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Background: Testicular embryonic rhabdomyosarcoma (ERMS) is a rare soft tissue tumor in
children featuredwith high intra-tumoral heterogeneity. In this study, we aimed to comprehensively
delineate the testicular ERMS intra-tumoral heterogeneity and tumor microenvironment.
Methods: Cell types and the corresponding marker genes were identified by single-nuclear
RNA sequencing (snRNA-seq). Functional states of different clusters were evaluated by
uniform manifold approximation and projection and differentially expressed genes. Kaplan–
Meier curve analysis was constructed according to the gene expression profile to determine
the correlation between candidate marker genes and the overall survival and disease-free
survival of patients with osteosarcoma from TCGA.
Results: A total of 8868 tumor cells and 10,147 normal cells were obtained from testicular ERMS
tissues. The heterogeneous malignant subtype was composed of six subgroups (C1–C6) with
differential proliferative andmigratory potentials. Cell trajectory analysis revealed the C1 subgroup
might be the starting cells of the tumor and transform into two different types ofmalignant cells, C2
and C5/6, during the development of RMS. The differentially expressed genes were closely related
to cell adhesion and extracellular matrix signaling pathways. Furthermore, the interaction analysis
between cell subgroups (macrophages and tumor cells, endothelial cells and tumor cells) demon-
strated that collagen-related geneCOL6A1plays a key role from the initiation ofERMS to the entire
process of malignant transformation.
Conclusion: Our findings provide a new insight in the understanding of the initiation and
progression of testicular ERMS and have potential value in the development of markers for
the diagnosis and stratification of testicular ERMS.
Keywords: embryonic rhabdomyosarcoma, intra-tumoral heterogeneity, biomarker,
extracellular matrix, tumor microenvironment

Introduction
Soft tissue tumors account for approximately 3% of childhood tumors and 1% of adult
tumors.1 Rhabdomyosarcoma (RMS) mostly occurs in the head, neck, limbs, and trunk.2

The World Health Organization (WHO) divided RMS into embryonic RMS (ERMS)
(including spindle cell RMS, grape cluster-like RMS and anaplastic RMS), and alveolar
RMS (including solid and anaplastic and pleomorphic RMS). ERMS arising from the
testis is extremely rare. Testicular ERMS is more common in adolescents and children <
20 years.3 The standard treatment for testicular ERMS is orchiectomy, combined with
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chemotherapy. Commonly used chemotherapy drugs are vin-
cristine, actinomycin D and cyclophosphamide, which are
important to prevent recurrence. Patients with ERMS with
tumor diameter > 5 cm or aged > 10 years have a poor prog-
nosis, and the 5-year survival rate is 30%. Primary testicular
ERMS is generally considered to have a poor prognosis.4

Testicular ERMS has high heterogeneity and dynamic immu-
nogenic characteristics, and it is difficult to find effective
therapeutic targets.5

Traditional transcriptomics research is based on mixed cell
populations and lacks sufficient resolution when determining
specific cell types to elucidate the complexity of intratumoral
heterogeneity in RMS. Single-cell RNA sequencing (scRNA-
seq) has great value in revealing the intratumoral heterogeneity
of multiple cancers and cell crosstalk with the tumor micro-
environment (TME).6,7 We believe that a global single-cell
portrait of how different cell types work together would help
identify new pathways in testicular ERMS and eventually new
therapeutics. In this study, we conducted snRNA-seq analysis
in a testicular ERMS sample, and identified six major cell
clusters. We also characterized the cellular characteristics of
malignant cells and major TME cells. We further identified
a cluster gene that affects known cancer pathways. Our study
reveals a transcriptional landscape of the intratumoral hetero-
geneity in testicular ERMS and may have potential value in
providing novel prognostic markers for testicular ERMS.

Materials and Methods
Sample Collection
This study included a patient (male, 16 years old) with
ERMS, which was confirmed by immunohistochemical
results (Ki-67 +++, Myogenin was partially positive,
Myoglobin was individually positive, MyoD1 was weakly
positive, Des was partially positive, CD56 was positive,
SMA was negative, CK was negative, EMA was negative,
S-100 was negative, and CD34 was negative). The tumor
was located on the left testis with 6.5 cm diameter. Before
surgery, the patient had not received any chemotherapy.
The adjacent tissues (more than 2 cm from tumor margin)
were used as normal control. The fresh tissues were stored
at liquid nitrogen. This study was conducted in accordance
with the Declaration of Helsinki.

