms underlying disease states. Single-cell RNA sequencing and spatial
transcriptomics have mapped endometrial and myometrial cellular landscapes, which
helped to identify critical cell types, signaling pathways, and phase-specific dynamics. Said
transcriptomic technologies also identified stromal and immune cell dysfunctions, such
as fibroblast-to-myofibroblast transitions and impaired macrophage activity, which drive
fibrosis, chronic inflammation, and lesion persistence in endometriosis. For endometrial
cancer, scRNA-seq uncovered tumor microenvironmental complexities, identifying cancer-
associated fibroblast subtypes and immune cell profiles contributing to progression and
therapeutic resistance. Similarly, studies on adenomyosis highlighted disrupted signaling
pathways, including Wnt and VEGF, and novel progenitor cell populations linked to tissue
invasion and neuroinflammation, while single-cell approaches characterized smooth mus-
cle and fibroblast subpopulations in uterine fibroids, elucidating their roles in extracellular
matrix remodeling and signaling pathways like ERK and mTOR. Despite challenges such
as scalability and reproducibility, single-cell transcriptomic approaches may have potential
applications in biomarker discovery, therapeutic target identification, and personalized
medicine in gynecological disorders.

Keywords: single-cell RNA sequencing; uterine disorders; endometriosis; endometrial
cancer; adenomyosis; uterine fibroids/leiomyoma

1. Introduction

The uterus, a dynamic muscular organ that undergoes cyclical changes throughout a
woman’s reproductive years, develops from the paramesonephric ducts at 9-10 weeks
of gestation and matures to adapt to physiological processes such as pregnancy and
menopause [1]. By 14 weeks, the uterus differentiates into two distinct layers: the primor-
dial endometrium and the myometrium [2].

The endometrium, the dynamic tissue lining the uterine cavity, is divided into
two layers [3]. The functionalis layer contains various cell types, including epithelial,
stromal, immune, and vascular cells, and it undergoes cyclic shedding, repair, and regenera-
tion in response to ovarian hormones. The basalis layer, housing epithelial stem/progenitor
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cells, regenerates the functionalis after menstruation [4]. Below the endometrium lies the
myometrium, which is a smooth muscle layer essential for menstruation and parturition
regulated by hormones like progesterone, estrogen, and oxytocin [5-7]. Disruptions in
these tissues can cause disorders affecting health and fertility, emphasizing the need to
understand uterine biology for therapeutic advancements (Figure 1A).
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Figure 1. Illustration of (A) the human uterus showing the different layers and the morphological
and cellular changes based on the phase of the menstrual cycle (i.e., menstrual, proliferative and
secretory phase). Red and blue lines represent estradiol (E2) and progesterone (P4) fluctuations,
respectively; (B) single-cell sequencing workflow. Briefly, the single-cell process involves the collection
and dissociation of cells; extraction of total RNA, cDNA synthesis and PCR amplification; library
preparation and subsequent sequencing; computational data analysis (expression profiling single-cell
wise, clustering, and cell type identification, with each colored dot in the cell clusters representing a
specific cell type, with each colored dot in the cell clusters representing a specific cell type).

Studies employing “bulk” transcriptomics have been pivotal in analyzing reproduc-
tive processes and identifying biomarkers for uterine disorders [8]. Microarray technology,
widely used for uterine transcriptome analysis, helped to define the window of implan-
tation to enhance assisted reproductive treatment outcomes [9,10] and aid the study of
uterine disorders such as adenomyosis [11]. RNA sequencing (RNA-seq) surpasses mi-
croarray technology by offering higher resolution, greater sensitivity, reduced bias, and
the ability to identify novel transcripts [12]. The application of RNA sequencing to studies
of the endometrium and blastocyst revealed mechanisms affecting embryo implantation,
improved assisted reproductive treatment outcomes [13,14], and advanced our understand-
ing of gynecological disease [15-17]. While bulk RN A-seq results represent an average of
gene expression values and, as such, mask cellular heterogeneity, single-cell (sc)RNA-seq
addresses this limitation by profiling gene expression at the single-cell level, uncovering
rare cell types and states [18]. Spatial transcriptomics further enhances these insights by
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integrating single-cell data with location within the tissue architecture, revealing cellular
interactions and tissue organization [19]

ScRNA-seq experiments involve sample dissociation, individual cell isolation (using
techniques such as microfluidics), and library construction for sequencing (Figure 1B) [19-22].
The subsequent analysis stage includes data preprocessing, quality control, dimensionality
reduction, and cell type identification with optional additional analyses including cell com-
munication or trajectory prediction [23]. Since being introduced by Tang et al. in 2009 [24],
scRNA-seq has transformed reproductive medicine by elucidating the cellular composi-
tions and gene expression profiles of healthy tissues and those affected by pathological
uterine conditions [25-31].

This review highlights recent scRNA-seq-based studies of uterine disorders, which
have shed light on the cellular interactions and mechanisms that significantly impact
reproductive health and fertility.

2. Exploring Normal Uterine Function with Single-Cell Approaches

The comprehensive understanding of the cellular composition and molecular mech-
anisms at play in the human uterus remains an essential step toward unraveling the
foundations of its normal functions and understanding the development of pathological
conditions. This section highlights key findings that provide a basis for the advancement
of knowledge regarding uterine biology.

