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Background: Low-grade endometrial stromal sarcoma (LG-ESS) is a rare uterine
malignancy characterized by its complex tumor microenvironment (TME) and
high recurrence rates, posing challenges to accurate prognosis and effective
treatment. Identifying prognostic biomarkers is essential for improving patient
stratification and guiding therapeutic strategies.

Methods: Using single-cell transcriptome analysis combined with H&E and
multiplex immunofluorescence staining, we identified a subpopulation of
tumor cells in LG-ESS and further validated the association of this
subpopulation and its characteristic genes with LG-ESS prognosis by molecular
characterization and bulk transcriptome data.

Results: Our analysis reveals multiple cellular subpopulations within the tumor
tissue, particularly a tumor cell subpopulation among them which is associated
with poor prognosis. Originating from normal stromal fibroblasts, this
subpopulation appears to play a crucial role in TME remodeling, smooth
muscle cell behavior, and potentially in tumorigenesis and metastasis. Of
particular interest in this subpopulation is the highly expressed FGF12 gene,
which is significantly associated with a shortened survival in ESS, highlighting its
potential as a prognostic biomarker.
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Conclusion: Our study reveals the complexity of TME within the LG-ESS and
highlights the role that tumor cell subpopulations play in disease progression and
patient prognosis. The identification of FGF12 as a prognostic biomarker suggests
a new approach for the personalized treatment and prognosis monitoring

of patients.

scRNA-seq, FGF12, low-grade endometrial stromal sarcoma, tumor microenvironments,

prognostic biomarker

Introduction

Endometrial stromal sarcoma (ESS) is a rare uterine malignancy
originating from endometrial mesenchymal cells (1), accounting for
less than 1% of all uterine tumors (2). ESS was classified by the World
Health Organization into four types in 2020 based on clinical and
pathologic features and progress in molecular genetic studies:
endometrial stromal nodule (ESN), low-grade ESS (LG-ESS), high-
grade ESS (HG-ESS), and undifferentiated uterine sarcoma (UUS)
(3). Although LG-ESS is usually slow-growing and has a relatively
good prognosis (5-year overall survival rate of more than 80%) (4, 5),
its recurrence and late mortality rates are still not negligible,
approximately 60% and 15%-25%, respectively (6, 7). Due to its
variable behavior and limited understanding of its pathobiology, LG-
ESS represents a significant therapeutic challenge (4, 8, 9). In
addition, the lack of distinctive clinical manifestations makes
preoperative imaging difficult to diagnose, necessitating reliance on
postoperative pathologic assessments (10, 11). However, this reliance
inadvertently increases the risk of misdiagnosis and underdiagnosis,
potentially impacting patient management and prognostic outcomes.

Current therapeutic strategies for LG-ESS generally follow the
approaches used for other sarcomas, including surgery, hormonal
therapy, radiotherapy, and chemotherapy (4, 12, 13). However, despite
the generally favorable prognosis in early-stage cases, LG-ESS tends to
recur, and advanced or recurrent disease remains difficult to treat with
the current therapeutic options (14-16). The rarity of LG-ESS,
coupled with the dearth of detailed insights into its molecular
foundations and comprehensive molecular profiling, has impeded
the advancement of innovative therapeutic strategies, including
targeted therapies that are pivotal in modern precision medicine (17).

Despite advances in the understanding of uterine malignancies,
the precise molecular and cellular mechanisms driving LG-ESS
remain elusive. While hormone receptor expression (18-20) and
the presence of chromosomal rearrangements, such as JAZFI-
SUZ12 and JAZF1-PHF1I fusions (21), have been implicated in the
pathogenesis of LG-ESS, the specific cellular subpopulations
responsible for tumor initiation, progression, and recurrence have
not been comprehensively characterized. As a result, there is a
critical need to delineate the molecular characterization of LG-ESS
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to identify potential therapeutic vulnerabilities and improve
treatment outcomes for patients.

In addition, predicting the clinical course of LG-ESS remains
challenging, and the risk of recurrence is high. Currently,
prognostic biomarkers for LG-ESS are largely based on clinical
and pathological characteristics such as tumor size, stage at
diagnosis, and hormone receptor status. While these factors
provide some predictive value, they are insufficient for accurately
identifying patients at high risk for recurrence or poor prognosis.
Identifying molecular markers that can accurately predict patient
outcomes will not only improve treatment planning but also
enhance the overall management of this rare and challenging
malignancy. A reliable prognostic biomarker for LG-ESS would
allow clinicians to stratify patients into different risk categories,
guiding treatment decisions accordingly. Patients with a higher risk
of recurrence or poor survival outcomes could benefit from more
aggressive treatment strategies, such as adjuvant therapy or closer
post-surgical monitoring, while those with a lower risk could avoid
unnecessary interventions.