Sample Preparation of snRNA-Seq
The tissues were cut into 2 mm3 pieces, and transferred into
3mL of pre-cooled homogenization buffer, and incubated for 5
minutes. The tissues were homogenized into a pre-cooled

15 mL centrifuge tube. The tubes were centrifuged at 500g
for 5 minutes at 4°C to collect the pellets. The pellets were
resuspended with 1 mL blocking buffer and filtered with a 30
μm cell sieve. The cells were stained with trypan blue to
estimate the cell viability. DAPI staining was used for cell
count.

Library Preparation of snRNA-Seq
The library and snRNA-seq are completed by the Beijing
Genomics Institute. Briefly, the single cell suspension concen-
tration of the sample was adjusted to 1000 cells/μL. The
suspension, magnetic beads, and oil droplets were added to
the DNBelab C4 portable single cell device to form emulsion
droplets under negative pressure. After demulsification, the
mRNA captured by the magnetic beads was transcribed into
cDNA, and the cDNA was further enriched and purified by
PCR, and used for the library construction.

Primary Analysis of Raw Read Data
Raw reads were processed to generate gene expression
profiles using CellRanger. Briefly, the adapter removal is
processed according to the position of the adapter in the
library; the reads after adapter removal are processed by
CellRanger; CellRanger was able to statistics the quality of
the reads. For example, when the Q30 value of Read1 or
Read2 were less than 70%, a corresponding warning will
be given; after the filtering is generated, the reads will map
the reference genome after the conditions are met.
CellRanger will filter the reads according to MappingQ.
After filtering read one without poly T tails, valid cell
barcode and UMI was extracted. Adapters and poly
A tails were trimmed (fastp V1) before aligning read two
to GRCh38 with ensemble version 92 gene annotation
(fastp 2.5.3a and featureCounts 1.6.2).8 Reads with the
same cell barcode, UMI and gene were grouped together
to calculate the number of UMIs per gene per cell. The
UMI count tables of each cellular barcode were used for
further analysis. Cell type identification and clustering
analysis using Seurat program.9 The Seurat program
(http://satijalab.org/seurat/, R package, v.3.1.2) was
applied for analysis of RNA-Sequencing data. UMI count
tables were loaded into R using read.table function. Mt-
genes cutoff was set to 50. Any cells with UMI and genes
number larger than 98% of the maximum UMI and genes
number were not be used for further analysis. After dimen-
sion reduction by RunPCA, resolution 2 was used to do
the clustering.
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Differentially Expressed Genes (DEGs)
Analysis
Differential gene expression (DEG) testing was performed
using the FindMarkers function in Seurat with Wilcoxon test
and p values were adjusted using Bonferroni correction. DEGs
were filtered using a minimum log(fold change) of 0.25 and
a maximum adjusted p value of 0.05 and were then ranked by
average log(fold change) and FDR. Enrichment analysis for
the functions of the DEGs was conducted using the
clusterProfiler (v3.12.0) package. The gene sets were based
on Gene Ontology terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways and analyzed by
enrichKEGG and enrichGO. ggplot2 (Version:3.3.5) was
used to draw the following result pictures.