The first scRNA-seq study of human endometrial tissue by Krjutskov et al. involved
the isolation of single cells from two frozen endometrial biopsies, transcriptome sequencing,
and subsequent data analysis, although it was limited to stromal and epithelial cells [32]. A
more comprehensive study by Wang et al. followed, in which the authors characterized
the human endometrium across the menstrual cycle [33]. Their analysis identified stromal
fibroblasts, endothelial cells, macrophages, lymphocytes, unciliated epithelial cells, and a
previously unknown cilium-associated epithelium and demonstrated robust correlations
between cell type-specific transcriptomic profiles and the proliferative and secretory phases
of the menstrual cycle. Subsequently, Garcia-Alonso et al. applied scRNA-seq and spa-
tial transcriptomics to map cells of the endometrium, categorizing them into immune,
epithelial (SOX9+, luminal, glandular, and ciliated), endothelial, stromal, and supporting
(e.g., perivascular cells and smooth muscle cells [SMCs]) cells [34], which provided detailed
insight into the spatial and temporal organization of these cell types within the human en-
dometrium. Building on this work, Mareckova et al. (from the same research group) further
advanced the field by creating the most detailed reference atlas of the human endometrium
to date [35]. They identified novel cell populations, including CDH2+ basalis cells with
progenitor-like properties and unique epithelial and stromal cells present during the early
secretory phase. They also described the spatiotemporal organization and functional dy-
namics of the endometrial epithelium throughout the menstrual cycle, significantly refining
and expanding upon insights from earlier studies.

Single-cell approaches have also advanced the study of the human myometrium.
Pique-Regi et al. developed the first single-cell atlas of the myometrium during term
labor, revealing the cellular and molecular mechanisms involved in parturition [29]. Sub-
sequently, Punzén-Jiménez et al. combined scRNA-seq with spatial transcriptomics to
study myometrial aging in peri- and post-menopausal women, revealing the implication of
novel cell types and aging-associated pathways [25]. Ji et al. provided a high-resolution
comparison of non-pregnant and pregnant myometrial states, highlighting changes in SMC
subpopulations and the role of M2 macrophages in pregnancy-associated anti-inflammatory
responses [36]. Finally, Ulrich et al. integrated scRNA-seq datasets to create a consensus
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atlas of 39 uterine cell subtypes, detailing menstrual phase-specific changes and identifying
a potential progenitor cell population [37].

In brief, these high-resolution “atlases” of uterine cellular and molecular landscapes
provide the foundation for a deeper understanding of uterine biology and ongoing research
into disorders such as endometriosis, endometrial cancer, adenomyosis, and fibroids.

3. Insights into Uterine Disorders from Single-Cell Studies
3.1. Endometriosis

Endometriosis, a condition characterized by the presence of endometrial-like tis-
sue outside the uterine cavity, affects ~10% of women of reproductive age, impacting
~190 million women globally [38]. This chronic condition causes pelvic pain, dysmenor-
rhea, and infertility. It is also associated with an elevated risk of ovarian cancer [39,40]
and is predominantly diagnosed through laparoscopy [41]. Endometriosis is widely at-
tributed to retrograde menstruation with altered endometrial tissues transitioning into
ectopic lesions [42]. Recent advances in single-cell transcriptomics have deepened our
understanding of the cellular and molecular characteristics of endometriosis, identifying
roles for stromal, epithelial, and immune cells in disease progression.

Ectopic and utopic endometrial tissues possess an increased proportion of fibroblasts
with the elevated expression of genes such as DNA Topoisomerase II Alpha (TOP2A) and
heightened anti-apoptotic signaling (e.g., through the MAPK pathway) promoting cell
survival and proliferation. These fibroblasts also expressed osteoglycin and inflammation-
and tumorigenesis-associated genes (i.e., C3, C7, and S100A10) [43,44]. However, their
cellular origin remains controversial. While some studies have reported enhanced lev-
els of fibroblast-to-myofibroblast transdifferentiation, which contributes to extracellular
matrix (ECM) remodeling and fibrosis through TGF-3 /Wnt signaling [42,45], others sug-
gest that myofibroblasts in ectopic lesions may originate from endometrial mesenchy-
mal stem cells (MSCs) under specific microenvironmental conditions [46]. Additionally,
Zhang et al. demonstrated that activin A promotes the myofibroblast differentiation
of endometrial MSCs through the STAT3-dependent Smad/connective tissue growth
factor (CTGF) pathway [47].

Impaired decidualization, a process essential for pregnancy, further connects stro-
mal cell dysfunction to inflammation, fibrosis, and senescence, exacerbating the condi-
tion [48-50]. Endometriotic epithelial cells exhibit disrupted homeostasis and apoptosis
resistance [51] with the downregulation of SULT1E1 leading to estradiol accumulation
and enhanced MAPK signaling, which promotes survival and proliferation [44]. Emerg-
ing subpopulations of epithelial cells expressing the SOX9 and LGR5 stem cell markers
have been implicated in endometriosis lesion growth with altered hormonal responses
promoting ectopic proliferation during inappropriate menstrual phases [27]. Additionally,
MUCS5B+ epithelial cells display an elevated proliferative capacity, suggesting their role in
establishing ectopic lesions [43].