Tumors are not homogenous entities but rather complex
ecosystems composed of diverse cell types, with each contributing
differently to tumor progression, immune evasion, and therapeutic
resistance. For LG-ESS, exploring this heterogeneity is especially
critical given the limited understanding of its stromal origin and
how the tumor microenvironment may influence its behavior.
Advances in single-cell transcriptomics have provided
unprecedented insights into the heterogeneity of cellular
populations within the tumor immune microenvironment (TME),
enabling the identification of subpopulations that may contribute to
tumorigenesis, disease progression, and therapeutic resistance (22).
The application of these technologies to LG-ESS research holds
promise for unveiling the intricate cellular composition and
deepening our understanding of the molecular drivers of tumor
behavior. The identification of unique molecular signatures in
tumor cell subpopulations could lead to the discovery of novel
biomarkers and therapeutic targets, potentially revolutionizing the
treatment landscape for LG-ESS.

This study aims to characterize LG-ESS using single-cell
transcriptomics to describe the cellular composition, molecular
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characteristics and identify potential prognostic biomarkers. The
insights gained from this study are expected to lay the cornerstone
for a new paradigm in the personalized treatment of endometrial
stromal sarcomas.

Methods
Sample collection and sequencing

A sample of LG-ESS was collected immediately after surgery,
some of which were fixed with 10% formalin fixation, and some
were snap frozen. The formalin fixed sample was further embedded
in paraffin for immunohistochemical staining. The snap frozen
sample was digested and dispersed to form a single-cell suspension.
Single cell capture, reverse transcription, amplification, and library
construction were performed using the 10X Genomics platform
according to the manufacturer’s instructions. Libraries were then
sequenced, and data was processed using CellRanger software to
generate a single cell transcriptome data matrix. The study was
approved by the Ethics Committee of Zunyi Medical University
(No. 2020-1-013), with informed consent obtained from
all participants.

Data collection

Single-cell transcriptome sequencing data for five healthy
control (HC) endometrial samples (raw fastq files) were
downloaded from the NCBI SRA database, accession number
SRP349751 (23). Bulk transcriptomic datasets used for validation
were sourced from the GEO database (GSE128630, GSE119041, and
GSEB85383). The GSE128630 dataset encompasses 75 ESS cases (24).
GSE119041 includes 13 leiomyosarcoma (LMS), 16 ESS, 26 UUS,
and three YWHAE-FAM?22 endometrial stromal sarcomas (YFAM)
samples, along with 14 benign leiomyoma controls (LM) (25).
GSE85383 contains 9 LG-ESS, 4 HG-ESS, 8 UUS, and 4 uterine
LMS (26). The clinical characteristics of these samples were
extracted from the corresponding publications.

Identification and removal of doublets

DoubletFinder (version 2.0.3) (27) was used for each sample to
identify and remove doublets, with the doublet rate set to 0.03 for
10x genomic sequencing.

Data preprocessing

Data integration of Seurat objects after doublet removal was
performed using the Seurat (R package,version 4.4.0) (28), filtering
out abnormal cells (mito_percent < 15% & nFeature > 200 &
nFeature < 6000) and logarithmizing the UMIcount matrix. In
order to eliminate experimental batch effects, the harmony package
(version 1.0.3) was used for the integration of the data (29).
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Cell type identification

The top 2000 highly variable genes were selected for principal
component analysis (PCA), with principal components determined
through the JackStraw procedure. After determining the selected
number of principal components (dims = 1:30) during the
integration process, we clustered the cells with a resolution of 1
and performed dimensionality reduction with t-SNE for
visualization. Cell subpopulations were named based on SingleR
(version 2.2.0) annotation and classic marker expression (23, 30).

RNA velocity analysis

We performed RNA velocity analysis based on bam files
generated from CellRanger Count (version 7.2.0) analysis using
the scVelo software (version 0.2.5) (31). scVelo infers temporal
dynamic changes in gene expression by estimating splicing
dynamics and unspliced/spliced ratios of individual cells. Finally,
based on the RNA velocity results, we can reveal the dynamic
changes in cell status and their potential differentiation pathways in
the LG-ESS tumor sample.

Trajectory analysis

For trajectory analysis, Monocle 2 (version 2.18.0) (32) was used
to investigate dynamic changes in cell states based on the expression
of variable genes in the target population (cells expressing >10 genes
with an average expression >0.5). Genes with significant temporal
variation were identified using the differentialGeneTest function.
Dimensionality reduction was performed with the DDRTree
algorithm, and a minimum spanning tree was constructed using
the plot_cell_trajectory function. To visualize gene expression
changes along pseudotime, the top 100 dynamically expressed
genes were clustered using the plot_pseudotime_heatmap
function. Functional enrichment analysis for each gene cluster
was conducted using KOBAS 3.0.

Analysis of intercellular communication

In order to investigate the interactions between different cell
types in the tumor microenvironment of LG-ESS, we performed
intercellular communication analysis using CellPhoneDB2
(database version v2.0.0) (33), a Python-based computational
analysis tool, to identify interaction networks.

Estimation of cell proportions in samples
of bulk transcriptome

To quantify the cell type composition within our bulk
transcriptome samples, we utilized the BisqueRNA (version 1.0.5)
algorithm (34). This tool allowed us to leverage the gene expression
profiles derived from identified subpopulations in single-cell RNA
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sequencing data. Through this deconvolution approach, we were
able to infer the relative abundances of different cell types present in
the mixed tissue samples.