Cell Type Annotation
In order to determine cell types, we combined unsupervised
clustering and differential expression to compare top differen-
tially expressed genes with cell type specific expression. We
confidently identified broad categories among all cells, and
further delineated cellular subtypes by isolating
subsets (through in silico “gating”) of broadly defined cell
types and re-analyzing with the same approach. For broad
cell type annotation shown in Figure 1C, low-resolution clus-
tering was performed using the FindClusters function with
resolution 2 with the first 20 PCs to generate 33 clusters.
Differential expression was performed using the
FindAllMarkers function in Seurat with default parameters.
To assign one of the 11 major cell types to each cluster, we
scored each cluster by the normalized expressions of the fol-
lowing canonical markers: Spermatogonial (CPEB1, KIT,
DMRT1), Spermatocytes (SYCP1, SMC1B), Spermatids
(SPACA3, PRM1, CCNA1, SPAG6), Sperms (TNP1,
PRM2), Sertoli cells (WT1, SOX9, CLDN11), Fibroblasts
(DCN, LUM, COL1A1), Leydig cells (INSL3, STAR,
CYP11A1), Myoid cells (ACTA2, PTCH1, MYH11),
Endothelial cells (PECAM1, ENG, VWF, LYVE1),
Macrophages (CD163, MRC1, CD14, GPNMB, MSR1),
Cancer cells (COL5A2, COL6A1, COL6A2, EGFR,
MYOG, DES). The results were manually examined to ensure
the correctness of the results and visualized by Uniform
Manifold Approximation and Projection (UMAP). The 11
major cell types were chosen by initial exploratory inspection
of the differentially expressed genes (DEGs) of each cluster
combined with literature study. The DEGs were generated by
Seurat FindMarkers function. Cancer cells, Endothelial cells,
and Macrophage’s subtype were determined using the

ScaleData function in Seurat, and re-clustering at resolution
(1.6) to obtain 6, 3 and 3 clusters respectively.

Pathway Enrichment Analysis
The potential functions of DEGs were analyzed by
“clusterProfiler” R package 3.16.1. Pathways with p_adj
value < 0.05 were considered as significantly enriched.
DIAMOND software was used to compare ORF to Animal
Transcription Factor Database (AnimalTFDB) to identify the
coding ability of transcription factor. The GENIE3 package
predicted a regulatory network based on the co-expression of
regulators and targets. RcisTarget package searched for tran-
scription factor binding motifs in the given data. Genes
involved in the predicted regulatory network were defined
as a gene set, and AUCell package calculated the auc value of
the gene set to assess the activity of regulatory network in
cells. For GSVA pathway enrichment analysis, the average
gene expression of each cell type was used as input data
using the GSVA package. The Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) gene
sets were used as reference.10

Trajectory Analysis
To map differentiation/conversion of cell subtypes, pseudo-
time trajectory analysis was performed with Monocle2 soft-
ware package (v2.8.0) in R95.11 Seurat v3.1.2
FindVairableFeatures was used in trajectory analysis for
analyzing genes average expression, and DDRTree was
used for dimension-reduction. The trajectory was visualized
by plot_cell_trajectory. A branch expression analysis model
(BEAM) analysis was used for generate cells branches into
several groups with q values < 10−10. The plot_genes_bran-
ched_heatmap function was used for visualization.

Cell-Cell Interaction Score Calculation
Using Cellphone DB
CellPhoneDB (Version 2.1.0) is a publicly available reposi-
tory of curated receptors, ligands and their interactions and
used to identify cellular communication across different cell
types. After extracted the counts matrix and cell annotation,
“cellphonedb method statistical_analysis” finished the whole
analysis. After that, “cellphonedb plot dot_plot”, “cellpho-
nedb plot heatmap_plot” and several commands were used to
calculate and draw the results. R packages: psych (Version
2.0.12), qgraph (Version 1.6.9), igraph (Version 1.2.6), purrr
(Version 0.3.4) were used to draw count network.
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Figure 1 Cell types in testicular ERMS identified by single cell transcriptomic analysis. (A) Workflow processing of specimens of testicular ERMS tumors for scRNA-seq. (B)
Heatmap showing differentially expressed genes in genomic regions. (C) The uniform manifold approximation and projection (UMAP) plot demonstrates main cell types in
testicular ERMS. (D) The percentage of assigned cell types are summarized in normal and tumor tissues. (E) UMAP plot shows expression of specific markers in each cell
type.
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Statistical Analysis
SPSS 21.0 (IBM, Armonk, NY, USA) was used for statis-
tical analysis. Continuous data are expressed as mean ±
standard deviation (SD). Student’s t-test was used to deter-
mine the significance of the difference, and differences
with P < 0.05 were considered statistically significant.