Chronic inflammation also fosters a pro-tumorigenic microenvironment, potentially
contributing to endometriosis-associated ovarian cancer (EAOC) [52]. Immune gene ex-
pression analysis showed similarities between some endometriosis patients and EAOC
cases, including elevated C3 and C7 expression [53], in accordance with single-cell analy-
ses [27,42,43]. Furthermore, Fonseca et al. applied multi-subject single-cell deconvolution
across three independent datasets, revealing that clear cell and endometrioid ovarian can-
cers were enriched in ciliated endometrial-type epithelial cells, whereas high-grade serous
ovarian cancers showed no epithelial cluster enrichment [27]. These findings support
the hypothesis that endometrial-type epithelial cells may be precursors for clear cell and
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endometrioid ovarian cancers, linked to endometriosis, while high-grade serous ovarian
cancers are likely unrelated [54].

Immune dysfunction represents a pivotal mechanism in endometriosis pathology with
myeloid cells (particularly macrophages) driving angiogenesis, tissue remodeling, and
inflammation [43,55]. Myeloid cells display a diminished capacity for antigen presenta-
tion and phagocytosis in ectopic lesions, exacerbating chronic inflammation and lesion
persistence [45,56]. Other immune alterations include reduced natural killer (NK) cell
activity and impaired T-cell cytotoxicity, which further facilitate the survival of ectopic
lesions [42,49]. The presence of lymphocytes and tertiary lymphoid structures in lesions
underscores sustained immune dysregulation [43] (Figure 2).
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Figure 2. Representation of modified cell types, novel emerged cell types, key processes, and genes
with altered expression under each condition compared to controls. Bold arrows indicate changes
in cell abundance, while grey arrows denote changes in gene expression CAFs: cancer-associated
fibroblasts; CCC: clear cell carcinoma; CNVs: copy number variations; Epi: epithelial cells; ECM:
extracellular matrix; EEC: endometrioid endometrial cancer; EET: epithelial-to-endothelial transition;
En: endothelial cells; FMT: fibroblast-to-myofibroblast transition; NK cells: natural killer cells; SMC:
smooth muscle cell; USC: uterine serous carcinoma; VM: vasculogenic mimicry.

In brief, dysregulated cellular signaling pathways, immune alterations, and hormonal
imbalances drive fibrosis, chronic inflammation, and lesion persistence in endometriosis.
Insight into these pathways, which include fibroblast-to-myofibroblast transdifferentiation,
hormonal dysregulation, and immune impairment, provide targets for the development of
novel treatment strategies.
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3.2. Endometrial Cancer

Endometrial cancer (EC), a malignancy originating in the uterine epithelium, repre-
sents the second most prevalent gynecological cancer worldwide (after cervical cancer)
with over 400,000 new cases and nearly 100,000 deaths reported in 2022 [57,58]. Early-stage
diagnosis yields a five-year survival rate of ~81%, but this figure drastically declines to
~15% in advanced stages [59]. Interestingly, endometriosis represents a potential risk factor
for EC [60]. Endometrioid endometrial cancer (EEC), the most common subtype (~85% of
cases), is characterized by microsatellite instability and PTEN, PIK3CA, and CTNNBI gene
mutations [61]. Despite a generally favorable prognosis, ~20% of EEC patients experience
tumor recurrence, reducing the five-year survival rate from 81% to 10% [62]. Uterine serous
carcinoma (USC), the second most common subtype (~10%), is frequently associated with
TP53 mutations [61], while rarer highly aggressive subtypes such as clear cell carcinoma
(CCC) and uterine carcinosarcoma account for only ~5% of cases [63].

The EC tumor microenvironment exhibits significant heterogeneity with diverse cel-
lular populations and genetic variability influencing disease progression [64]. Single-cell
technologies facilitated the characterization of said complexities, revealing critical insights
into tumor biology. Epithelial cell studies identified subclusters (e.g., stem-like, secre-
tory glandular, and ciliated cells) that display chromosomal copy number variations and
upregulated cancer-related gene expression [65,66]. Marker genes such as LCN2 and
SAA1/2 have been implicated in EEC tumorigenesis, while subtypes like USC exhibit
epithelial-to-mesenchymal transition, which supports metastasis [26,67]. Stromal fibrob-
lasts, although reduced in number in EC compared to normal tissue, play a pivotal role
thanks to the activity of cancer-associated fibroblasts (CAFs). CAF subtypes (including
inflammatory, vascular, and antigen presenting) act to support tumorigenesis; indeed, the
presence of SOD2+ iCAFs correlates with poor survival due to their metastasis-promoting
role [26,68] (Figure 2).

Immune cells within the tumor microenvironment also contribute to EC progression
and aid prognosis [69]. Specific tumor-associated macrophage (TAM) subtypes facilitate
tumor growth and vascularization with their presence positively correlating with thera-
peutic responses [70,71]. T cells, particularly CD8+ tissue-resident memory T cells (TRMs),
associate with a better prognosis, although immunosuppressive FOXP3+ T regulatory cells
complicate the immune landscape [66,72]. Studies have highlighted the importance of NK
cells and tertiary lymphoid structures, which represent favorable prognostic markers [73].
Integrating advanced profiling techniques has enhanced our understanding of critical
pathways (e.g., PI3K/AKT/mTOR) and highlighted the potential for tailored therapies
targeting specific tumor characteristics. These findings underscore the complexity of EC
and the need for continued research to improve diagnostic and therapeutic strategies.