Enrichment analysis

We performed gene set enrichment analysis (GSEA) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
on the differential gene expression results using the clusterProfiler
(version 4.8.3) (35) and kobas (version 3.0) software, respectively.

Survival analysis and Cox
regression analysis

Survival analysis: We used the cutoff values (median expression
or best cutoff value) of the expression of specific genes in the
GSE128630 cohort and the GSE119041 cohort to divide the cohort
into two groups and used the survival package to compare the
differences in survival rates between the groups and to plot Kaplan-
Meier (KM) curves.

Univariate Cox regression analysis: Cox regression modeling
was performed using the survival package of the R software, and
one-way Cox regression was performed with the expression of the
gene of interest as a covariate.

Multivariate Cox regression analysis: Cox regression modeling
was performed using the survival package in R software,
incorporating relevant clinical factors such as age at diagnosis,
tumor grade, and BMI, alongside the expression levels of FGFI2
and KLHL29 as covariates. This approach allowed us to assess the
independent prognostic significance of FGFI12 and KLHL29 while
adjusting for the effects of these clinical variables.

H&E staining

The paraffin-embedded tissue samples (FFPE) are cut into 3-5
micron sections. For H&E staining, the sections are stained in an
acid hematoxylin solution for about 8 minutes and then in an eosin
solution for about 2.5 minutes using a slide stainer.

Multiplex immunofluorescence
(mIF) staining

A 7-color multiplex immunofluorescence staining was performed
using the opPAL™ multiplexing method. The staining protocol for
FFPE tissue sections was optimized for the simultaneous detection of
6 antibodies and DAPI as a nuclear stain. The fixed tissues were cut
into 4um sections by Rotary Microtome (Leica RM2255, Germany).
The sections were deparaffinized, rehydrated, subjected to heat-
induced epitope retrieval and incubated with primary and
secondary antibodies. The antibodies were visualized using the
fluorescent tyramide from the Opal 6-Plex Manual Detection Kit
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(NEL861001KT, Akoya Biosciences). The process of epitope retrieval
and staining was repeated sequentially for different primary
antibodies and fluorescent tyramide combinations. The following
primary antibodies with different dilutions were used: CD10 (#110M-
16, Cell Marque) with 1:40 dilution, Desmin (#243M-14, Cell
Marque) with 1:50 dilution, CD4 (#104R-14, Cell Marque) with
1:100 dilution, CD8 (#108R-14, Cell Marque) with 1:75 dilution,
CD68 (#168M-94, Cell Marque) with 1:75 dilution, FOX-P3 (#14-
4777-82, eBioscience). Antibodies were visualized with the following
tyramide dyes from the Opal Detection kit (NEL861001KT, Akoya
Biosciences): Opal Polaris 480, Opal 520, Opal 570, Opal 620, Opal
690, and DIG-Opal 780. Sections were mounted with ProLong®
Diamond Antifade Mountant (P36961, Thermo Fisher Scientific).
Multiplex-stained slides were imaged using a Phenolmager Fusion
system (Akoya Biosciences).

Statistical analysis

The log-rank test was used for survival analysis. For other
intergroup comparisons, the Wilcoxon rank-sum test was used.
P<0.05 is considered to be statistically significant.

Result

Altered gene expression profiles in multiple
subpopulations of LG-ESS

To investigate the cellular composition of LG-ESS, we collected
a fresh tissue sample from an LG-ESS patient during surgery and
performed single-cell transcriptomic sequencing. Concurrently, we
rigorously curated and integrated this dataset with single-cell
transcriptomic data from five healthy controls (HCs) sourced
from a public database, ensuring stringent quality control
throughout the analysis (Figure 1A).

Following batch correction (Supplementary Figure S1A), we
dimensionally reduced and clustered 38,288 cells, identifying 12
primary cell subpopulations (Figure 1B): non-ciliated epithelial cells
(Epi, EPCAM" SNTN"), ciliated epithelial cells (Cili_Epi, EPCAM"*
SNTN"), Str (stromal fibroblasts, DCN* MME* LUM", smooth
muscle cells (Smooth_muscle_cell, ACTA2", proliferative stromal
cells (pStr, MKI67", pericytes (Peri, NOTCH3* RGS5", endothelial
cells (Endo, PECAMI1™, lymphatic endothelial cells (Lymph,
CCL21", macrophages (Mac, CD163", T cells (Tcell, CD3D?,
natural killer cells (NK, GNLY™, and mast cells (Mast_cell, TPSB2*
(Figure 1C). Supplementary Figure S1B displays the top five highly
expressed genes in each cell subpopulation, and Supplementary
Figure S1C shows the quantification of all cell subpopulations from
each sample. Furthermore, differential gene analysis of all
subpopulations between LG-ESS and HC revealed that multiple
subpopulations exhibited significant differences in gene expression,
particularly within the Str subpopulation (Figure 1D). We speculate
that changes in the gene expression profile of this subpopulation
may be intricately linked to the pathogenesis of LG-ESS.
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FIGURE 1

Single-cell transcriptome analysis reveals altered gene expression profiles in multiple cellular subpopulations in LG-ESS. (A) Scatterplot showing the
overall distribution of cell subpopulations in HC and LG-ESS. (B) t-SNE plot showing the major cell types identified from HC and LG-ESS groups in
different colors. (C) Scatterplot showing the expression of representative marker genes in different cell types. (D) Differential genes between different
cell subpopulations of HC and LG-ESS, red color indicates genes up-regulated in LG-ESS, blue color indicates genes down-regulated in LG-ESS, and

the bar graph on the right side shows the number of differential genes.