Results
SnRNA-Seq Analysis and Cell Typing of
Testicular ERMS
The tumor tissue and adjacent tissues of the patient were
collected for snRNA-seq (Figure 1A). There were 8868
tumor cells and 10,147 normal cells for further analysis
(Figure 1B). The unbiased clustering of cell composition
was explored by PCA and visualized by UMAP
(Figure 1C). According to the known specific marker
genes, 11 main cell clusters were defined: macrophages,
leydig cells, fibroblasts, endothelial cells, myoid cells,
spermatocytes, sperms, spermatids, sertoli cells, spermato-
gonial cells, cancer cells (Figure 1C and D). The gene
expression patterns in different cell clusters in testicular
ERMS tissue were presented (Figure 1E). In addition, we
also showed the expression pattern of each known cell
marker gene through VlnPlot (Figure S1A), and differen-
tial gene expression analysis, thereby generating cluster-
specific marker genes (Figure S1B–C).

Trajectory Analysis of Different
Subgroups from Testicular ERMS
According to UMAP analysis, the cells were divided into 6
subgroups (C1-C6, Figure 2A and B). In tumor tissues, C1
accounted for 24.72% (n=2366), C2 accounted for 4.58%
(n=438), C3 accounted for 13.67% (n=1308), C4 accounted
for 26.03% (n=2491), C5 accounted for 29.46% (n=2819), C6
accounted for 1.55% (n=148) (Figure 2C). Each subgroup has
a set of specific marker genes to distinguish each subgroup
(Figure 2D). We conducted a functional enrichment analysis
for each subgroup. C1 subgroup was related to E2F targets,
G2M checkpoints, mitotic spindles, and myc targets; C2 sub-
group was mainly related to mitotic Spindle and myogenesis.
C5 subgroup was mainly related to EMT, UV response and
angiogenesis, and C6 subgroup was mainly related to mitotic
spindle, myogenesis, EMT, and UV response (Figure 2E).

In order to study the origin of tumor cells in the
occurrence of testicular ERMS, trajectory analysis was
carried out on the cells of 6 subgroups. The C1 subgroup
cells appeared at the beginning of the trajectory, and the

C2 and C5/6 subgroups cells appeared at the end of the
trajectory (Figure 2F), indicating that the C1 subgroup
may be the initiating cells of tumors, and transformed
into C2 and C5/6 malignant cells, during the development
of testicular ERMS. Analysis of the expression of immune
checkpoint-related genes found that CD274 (PD-L1) were
highly expressed in C1, C2, and C3, IDO1 was highly
expressed in C1, C3, C4, and C5, and TIGIT was highly
expressed in C1, C4, and C5 (Figure 2G).

SCENIC analysis was used to determined which transcrip-
tion factors were involved in the occurrence and development
of testicular ERMS (Figure 2H). C1 cells highly expressed
E2F1, RAD21, EZH2, BRCA1, E2F7, and C2 cells highly
expressed RARA, FOXO3, ARID3A, HMGB1, and SRF. C5
subgroup highly expressed CREB, CHD2, IRF3. C6 subgroup
cells highly expressed JUN, TEAD3, RUNX1 and RORA
(Figure 2H). The downstream genes regulated by these tran-
scription factors were displayed (Figure S2), which implies
that these genes have potential role in the development of
testicular ERMS.

Cell Adhesion and Extracellular Matrix
Organization are Activated During the
Malignant Transformation of Myoid Cells
in Testicular ERMS
It is generally believed that myoid cells are the starting
cells of RMS. We further analyzed the changes in the gene
expression profile of myoid cells. Compared with tumor
cells, myoid cells highly expressed NEB, PAX7, and
TNNT1, and lowly expressed PTGDS, DCN, IGFBP7,
and JUN (Figure 3A). KEGG analysis revealed that the
up-regulated genes were associated with Ribosome, RNA
transport, mismatch repair and focal adhesion, while the
down-regulated genes were associated with Focal adhe-
sion, Proteoglycans in cancer and Phagosome (Figure 3B).
GO term analysis showed that the up-regulated genes were
associated with ATPase activity, ATPase complex, and
RNA splicing, while the down-regulated genes were asso-
ciated with cell adhesion molecule binding, focal adhe-
sion, and extracellular matrix organization (Figure 3C),
suggesting that cell adhesion and extracellular matrix orga-
nization are important signaling pathway for the malignant
transformation of myoid cells.