3.3. Adenomyosis

Adenomyosis is a benign gynecological condition characterized by the disruption of
the endometrial-myometrial junction and the presence of ectopic endometrial tissue within
the myometrium, which leads to myometrial hypertrophy and hyperplasia [74,75]. While
some patients remain asymptomatic, most experience abnormal menstrual bleeding, dys-
menorrhea, dyspareunia, chronic pelvic pain, or infertility [76]. Furthermore, an elevated
risk of ovarian cancer has been identified in patients with adenomyosis; however, this
relationship has been scarcely investigated, highlighting the need for additional studies
to clarify their association [77,78]. The incidence of adenomyosis—estimated at 29 cases
per 10,000 women annually—varies across studies due to population differences [79]. Al-
though the precise pathogenesis of adenomyosis remains unclear, two primary hypotheses
dominate: the invagination theory, which involves endometrial-myometrial junction injury
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and endometrial invasion into the myometrium, and the metaplasia hypothesis, which
implicates progenitor cells undergoing dysregulated differentiation/migration [80,81].
Hormonal dysregulation, inflammation, angiogenesis, and fibrosis are also implicated,
although the specific mechanisms remain incompletely understood [82,83].

Advances in single-cell technologies have significantly improved our understanding
of adenomyosis by enabling a high-resolution analysis of cellular and molecular features
within uterine tissues (Table 1). Studies have identified distinct populations of epithelial,
stromal, endothelial, fibroblast, smooth muscle, and immune cells and the upregulated
expression of genes involved in angiogenesis, cell growth, migration, and fibrosis (all
associated with disease progression) [84,85]. While findings can diverge due to sample
variability, these studies provide a deeper understanding of adenomyosis pathogenesis
and highlight potential therapeutic targets.

Epithelial and stromal cells within the ectopic endometrium exhibit increased migra-
tory and proliferative potential, supporting the invagination hypothesis of adenomyosis.
These cells display alterations in Wnt signaling with genes such as MMP7, CLDN4, and
LGRS playing significant roles in adenomyotic lesion development [85,86]. Fibroblasts and
SMCs also possess multiple distinct subclusters in ectopic tissues, which associate with
fibrosis, excessive ECM deposition, and SMC proliferation. The fibroblast-to-myofibroblast
transition and Wnt signaling modulation by SFRP family genes further underscore the
role of these cells in lesion formation and tissue remodeling [85,87]. Progenitor cells in
adenomyotic tissues differentiate into lesion-specific stromal cells, further implicating
dysregulated signaling pathways in adenomyosis progression [88,89]. Endothelial cells in
adenomyotic tissues exhibit heightened angiogenic activity with the upregulation of VEGF,
ANGPT, and other angiogenesis-related genes. Single-cell analyses showed evidence of
vasculogenic mimicry [90] as well as the presence of endothelial tip cells [86], which can
differentiate into various endothelial subtypes [91]. Additionally, spatial transcriptomic
analysis revealed the presence of PLVAP+ cells surrounding adenomyotic lesions. PLVAP
expression alters endothelial cells permeability [92], suggesting modified vascular func-
tion. All these findings indicate different mechanisms contributing to abnormal vascular
dynamics and symptoms such as heavy bleeding, highlighting angiogenesis as a central
factor in the pathophysiology of adenomyosis [84,86,90,93]. Notably, Chen et al. [86] de-
tected endothelial tip cells and suggested their maturation is regulated by the activation of
the Notch signaling pathway. The Notch pathway’s involvement in vascular alterations
has been previously explored [94,95], suggesting it as a potential target for angiogenic
therapy in adenomyosis. Furthermore, PLVAP has emerged as a promising target, as
its specific inhibition could normalize permeability in uterine endothelial cells affected
by adenomyosis [86,92].

Interestingly, Chen et al. identified a distinct subset of SFRP4+IGFBP5" Natural Killer
T (NKT) cells in patients experiencing adenomyosis-related pain, which were absent in
patients without such pain. SFRP4 functions as a Wnt-pathway inhibitor that suppresses cell
differentiation [96], while IGFBP5 is a gene associated with neuropathic differentiation [97],
suggesting a potential role for these cells in neuroinflammatory processes and nerve fiber
proliferation [98]. Single-cell analysis further indicated the potential of these cells to
differentiate into neural progenitor cells. Additionally, the genetic heatmap based on
pseudotime trajectory analysis revealed consistently high IGFBP5 expression throughout
differentiation along with an increased expression of genes involved in nerve growth and
neuroinflammatory pathways at later stages. Among these genes, NEFM was particularly
notable due to its association with neuropathic pain [99] and its positive correlation with
pain duration in this study. Collectively, these findings propose that SFRP4+IGFBP5"
NKT cells may drive stem cell differentiation toward neurogenic lineages through IGFBP5
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expression, thereby contributing to adenomyosis-associated pain [98]. This points to
IGFBP5 and NEFM as potential therapeutic targets for managing pain in adenomyosis
patients (Figure 2). Furthermore, other studies have suggested that mifepristone is a
safe and effective option for improving pain scores in adenomyosis patients compared
to placebo [100], while non-steroidal anti-inflammatory drugs have also been reported as
effective treatments for dysmenorrhea in this population [101].

Overall, single-cell analyses have revealed the complex interplay of cellular and
molecular mechanisms driving adenomyosis, highlighting the potential for therapeutic
interventions targeting Wnt signaling, angiogenic pathways, and pain-associated stem cell
markers such as IGFBP5 and SFRP4. Despite their promise, sample variability and the
incomplete understanding of the biological mechanisms involved have limited the impact
of single-cell studies, underscoring the need for more research [84-86].