The tumor cell subpopulation, Strl,
significantly associated with poor
prognosis of LG-ESS

Previous studies have indicated that most LG-ESS exhibit positive
expression of CD10 (protein of MME gene) and WT1, with elevated
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levels of estrogen receptor expression (20, 36, 37). Through H&E
staining (Figure 2A) and multiplex immunofluorescence (mIF)
staining (Figures 2B, C; Supplementary Figure S2A) of adjacent
tissue sections, we found that the tumor cell-rich regions of the
LG-ESS sample displayed positive CD10 expression (Figure 2B, right
middle) and were located adjacent to smooth muscle cell populations
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(0-SMA™ DES") (Figure 2B). Additionally, the tumor sample
contained various other cell types, including epithelial cells
(EPCAM"), pStr (MKI67") CD4™T cells (CD4"), CD8" T cells
(CD8A"), macrophages (CD68"), and regulatory T cells (FOXP3"),
which were further validated by our single-cell data (Figure 2D).
Unlike most epithelial-derived solid tumors (including endometrial
carcinoma (22)), LG-ESS originates from mesenchymal fibroblasts
rather than endometrial epithelial cells (4). Consistent with this
notion, we found that MME*(CD10) was predominantly expressed
in the Str subpopulation, with almost no expression in epithelial cells.

To explore the functional roles of tumor cell subpopulations in
LG-ESS, we re-clustered the Str subpopulation (Figure 2E),
resulting in eight distinct clusters. We observed that Cluster2 and
Cluster4 were primarily composed of LG-ESS, and notably, LG-ESS
tumor cells (MME") were mainly located in Cluster4 (Figure 2F).
Consequently, we independently clustered the LG-ESS samples and
further differentiated the Str subpopulation into two subgroups:
Strl, characterized by MME" tumor cells (predominantly in

10.3389/fimmu.2024.1513076

Cluster4), and Str2, defined by MME- cells (predominantly in
Cluster3) (Figures 2G, H). KEGG enrichment analysis indicated
that the highly expressed genes in the Str1 tumor cell subgroup were
significantly enriched in several classic cancer-related pathways,
including focal adhesion, choline metabolism in cancer, Wnt
signaling pathway, and PI3K-Akt signaling pathway (Figure 2I).
This aligns with previous findings demonstrating significant
activation of the Wnt signaling pathway in LG-ESS (38).
Subsequently, we utilized BisqueRNA to estimate the proportions
of cells in a large number of transcriptomic samples based on the top
50 most highly expressed genes across all LG-ESS cell subpopulations,
and we explored the relationship between subpopulation proportions
and the prognosis of LG-ESS. We found that an increased proportion
of Strl in LG-ESS was significantly associated with shorter overall
survival and progression-free survival of patients (Supplementary
Figure S2B). At the same time, we observed no significant differences
in the proportion of Strl across different sarcoma types

(Supplementary Figure S2C).

D CellType Trait MME
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FOXP3 cD4 CDSA
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50 Insuln resistance
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FIGURE 2

Characterization and functional analysis of LG-ESS tumor cell subpopulations. (A) HGE staining result of the LG-ESS tissue sample, highlighting the overall
tissue architecture at low magnification, with higher magnification images of selected regions showing cellular morphology. (B, C) miF staining result of LG-
ESS sample. CD10, desmin, and other markers are used to distinguish different cell populations within the tumor, with magnified views focusing on specific
regions of interest. The scale in figure (B) represents 2 mm and 100 um, while in figure (C) it represents 100 um and 30 um. (D). Expression of key marker
genes from the single-cell RNA sequencing data corresponding to the same LG-ESS sample. These markers (e.g., ACTA2, MME, DES, FOXP3, CD4, CD8A)
help identify distinct cell types within the tumor microenvironment. (E) t-SNE plots showing the clustering of cell subpopulations (left) in the LG-ESS sample
and their distribution in HC and LG-ESS tissue (right). (F) Featureplot demonstrating the expression of the CD10 (MME) gene in different subgroups of Str.

(G) t-SNE plot highlighting the main cell types present in LG-ESS, identified by distinct colors. (H) MME expression across all cell types in the LG-ESS sample,
with Strl cells showing prominent expression. (I) Results of KEGG enrichment analysis of genes highly expressed in Strl.
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Tumor cells in LG-ESS derive from
normal stromal fibroblasts rather
than MME" Str subpopulation

To further elucidate the origins of the Strl tumor cell
subpopulation in LG-ESS, we conducted RNA velocity analysis on
both Strl and Str2 subpopulations to determine their lineage
relationships. Surprisingly, our findings indicated that Strl and
Str2 may share a common ancestral origin, contradicting our initial
hypothesis that Strl arose from Str2 (Figure 3A).