In order to further determine the predictive role of
specific differential genes in the survival and prognosis
of testicular ERMS, we showed the differentially
expressed genes in myoid cells through heatmap (Figure
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S3A). SCENIC analyzed the differentially expressed tran-
scription regulons (Figure 3D) and found that SMARCA4,
TCF12, RAD21, and FOXM1 were significantly down-
regulated in myoid cells (Figure S3B). Analysis of soft
tissue sarcoma data from TCGA found that the overall

survival of patients with high expression of SMARCA4,
TCF12, RAD21, and FOXM1 was significantly reduced
(Figure 3E), suggesting that these transcription factors
play an important role in the malignant transformation of
myoid cells.

Figure 2 Distinct clusters of malignant cells in testicular ERMS. (A and B) Six main malignant cell subclusters were identified by UMAP analysis. (C) The percentage of
assigned cell types are summarized in normal and tumor tissues. (D) Heatmap of specific markers in each cell type. (E) The pathway enrichment of GSEA of the 9 hallmark
gene sets in MSigDB database among the six subclusters. (F) Pseudotime was colored in a gradient from dark to light blue. The start of pseudotime is indicated by dark blue,
the end of pseudotime by light blue (upper). Pseudotime trajectory of 6 subclusters was generated by Monocle2 (lower). (G) The key genes expression of immune
checkpoint in 6 subclusters. (H) SCENIC analysis of 6 subclusters.
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Figure 3 The role of the myoid cells in testicular ERMS. (A) The DEGs in cancer cells and myoid cells were identified using edgeR package. Red spots indicate upregulated
genes; blue spots indicate downregulated genes; grey spots indicate no significant change in genes. (B) The pathway terms enrichment for DEGs in cancer cells and myoid
cells. (C) The enriched biological processes for DEGs in cancer cells and myoid cells. (D) SCENIC analysis of cancer cells and myoid cells. (E) Kaplan-Meier plot predicting
overall survival rate of sarcoma patients based on the expression changes of 4 downregulated transcription factors in myoid cells.
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Collagen Pathway and Extracellular
Matrix Pathway are Activated in
Macrophages
In order to further analyze the role of different subtypes
of macrophages in testicular ERMS, macrophages were
divided into 3 subgroups (M1, M2, and M3) by UMAP.
Among them, tumor cells mainly included M1, M2
subgroups, and the adjacent normal tissues contained
M3 subgroup (Figure 4A and B). Analysis of macro-
phage surface receptors revealed that MRC1 is mainly
expressed in M2 and M3, MSR1 was expressed in M1,
M2, and M3, and CD86 and IL1B were expressed in M3
(Figure 4C). The expression of immune checkpoint-
related molecules in the subgroups were showed in the
heatmap. FGL1 and IDO1 were highly expressed in the
M1 subgroup, CD101 and HAVCR2 were highly
expressed in the M2 subgroup, and CD86 was highly
expressed in the M3 subgroup (Figure 4D). The GSVA
analysis was performed to estimate the activity of
immune checkpoint-related molecules. M2 subgroup
has a higher GSVA score, suggesting that the M2 sub-
group has a higher immune activity (Figure 4E). The
trajectory analysis showed that M1 subgroup located at
the beginning of the trajectory, and M2 and M3 sub-
groups appear at the end of the trajectory (Figure 4F).
These findings indicate that the M1 subgroup of cells
may be the starting cells and may transform into the two
types of malignant cells, ultimately promoting the devel-
opment of testicular ERMS.

We studied the transcription regulon and signaling
pathway patterns in the progression trajectory of macro-
phages (Figure S4A and B). We clustered the top 100
genes using pseudotime trajectory analysis into 3 patterns
(Figure 4F). Among them, the expression of collagen-
related genes COL6A1, COL3A1 and COL5A2 in cluster
3 were high at the initial stage and low at the end stage.
The MYO6, TAF7L, and GRB14 of cluster 1 were mainly
enriched at the end of progression. The genes, including
SYNE2 and mitochondria-related genes, in cluster 2 lowly
expressed at the beginning and highly expressed at the end
(Figure 4G). Functional enrichment analysis showed that
macrophages in testicular ERMS were closely related to
collagen pathway and extracellular matrix pathway
(Figure 4H), suggesting that these two pathways are key
pathways for macrophages to promote the progression of
testicular ERMS.