3.4. Uterine Fibroids/Leiomyoma

Uterine fibroids (or leiomyomas) are benign smooth muscle tumors and the most
common gynecological tumors in reproductive-age women, affecting over 80% of African
Americans and ~70% of Caucasian women [102]. Although non-malignant, fibroids sig-
nificantly impair quality of life by causing symptoms like abnormal uterine bleeding,
pelvic pain, and pregnancy complications [103,104]. While research has linked fibroid
development to hormonal and genetic factors, the precise molecular mechanisms and cellu-
lar contributors remain unclear, limiting diagnostic and therapeutic advances [104-106].
ScRNA-seq and spatial transcriptomics have provided transformative insights into fibroid
biology, although applications in this area are still emerging.

Recent scRNA-seq-based studies identified critical cellular populations in fibroids,
including SMCs, fibroblasts, endothelial cells, immune cells, and progenitor cells [30,107]
(Table 1). These studies highlighted the role of SMCs and fibroblasts in ECM deposition,
which is a hallmark feature of fibroids [108,109]. SMC subclusters contribute to collagen
formation, myofibroblast function, and regulatory processes like proliferation and glycoly-
sis [30]; similarly, fibroblasts exhibit diverse roles in ECM organization, integrin signaling,
and axon guidance. The authors observed enhanced cell-cell communication between
SMCs and fibroblasts in fibroids with increased signaling pathways related to collagen
production, actin remodeling, and semaphorin signaling [110,111]. They also observed
amplified immune-fibroblast interactions involving known enhancers (Notch and mTOR
pathways) of the pro-fibrotic environment of fibroids [112-114]. Furthermore, they iden-
tified novel ligand-receptor interactions, such as IGF1-IGF1R, as contributors to disease
progression [109]. Dysregulated genes, including REST, CTNNB1, and SFRP2, revealed
potential molecular targets for future therapeutic exploration [115,116] (Figure 2).

As hormone-sensitive tumors, estrogen and progesterone play pivotal roles in fibroid
development [117,118]. Spatial transcriptomics and scRNA-seq demonstrated the robust
expression of estrogen receptor 1 (ESR1) and progesterone receptor (PGR) in fibroids with
significant involvement of the ERK1/ERK2 pathway in mediating hormonal effects and
promoting tumor progression. Pseudotime and Gene Ontology (GO) enrichment analyses
further indicated that ESR1 is predominantly expressed in smooth muscle cells (SMCs)
and fibroblasts within uterine fibroids, whereas elevated PGR expression was detected in
fibroid SMCs across all patients but was limited to fibroblasts in only one patient [107].
Conversely, Goad et al. reported an overall reduction in ESRI and PGR expression in
SMCs and fibroblasts within uterine fibroids with the exception of a specific fibroid SMC
subcluster that exhibited a higher proportion of PGR compared to the myometrium [30].
While the precise association between the differential gene expression and tumor growth
remains unclear, these findings suggested paracrine mechanisms through which specific
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cell populations such as SMC and fibroblasts drive tumor growth, offering insights into the
hormonal regulation of fibroids and potential therapeutic targets [30,119,120].

Abnormal angiogenesis, another feature of fibroids, involves abnormal endothelial cell
activity also driven by estrogen-activated pathways such as ERK [121-124]. Notably, ESR2
(ERB) was predominantly expressed in endothelial cells within fibroids [107], aligning
with findings by Valladares et al., who reported high ERf3 localization in these cells. Since
ERp has been shown to promote angiogenesis, the ERK1/2 pathway may mediate this
process by facilitating endothelial cell migration and proliferation [125]. Immune cells,
including T-cells, macrophages, and NK cells, also contribute to the inflammatory and
fibrotic microenvironment of fibroids [126,127]. Enhanced interactions between immune
cells and fibroblasts further highlight their role in promoting tumor development through
signaling pathways such as Notch and mTOR [127].

Fibroids are traditionally considered monoclonal tumors arising from a multipotent
progenitor cell that undergoes transformation and differentiation, leading to tumor prolifer-
ation [125,128]. In support of this view, Wang et al. identified a progenitor cell population
within fibroids, which agreed with earlier reports [129,130]; however, Goad et al. suggested
a genetically heterogeneous origin involving MED12 variant-positive progenitor cells that
recruit wild-type cells [30,131]. Notably, discrepancies between these studies, particularly
regarding ESR1 and PGR expression and the identification of progenitor cell populations,
highlight variations in tissue comparisons and sample characteristics. While Wang et al.
examined fibroid tissue and its pseudocapsule [107], Goad et al. focused on fibroids and my-
ometrium, analyzing only MED12-mutant fibroids [30]. These methodological differences
highlight the need for standardized experimental designs and detailed sample descriptions
to ensure reproducibility while emphasizing the complex nature of fibroids and the power
of single-cell technologies in uncovering complex cellular and genetic landscapes.

Opverall, advanced transcriptomic technologies have significantly enhanced our under-
standing of fibroid pathogenesis, shedding light on crucial pathways such as ERK1/ERK2,
mTOR, and collagen signaling, as well as the roles of specific cell populations in tumor
progression. Integration with genome-wide association study data has further enriched
our understanding with single-cell and spatial transcriptomics offering valuable insights
into fibroid biology and potential avenues for improved patient care [132].

Table 1. Summary of single-cell studies of endometriosis, endometrial cancer, adenomyosis and
uterine fibroids.