To validate this finding, we utilized the Str subpopulation from
HC as a normal reference and performed RNA velocity analysis on
all Str cells from both HC and LG-ESS samples. We discovered that
Strl (predominantly corresponding to Cluster4) and Str2 (primarily
corresponding to Cluster2) indeed originated from the same
ancestral cluster, Cluster3. Moreover, Cluster4 originating from
Cluster3 through the intermediate Cluster6 (Figure 3B).
Simultaneously, we conducted pseudo-time analysis on Clusters3,
Clusters4, and Clusters6 using Monocle2. Consistent with the RNA
velocity analysis, our results confirmed that Cluster4, which
primarily comprises the Strl tumor cell subpopulation in LG-ESS,
predominantly develops from Cluster3 and Cluster6 (Figure 3C).

To explore the characteristic changes occurring during the
differentiation of tumor cells, we clustered the genes that
exhibited significant changes throughout the differentiation
process (Figure 3D). KEGG enrichment analysis revealed that
genes that were significantly upregulated during differentiation
were primarily associated with common cancer-related pathways,
such as focal adhesion, proteoglycans in cancer, Wnt signaling
pathway, and Jak-STAT signaling pathway. Conversely, genes that
were significantly downregulated during differentiation were
predominantly linked to metabolic processes and oxidative
phosphorylation pathways (Figure 3E).

High expression of FGF12 is significantly
associated with poor prognosis of LG-ESS

Upon investigating the biological alterations within tumor cell
subpopulations of ESS as compared to HC, our enrichment analyses
of differentially expressed genes (LG-ESS vs. HC) within the Str-
Cluster4 subpopulation (Figure 2E) indicated significant gene
expression modifications. These modifications predominantly
clustered around pathways integral to oncogenesis and tumor
progression, including growth hormone synthesis, secretion, and
action, along with cell cycle regulation, focal adhesion, Wnt, and
MAPK signaling pathways (Figure 4A). To investigate the
underlying drivers of these pathways, we performed Cox
regression and survival analysis on these significantly differentially
expressed genes based on the gene expression data of ESS patients
from the GEO database, focusing on genes uniquely expressed in
Str1 (Figure 4B). Notably, high expression of FGF12 and KLHL29 in
ESS was significantly associated with shorter overall and
progression-free survival (Figures 4C-E). Through multivariate
cox regression analysis, we found that FGF12 and KLHL29
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remain important independent prognostic factors affecting overall
survival (Supplementary Figure S3A) and progression-free survival
(Supplementary Figure S3B). In addition, an independent cohort of
patients further validated the association between high FGF12 gene
expression and shortened overall survival (OS) in uterine sarcoma
patients (Supplementary Figure S3C), suggesting that FGF12 could
potentially be a prognostic biomarker for ESS.

Moreover, a comparative analysis of FGFI2 and KLHL29
expression across different sarcoma subtypes and
leiomyosarcomas (LMS) revealed a significant difference in
KLHL29 expression between HG-ESS and LG-ESS and LMS. In
contrast, FGF12 expression showed no significant difference. This
indicates that KLHL29 may serve as a potential biomarker for
distinguishing HG-ESS from LG-ESS (Supplementary Figure S3D).

To further elucidate the biological functions of FGFI2 and
KLHL29 in ESS, we categorized ESS samples into high- and low-
expression groups based on their gene expression levels and
conducted GSEA enrichment analysis. We observed that the
MYOGENESIS pathway was significantly activated in both the
FGFI12M8® and KLHL29"$" groups. Conversely, immune-related
pathways, such as the INFLAMMATORY RESPONSE and
INTERFERON GAMMA RESPONSE, were notably suppressed in
the FGF12"" group, while the ESTROGEN RESPONSE EARLY
pathway was significantly suppressed in the KLHL29"&" group
(Figures 4F, G).

Functional aberrations in cell
subpopulations influenced by
tumor cells in LG-ESS

Previous studies have shown that in epithelial-derived tumors,
fibroblasts within the tumor microenvironment may be induced
into cancer-associated fibroblasts (CAFs) through interactions with
tumor cells (39, 40), and macrophages may undergo M2
polarization under the influence of tumor-derived factors (41).
These phenotypic and functional changes in stromal and immune
cells within the tumor microenvironment, in turn, contribute to
tumor progression.

Through intercellular communication analysis, we identified a
strong interaction between Strl and Str2 as well as smooth muscle cell
subpopulations in LG-ESS, particularly mediated by secreted growth
factors (Figures 5A, B). We hypothesize that these interactions may
lead to functional alterations in the subpopulations, thereby
promoting tumor progression. To further explore these potential
functional changes, we performed KEGG enrichment analysis on the
highly expressed genes in the Str2 and smooth muscle cell
subpopulations in LG-ESS. Interestingly, the genes predominantly
clustered in pathways associated with tumorigenesis and metastasis,
such as focal adhesion, proteoglycans in cancer, PI3K-Akt signaling,
and ECM-receptor interactions (Figures 5C, D). Differential gene
expression analysis between LG-ESS and healthy controls further
supported these findings, indicating that the functions of Str2 and
smooth muscle cells in LG-ESS are altered under the influence of
tumor cells (Figures 5E, F).

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1513076
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Miao et al.

10.3389/fimmu.2024.1513076

Trait Cluster
*LG-ESS ®Cluster3
ohc ® Clustera

° Cluster6

-20 -10

0 10

Component 1

maligant

DAB1
ZRANB2
SPATAG
LMOD1

Clustefr1 e

e
Thtgiso
Libttsn
e
o
Wie
Aieiad
oz
STt
ey
S5
EVata
Siaoare
b
Rista

L b
Bioxs
il
b
Gns
Siooars
CATORS
KRIEARS
o
HiFan
Lotas
beas
o
i
g5c1
ash
Sicienr
Baet
SR
SEhiasn
L,
RO
Uit
kedt
Sioizs

Futos
Cluster2 0034

PDIAS

FIGURE 3

Normalized

Kz gene expvaession

2

Influenza A

Hepatitis B

Jak=STAT signaling pathway

Whnt signaling pathway

Hepatitis C

Oxytocin signaling pathway

Measles

Signaling pathways regulating pluripotency of stem cells

Vascular smooth muscle contraction

Osteoclast differentiation

Platelet activation

Yersinia infection

Sphingolipid signaling pathway

Toxoplasmosis

PD=L1 expression and PD-1 checkpoint pathway in cancer

EGFR tyrosine kinase inhibitor resistance

Pancreatic cancer

Human cytomegalovirus infection

Proteoglycans in cancer

Focal adhesion
N v x ©
-log(P-Value)

Shigellosis
‘Axon guidance
Human papillomavirus infection
Tight junction
Protein processing in endoplasmic reticulum
Hippo signaling pathway
/Arginine and proline metabolism
Vibrio cholerae infection
Signaling pathways regulating pluripotency of stem cells
Parkinson disease
Metabolic pathways
Oxidative phosphorylation
TGF-beta signaling pathway
Fc gamma R-mediated phagocytosis
Salmonella infection
Epithelial cell signaling in Helicobacter pylori infection
Non-alcoholic fatty liver disease (NAFLD)
Apoptosis
Glutathione metabolism
Pathogenic Escherichia coli infection
N >

v > ©
~log(P-Value)

Origin of Strl tumor cell subpopulations in LG-ESS. (A) RNA velocity analysis of Strl and Str2 subpopulations in LG-ESS, illustrating their potential
shared ancestral origin. (B) RNA velocity analysis of Str subpopulations from HC and LG-ESS samples, showing lineage relationships between
clusters. (C) Pseudotime analysis of Cluster3, 4, and 6, demonstrating differentiation paths in Str cell subpopulations. (D) Heatmap of gene expression
changes during the differentiation of normal stromal fibroblasts to malignant cells. (E) Results of KEGG enrichment analysis of significantly

upregulated (top) and downregulated (below)pathways during tumor cell differentiation.

Discussion

LG-ESS is a rare uterine malignancy with a high recurrence rate,
posing significant challenges for prognosis and treatment.
Understanding the molecular characteristics and identifying
prognostic biomarkers for LG-ESS is crucial for improving
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patient stratification and guiding personalized treatment. In this

study, we used scRNA-seq to uncover the molecular

characterization of tumor cell subpopulations within LG-ESS and

their association with clinical outcomes. Our primary goal was to

explore potential biomarkers linked to poor prognosis, offering new

insights into disease progression.
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FIGURE 4

FGF12 and KLHL29 expression correlates with poor prognosis and tumor progression in ESS. (A) Scatterplot demonstrating the results of KEGG
enrichment analysis of differentially expressed genes of Strl between LG-ESS and HC. (B) Heatmap demonstrating the results of Cox regression
analysis and survival analysis for specific genes based on bulk transcriptome data of ESS patients. (C) Featureplot demonstrating the expression of
FGF12 and KLHL29 genes in different cellular subpopulations of LG-ESS. (D, E) Results of survival analysis based on FGF12 (D) and KLHL29 (E)
expression in ESS patients, with overall survival on the left and progression-free survival on the right (GSE128630). (F, G) Results of GSEA enrichment
analysis after differentiating patients into high and low expression groups based on FGF12 (F) and KLHL29 (G) gene expression in ESS patients, with
significantly activated pathways in the high expression group on the left and significantly inhibited pathways on the right.

Through the integration of single-cell transcriptomic data from
LG-ESS patients and HC, we delineated 12 major cell
subpopulations, highlighting the complexity of the tumor
microenvironment and its potential role in the pathogenesis of
LG-ESS. Among these subpopulations, the Str in particular
displayed substantial gene expression changes, underscoring their
involvement in LG-ESS tumorigenesis. The identification of two
distinct stromal subgroups, Strl (MME" tumor cells) and Str2
(MME" stromal fibroblasts), through reclustering of the Str
subpopulation, has shed light on their divergent roles in LG-ESS.
Our KEGG enrichment analysis revealed that Strl is significantly
enriched in pathways associated with oncogenesis, including Wnt
signaling, focal adhesion, and PI3K-Akt signaling. The association
between the abundance of Strl and poor patient prognosis further
accentuates the clinical relevance of this subpopulation. This
suggests that Strl, characterized by their expression of MME, may
play a central role in the malignant transformation and progression
of LG-ESS.