Cell 1.
Reference Samples Number * Key Findings
Endometriosis
( J and ( ) m  Identified MUC5B+ epithelial cells as possible progenitor
EcE (n =4) and EuE (n =9 cells of endometriotic lesions
[43] from ovarian EM; pe.ritoneal Unique perivascular mural cells in peritoneal lesions
- EM .(n = 8) and adjacent 108,497 promoted angiogenesis and immune cell trafficking,
regions (n = 6); healthy coinciding with increased lymphocyte proportions and
endometrium (n = 3) upregulated macrophage-regulatory T-cell interactions
EcE (n = 8) and EuE (n = 10) B SOX9+/LGR5* epithelial cell subset may participate in EM
from ovarian EM and ] Epithelium, stroma, and mesothelial cells of ovarian EM
[27] unaffected ovary (n = 4); 373,851 exhibited dysregulated pro-inflammatory pathway activation
peritoneal EM (n = 23); m  ARIDIA somatic mutations in epithelial cells drive

healthy peritoneum (n = 4)

angiogenesis and lymphangiogenesis
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Table 1. Cont.

Cell

Reference Samples Number * Key Findings
) [ ] Significantly higher proportions of myofibroblasts, pericytes,
EcE and EuE from ovarian EM endothelial cells, and macrophages in EcE compared to EuE
[45] (n = 3); healthy endometrium 46,445 and healthy endometrium.
(n=3) m  Immunodeficient EM profile
m  Identified fibroblast subpopulations related to endometriosis
[12] EcE and EuE from ovarian. EM development
(n = 3); healthy endometrium 55,188 m  Diminished immune function and pro-remodeling
(n=3) characteristics of EM
m  Reduced decidualized of an IGFBP1+ endometrial stromal
Menstrual efﬂu?nt from EM cell subset in EM cases suggested impaired decidualization
(n = 11); subjects with m  Endometrial stromal cells in EM exhibited pro-inflammatory
(501 undiagnosed chronic EM-like 43,054 and senescent characteristics
symptoms (n = 13); healthy m  Identification of a unique proliferating uNK cell
controls (n = 9) subpopulation in controls, mostly absent in EM
) ) m  Identified immune cell dysfunctions in EM, including
[56] Peritoneal fluid from EM 17,530 reduced phagocytosis and cytotoxicity with increased
(n = 1); healthy control (n = 1) pro-inflammatory and chemotactic responses
m  Increased proportion of ciliated cells in EuE/EcE
EcE and EuE from ovarian EM characterized by diminished expression of estrogen
[44] (n = 23); healthy endometrium 7030 sulfotransferase, likely conferring resistance to apoptosis
(n=11) m  Epithelial cells in ectopic lesions stimulated CD4+ T cells,
contributing to chronic inflammation
Endometrial Cancer
m  CAF subsets with distinct characteristics maintained frequent
[68] EC (n = 4); normal 41358 communications with malignant cells, facilitating EC
endometrium (n = 2) ’ progression
m  SPP1+ TAMs associated with EC tumorigenesis and
progression
[70] EEC (n = 5); normal 46,638 [ Robust crosstalk between SPP1+ TAMs and fibroblasts, SMCs,
endometrium (n = 3) endothelial cells, proliferating T cells, and tumor epithelial
cells in the TME
m  NKecells and CD8+ T lymphocytes represented major TIL
[72] EC (n=23) 28,820 components in EC patients
m  Transcriptionally distinct NK cell subsets identified in EC
m  Tumor epithelial cells exhibited the highest CNVs levels
[65] EEC (n = 5); matched [ ] Distinct epithelial cell clusters identified
: paratumor samples (n = 3) 30,780 m  Enrichment of macrophages and exhausted CD8+ T cells
observed in EEC
m  Malignant cells from the same patients revealed variation in
[133] EEC (n=5); USC (n = 1) 150,144 chromatin accessibility linked to transcriptional output,

highlighting the importance of intratumoral heterogeneity
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Cell s
Reference Samples Number * Key Findings
) m  Elevated proportion of epithelial cells and increased
EEC (n = 5); atyplcal. percentage of CNVs observed in EEC
[66] en.dometnal hyperplasia 99215 m  EEC originated from unciliated glandular epithelial cells and
tissues (n = 5); normal LCN2+/SAA1/2+ cells identified as a subpopulation
endometrium (n = 5) involved in endometrial tumorigenesis
m  Metabolic, immune, and proliferation pathways enriched in
EEC-I (n = 7), EEC-II (n = 3), USC, UCCC, and ECC, respectively
[26] USC (n = 4), and UCCC Epithelial—to—mesenchymal transition more robustly present
(n = 3); normal endometrium 146,332 in USC
n=1) [ ] SOD2+ iCAFs exclusive to UCCC and critical for
EC malignancy
Adenomyosis
[ ] Cellular cluster with epithelial and endothelial cells in EcE
) displayed malignant features
Adenomyotic EcE and EuE m  Epithelial subcluster enriched in EcE overexpressed
[90] (n =1); control endometrium 36,781 motility-related genes
(n=1) m  EET and VM found in EcE suggested as novel processes
involved in AM pathogenesis
] m  Endothelial cells involved in pathways related to cancer,
[84] Adenomyotic EcE and E’UE epithelial cells in migration functions, and some SMC
(n = 2); control endometrium 42,260 subclusters associated with vascular SMC contraction
(n=2) m  High levels of CNVs in EcE
(98] Adenomyotic EcE m  SFRP4+IGFBP5" NK cells may transform multipotent stem
(dzlfsmenorrhﬁa n= 2"2?0 27,924 cells into neurogenic cells, leading to AM-related pain
yvsmenorrnean =
[87] Adenomyotic ECE and EuE m  Fibrogenesis in AM pathogenesis driven by fibroblasts and
(n=1) 21,147 FMT alongside the contribution of SMC and immune cells
m  Highly heterogeneous fibroblasts represented the main
[85] Adenomyotic EcE, EuE, and 66,000 component of the AM endome.tr.ium
MM (n = 3) / m  Wnt pathway proposed as a critical regulator of AM
pathophysiology
[ ] Identification of unique LGR5* epithelial cells, PKIB*
Adenomyotic EcE, EuE, MM, invasive stromal cells, and WFDC1* progenitor cells within
[86] and EMJ (n = 3); control EuE, 54,658 EcE
MM, and EMJ (n = 1) [ ] Abnormal angiogenic function and altered cell—cell
communications in adenomyotic tissue
Uterine Fibroids
m  Description of lymphatic endothelial cells within UF,
previously reported only in MM
[30] MEDI12*+ UF (n = 5); adjacent Fibroblasts drove UF microenvironmental alterations via
N MM (n = 5) 39,209 interactions with SMCs, endothelial cells, and immune cells
m  UF genetic heterogeneity suggested a non-monoclonal origin