Frontiers in Immunology

Using RNA velocity analysis, we demonstrated that Strl and
Str2 cells share a common ancestral origin, suggesting that the
differentiation of Strl from normal stromal fibroblasts may be a key
event in LG-ESS pathogenesis. This finding contradicts our initial
hypothesis that Strl arose directly from Str2, instead indicating a
more complex tumorigenic process. Our pseudo-time analysis
further confirmed that Strl cells develop from an ancestral
fibroblast population, highlighting the dynamic nature of tumor
evolution in LG-ESS. Functional analysis of the gene expression
changes during the differentiation of Strl tumor cells further
demonstrated the activation of key oncogenic pathways. Genes
that were upregulated during the progression from normal
fibroblasts to Strl cells were enriched in pathways linked to
cancer cell migration, proliferation, and extracellular matrix
remodeling, all of which are hallmarks of tumor progression.
Conversely, the downregulation of metabolic pathways, such as
oxidative phosphorylation, suggests that tumor cells may undergo
metabolic reprogramming as they acquire malignant characteristics.
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FIGURE 5

The functions of the Str2 and smooth muscle cells in the LG-ESS were altered. (A) Intercellular communication capacity between different cell types
in LG-ESS. The color and thickness of the lines are used to distinguish the cellular origin and number of interacting ligands, and the circular lines
indicate autocrine circuits. (B) Scatterplot indicating the interaction between Strl and other cell subpopulations in LG-ESS via growth factor ligand-
receptors. (C, D) Results of KEGG enrichment analysis of genes highly expressed in Str2 (C) and smooth muscle cells (D) in LG-ESS. (E, F) Scatter
plots showing the results of KEGG enrichment analysis of differentially expressed genes in Str2 (E) and smooth muscle cells (F) in LG-ESS and
compared to HC.

These observations are consistent with the metabolic changes often Previous studies have indicated that the Wnt signaling pathway
is significantly activated in LG-ESS (21, 38). Additionally, other
research has found that FGF signaling plays a crucial role in Wnt-

regulated cell proliferation (42), with FGF inhibition negating Wnt-

seen in cancer cells, which shift from oxidative phosphorylation to
glycolysis to support rapid proliferation and survival in
hypoxic environments.
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mediated cell proliferation (43). In our study, FGFI12 and KLHL29
were found to be significantly overexpressed in Strl cells, and their
high expression levels were associated with shorter overall survival
and progression-free survival. It is worth noting that the
overexpression of FGFI2 was also observed in an independent
cohort of uterine sarcoma patients and was significantly
associated with a decrease in patient survival, further confirming
its prognostic significance.

While FGFI2 serves as a prognostic biomarker associated with
poor outcomes in LG-ESS, KLHL29 also emerged as a potentially
significant marker in this context. Our analysis revealed that
KLHL29 expression levels vary across different sarcoma subtypes,
which may help distinguish between high-grade and low-grade ESS
and LMS. This differential expression suggests that KLHL29 could
be valuable for clinical stratification of ESS patients, providing
insights into tumor behavior and treatment responses. While
FGF12 may reflect the aggressiveness of the tumor
microenvironment, KLHL29’s varying expression levels among
different sarcoma types highlight its potential as a biomarker for
distinguishing tumor subtypes. The synergistic evaluation of both
FGF12 and KLHL29 may enhance our understanding of LG-ESS
progression and guide more tailored therapeutic strategies.

In tumors, FGF is essential for maintaining endothelial
integrity, promoting angiogenesis, and supporting tumor
proliferation, survival, and metastasis (44, 45). Abnormal FGF
signaling accelerates tumor growth by enhancing the formation of
new blood vessels, which makes FGF inhibitors a promising
therapeutic strategy (46-48). The association between the tumor
cell subpopulation Strl and its marker FGFI2 with poor prognosis
in ESS suggests that targeting the FGF signaling pathway could be a
promising therapeutic approach. Furthermore, their abundance/
expression levels show no significant differences across different ESS
subtypes, indicating that despite the clinical variations among ESS
subtypes, they may share some key molecular characteristics that
lead to similar prognostic outcomes. The relative stability of Strl
and FGFI2 may reflect their importance within the tumor
microenvironment, particularly in promoting tumor cell survival
and proliferation. Therefore, specific FGF12-targeted therapies,
including selective FGFR inhibitors and neutralizing antibodies,
could potentially be developed to inhibit FGF-mediated cell
proliferation across all ESS subtypes. FGF receptor inhibitors,
such as FGFR tyrosine kinase inhibitors (49), have shown efficacy
in various cancers with aberrant FGF signaling and may represent a
potential treatment avenue for ESS patients with high FGFI2
expression. However, developing FGF inhibitors presents certain
challenges, as the FGF/FGEFR signaling axis is vital for many normal
biological processes, raising concerns about potential toxicity and
necessitating careful dosage management (48). Furthermore,
overcoming resistance may require combining FGF inhibitors
with other therapeutic agents to enhance treatment efficacy (50).

The functional consequences of FGFI2 and KLHL29
overexpression were further explored through gene set enrichment
analysis (GSEA). Our results showed that high expression of both
genes was associated with the activation of the MYOGENESIS
pathway, a process often linked to tissue remodeling and cancer
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progression. In contrast, immune-related pathways such as the
inflammatory response and interferon-gamma response were
suppressed in the FGFI2"€" group, implying that FGFI2 may
contribute to immune evasion in LG-ESS. Similarly, KLHL29"'"
tumors exhibited downregulation of the estrogen response early
pathway, which may reflect an altered hormonal milieu in these
tumors. This suggests that FGF12 and KLHL29 may play functional
roles in promoting LG-ESS progression through different
biological pathways.

Our study also emphasizes the broader impact of tumor cells on the
surrounding stromal and immune compartments within the LG-ESS
microenvironment. We observed strong intercellular interactions
between Strl tumor cells and smooth muscle cell subpopulations,
particularly through growth factor-mediated signaling. These
interactions are likely to drive functional changes in both stromal and
smooth muscle cells, as evidenced by our KEGG analysis, which revealed
enrichment of genes related to tumorigenesis and metastasis in these cell
types. This indicates that stromal fibroblasts and smooth muscle cells
within the tumor microenvironment can undergo phenotypic and
functional alterations that promote tumor growth and invasion. The
activation of CAFs and M2 macrophage polarization in epithelial tumors
serves as a parallel example of how tumor cells can reshape their
surrounding microenvironment to facilitate malignancy. Our findings
suggest that a similar mechanism may be at play in LG-ESS, where
tumor-derived factors drive the reprogramming of stromal and immune
cells, ultimately contributing to disease progression.

While our study provides valuable insights into the biology of LG-
ESS, several limitations should be acknowledged. First, given the rarity of
LG-ESS, our single-cell RNA sequencing analysis was conducted on a
sample from one LG-ESS patient. Although this single-sample design
constrains generalizability, we addressed this limitation by integrating
publicly available transcriptomic datasets and validating key findings—
such as the prognostic significance of FGFI2—within independent
cohorts. These steps strengthen the reliability of our observations, yet
additional studies with larger patient cohorts are essential to validate our
findings and to capture the full spectrum of LG-ESS heterogeneity.
Additionally, our study identified the tumor cell subgroup Strl,
characterized by MME" (gene of CD10 protein) expression, through a
combination of H&E and miF staining. A minor population of cells in
the Str2 subgroup also exhibited diffuse CD10 expression. However, since
CD10 is expressed in both normal endometrial stromal cells and LG-ESS
tumor cells (36, 37), CD10 alone cannot reliably distinguish malignant
cells. This suggests that while some Str2 cells may have undergone
malignant transformation, further marker studies are required to
confirm their tumorigenic nature. Moreover, while we focused on
stromal fibroblasts and their role in tumor progression, other cellular
components of the tumor microenvironment, such as immune cells,
were not analyzed in depth. Given the importance of immune-stromal
crosstalk in tumor biology, further exploration of the interactions
between tumor cells, stromal fibroblasts, and immune cells will be critical.

In conclusion, our study highlights the heterogeneity of stromal
fibroblasts in LG-ESS and their critical role in tumor progression.
The identification of Strl as a poor prognostic factor and the
discovery of FGFI2 as a prognostic biomarker opens new avenues
for understanding and treating this rare form of uterine sarcoma.
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SUPPLEMENTARY FIGURE 1

Results of removing batch effects for data from different sources and number
of cells in all subpopulations. (A) Scatterplot plot showing the well-corrected
batch effect (harmony) of different sources of HC and LG-ESS patient data
(B) Heatmap showing the expression levels of highly expressed top5 genes in
all subpopulations. (C) The table shows the number of cells from all samples
in each subpopulation.

SUPPLEMENTARY FIGURE 2

Elevated Proportion of Strl in ESS Correlates with Reduced Survival. (A) miF
staining result of LG-ESS sample. CD10, desmin,o.-SMA, and other markers
are used to distinguish different cell populations within the tumor, with
magnified views focusing on specific regions of interest. The scale bars
represent 100pm and 30pm. (B) Survival analysis results of the proportion
of Strlin ESS patients, with the left panel representing overall survival and the
right panel depicting progression-free survival (GSE128630). (C) Variations in
the proportion of Strl among different subtypes of uterine sarcoma patients
(GSE85383). (Wilcoxon rank-sum test; ns, non-significant)

SUPPLEMENTARY FIGURE 3

FGF12 has potential as a prognostic biomarker for sarcoma. (A, B) Multivariate
Cox regression analysis for overall survival (A) and progression-free survival
(B) in LG-ESS patients. The analysis included relevant clinical factors, such as
age at diagnosis, tumor grade, and BMI, alongside the expression levels of
FGF12 and KLHL29. Hazard ratios (HR) and 95% confidence intervals (Cl) are
shown for each factor. (C) Survival analysis outcomes based on the
expression of FGF12 (left) and KLHL29 (right) genes in uterine sarcoma
patients (GSE119041), focusing on overall survival. (D) Differential
expression of FGF12 and KLHL29 genes among various subtypes of uterine
sarcoma patients. (Wilcoxon rank-sum test; *P < 0.05; **P < 0.01;
ns, non-significant)
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