for these tumors




Cells 2025, 14, 156

12 of 21

Table 1. Cont.

Cell

Reference Samples Number * Key Findings
m  ERK1/ERK2 pathway may mediate UF development and
UF (n = 2), pseudocapsule angiogenesis via ER and PGR signaling
[107] (n=2), anil MM (n}; 1) 26,371 m  IGF1 and IGFIR represented the most significant
ligand-receptor pair identified in fibroblast interactions
m  SMCs contained the most highly expressed GWAS target
[1 ,1)2] MED12+ UF (1’1 — 5), genes in UF samples
) MM (n = 5) 48,258 m  Cell type-specific modules of enriched GWAS candidate

genes identified

* Number of cells analyzed after quality control filters. Abbreviations: AM: adenomyosis; CAFs: cancer-associated
fibroblasts; CNVs: copy number variations; EC: endometrial cancer; EcE: ectopic endometrium; EEC: endometrioid
endometrial cancer; EEC-I: well-differentiated EEC; EEC-II: poorly differentiated ECC; EET: epithelial-endothelial
transition; EM: endometriosis; EMJ: endometrial-myometrial junction; EuE: eutopic endometrium; FMT: fibroblast-
to-myofibroblast transition; GWAS: genome-wide association study; MM: myometrium; NK: natural killer cells;
PGR: progesterone receptor; SMCs: smooth muscle cells; TAMs: tumor-associated macrophages; TILs: tumor-
infiltrating lymphocytes; TME: tumor microenvironment; UCCC: uterine clear cell carcinoma; UF: uterine fibroids;
ulNK: uterine natural killer cells; USC: uterine serous carcinoma; VM: vasculogenic mimicry.

4. Challenges and Constraints in Current Single-Cell Technologies

While scRNA-seq has transformed biological research by supporting the high-
resolution analysis of individual cells [18], constraints remain, including the presence
of biological noise (e.g., gene expression variability and cell state differences) and technical
limitations (e.g., partial RNA capture and amplification bias) [134]. Said issues can lead to
the generation of incomplete datasets and the underrepresentation of specific RNA species;
moreover, sample handling, procurement, and processing delays can reduce RNA quality,
further affecting the reliability of the results [135].

Batch effects arising from variations in sample processing conditions and sequencing
protocols pose significant challenges to scRNA-seq analysis, confounding biological signals
and requiring careful design and experimental replication to mitigate any impact [134].
Biological factors (e.g., cell cycle effects) further complicate analyses by obscuring real
differences between cells. Technical limitations (e.g., the inability to capture certain RNA
species) contribute to data sparsity with observed zeros potentially representing biolog-
ical absence or technical dropouts [136]. Beyond these inherent biological and technical
constraints, experimental design also plays a critical role in influencing the comparabil-
ity and interpretation of findings across studies. For example, in single-cell studies of
uterine fibroids, comparisons of gene expression between fibroids and either healthy my-
ometrium [30] or surrounding pseudocapsules [107] produced conflicting results regarding
ESRI and PGR expression. Similarly, studies on endometrial cancer reported inconsistent
findings about CD8+ T cells with some indicating reduced proportions [66] and others
suggesting an enrichment of these cells among tumor-infiltrating lymphocytes [72]. These
discrepancies are partly due to the variations in the control samples used, highlighting
how differences in sample selection can impact outcomes and reproducibility. Further-
more, the diversity of scRNA-seq platforms—each with unique strengths, limitations, and
requirements—further complicates data integration/standardization [134,135]. Address-
ing these challenges through normalization, correction, and informed platform selection
remains critical to generating reliable and interpretable results [137].
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5. Future Perspectives: Addressing Research Gaps for
Clinical Implementation

Over recent decades, advancements in omics-based technologies have significantly
enhanced our understanding of the molecular mechanisms underlying various physi-
ological and pathological processes. In particular, single-cell technologies have shown
remarkable potential in studying complex disorders with applications spanning thera-
peutic target identification, drug screening, clinical model development, and diagnos-
tics [138]. These advancements have shown particular promise in gynecology and re-
productive medicine, where scRNA-seq and multi-omics-based approaches have offered
high-resolution insight into disease pathogenesis. Notably, single-cell technologies have en-
abled the characterization of tumor heterogeneity, the identification of disease-specific cell
and molecular subtypes, and an understanding of immune microenvironments and therapy
resistance evolution in gynecological cancers such as ovarian, endometrial, and cervical
cancers [138-143]. These insights have particular value when addressing challenges related
to metastasis and drug resistance. Multi-omics single-cell technologies, which can integrate
genomic, transcriptomic, proteomic, epigenomic and metabolomic data from the same
single cell, offer a systems biology approach to deciphering the intricate mechanisms un-
derlying gynecological disorders [144]. Additionally, scRNA-seq profiling of endometrial
organoids has allowed researchers to benchmark in vitro responses against in vivo data,
enhancing the relevance of these models for the study of endometrial function [34]. These
advances highlight the potential of single-cell approaches to refine preclinical models and
improve translational research outcomes.

Nonetheless, the analysis and interpretation of vast large-scale omics data concerning
uterine diseases have been complicated by the cyclic regulation of hormones in addition to
multiple other factors, such as genetic variability [145], environmental factors [146], and
microbiome composition [147], among others. This challenge is further compounded by
individual genetic differences, which contribute to diverse biological responses. In this
context, Sengupta et al. recently proposed a tool that examines the interconnected roles
of hormonal regulation, environmental factors, genetic predisposition (including DNA
composition and epigenetic changes), health implications, and the resulting biological
effects [144]. Moreover, wider accessibility to public repositories, such as Gene Expression
Omnibus, ArrayExpress, and single-cell-focused resources like Tabula Muris, Non-Human
Primate SC Atlas, Pan-Cancer Blueprint, and the Human Tumor Atlas Network, offers
significant opportunities to overcome data accessibility challenges and leverage existing
data for clinical applications [138].

Looking forward, the integration of single-cell technologies into clinical workflows is
expected to drive significant advancements in precision medicine. These tools will enable
the identification of novel therapeutic targets, including the emerging proteolysis targeting
chimera (PROTAC) probe technology [148], which has been utilized to successfully degrade
a variety of pathogenic proteins. Furthermore, single-cell technologies can aid in the
characterization of heterogeneously manifested human traits and the refinement of cell
differentiation trajectories. By elucidating the genetic drivers of metastasis, treatment
resistance, and tumor progression in gynecological cancers, single-cell technologies will
pave the way for personalized treatments with improved efficacy and reduced side effects.
The continued development of sophisticated computational tools, standardized workflows,
and interdisciplinary collaborations will be crucial for translating these innovations into
routine clinical practice, heralding a new era of personalized medicine.
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6. Conclusions

Gynecological disorders such as endometriosis, ovarian cancer, and uterine fibroids
possess complex and multicellular etiologies, making characterization a challenging
prospect. Single-cell technologies have provided a powerful approach to address this
complexity by providing detailed insights into the cellular and molecular diversity within
gynecological tissues. Combined with advanced multiplexed approaches, single-cell proto-
cols enable the high-resolution analysis of various cell populations, uncovering essential
cell types and signaling pathways driving disease mechanisms.

A key aspect of these disorders is the significant overlap in underlying mechanisms,
including excessive collagen deposition leading to fibrosis, heightened inflammatory re-
sponses, and immune dysregulation. These shared features suggest common biomarkers
and therapeutic targets that could address these conditions collectively. For instance, tar-
geting the TGF-f3 signaling pathway or genes associated with extracellular matrix (ECM)
remodeling, such as fibronectin, collagen, and « smooth muscle actin, holds promise for
mitigating fibrosis [149]. Fibrosis represents a key pathological hallmark, impacting tis-
sue architecture and function, ultimately influencing fertility and quality of life [150,151].
Immune dysfunction and chronic inflammation further exacerbate disease progression,
impairing immune cell function and disrupting tissue homeostasis [152]. Blocking drivers
of chronic inflammation, such as the NLRP3 inflammasome [153] or the NF-«B signaling
pathway [154], represents a promising therapeutic strategy. However, while several NLRP3
inhibitors have been developed, their clinical use has been constrained by toxicity and
safety concerns [153]. Similarly, targeting the NF-kB pathway poses challenges due to
its involvement in critical biological processes, risking off-target effects [155]. Based on
this premise, future efforts must focus on designing structure-based direct inhibitors with
improved specificity and minimized side effects to optimize therapeutic efficacy. Addi-
tionally, profiling preclinical models at the single-cell level will help to identify those most
accurately mirroring human gynecological disease biology.

This cellular-level analysis of human samples supports the development of person-
alized medicine by revealing novel biomarkers and aiding patient stratification based on
prognosis/expected response to treatment. By dissecting disease complexity at the cellular
level, single-cell technologies aid the discovery of novel biomarkers and help to clarify the
fundamental biology of gynecological conditions, paving the way for targeted therapeutic
interventions. Consequently, single-cell technologies will remain pivotal in identifying
biological targets and carrying out their functional characterization.

Emerging evidence highlights the connection between these disorders and their impact
on fertility [156]. Given the associations between these conditions, fertility preservation,
and overall health, further research is required to elucidate these mechanisms and optimize
therapeutic approaches.
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