The Role of Endothelial Cell Subtypes in
Testicular ERMS
Endothelial cells have a critical role in the metastasis of
ERMS. In order to analyze the role of subgroups of endothe-
lial cells in the progression of testicular ERMS, endothelial
cells were divided into 3 subgroups (E1, E2, and E3) by
UMAP (Figure 5A). Normal tissues mainly expressed E2
subgroup cells (66.7%), and all three types of endothelial
cells were expressed in tumor tissues (E1, 34.41%; E2,
29.96%; E3, 35.63%) (Figure 5B). Analysis of endothelial
cell markers found that the vascular endothelial cell marker
FLT1 and tumor endothelial cell marker HSPG2 were
expressed in three types of cells, and the lymphatic endothe-
lial cell marker PDPN and the normal endothelial cell marker
MT2A expression were weaker in E2 cells (Figure 5C).
Trajectory analysis found that the E1 and E2 subgroup cells
appeared at the beginning, and the E3 subgroup cells
appeared at the end (Figure 5D). These findings indicate
that the E1 and E2 subgroups of cells transform into E3
cells during the progression of ERMS to promote tumor
progression. We further clustered the top 100 differential
genes using pseudotime trajectory analysis, and clustered
these genes into 3 expression patterns (Figure 5E). The
highly expressed genes in cluster 1 at the initial stage of
ERMS included the collagen-related genes COL6A1,
COL5A2, COL3A1, and COL1A2. The highly expressed
genes in cluster 2 at the middle stage of ERMS included
IGFBP3, NOTCH4, and NEAT1 in cluster 2. The genes in
cluster 3, including CCL21, CLU, B2M and IGFBP7,
showed low expression levels at the beginning and high
expression levels at the end (Figure 5E). Functional enrich-
ment analysis showed that the main pathways that endothe-
lial cells participate in the progression of testicular ERMS
include extracellular matrix organization, collagen-
containing extracellular matrix, and extracellular matrix
structural constituent pathways (Figure 5F), and were closely
associated with PI3K-AKT-mTOR signaling and Oxidative
Phosphorylation pathways (Figure 5G). In addition, the
immune activating factor TNFRSF14 and the pro-
angiogenic factor LGALS9 were highly expressed in tumor
endothelial cell (Figure 5H).

Interactions Between Subgroups
The above results analyze the role of each subpopulation
of cells in the progression of testicular ERMS. However,
the interaction between them is unclear. We further ana-
lyzed the interaction between the subpopulations of cells
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Figure 4 The role of macrophages in testicular ERMS. (A) UMAP plot demonstrates the 3 subgroups of macrophages in testicular ERMS. (B) The percentage of assigned cell
types are summarized in normal and tumor tissues. (C) UMAP plot shows expression of macrophages markers in each subgroup. (D) Heatmap showing the key genes
expression of immune checkpoint in 3 subgroups. (E) GSVA analysis for immune checkpoint molecules in 3 subgroups of macrophages. (F) Pseudotime was colored in
a gradient from dark to light blue. The start of pseudotime is indicated by dark blue, the end of pseudotime by light blue (upper). Pseudotime trajectory of 3 subgroups of
macrophages was generated by Monocle2 (lower). (G) Top 10 DEGs with expression levels that changed the most over the pseudotime trajectory are shown. Color key
from blue to red indicates low to high. (H) The pathway terms enrichment for top 10 DEGs in 3 subgroups of macrophages.
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and the role of these relationships in the progression of
testicular ERMS. We showed the interactions between
cells in each subpopulation (Figure 6A), among which

the interactions between E2 and E3, C5, and C6 were
stronger (Figure 6B). Functional enrichment analysis
revealed that Collagen pathway-related genes exhibited

Figure 5 The role of endothelial cells in testicular ERMS. (A) UMAP plot demonstrates the 3 subgroups of endothelial cells in testicular ERMS. (B) The percentage of
assigned cell types are summarized in normal and tumor tissues. (C) UMAP plot shows expression of endothelial cells markers in each subgroup. (D) Pseudotime trajectory
of 3 subgroups of endothelial cells was generated by Monocle2. Heatmap showing the key genes expression of immune checkpoint in 3 subgroups. (E) pseudotime trajectory
analysis were divided endothelial cells into 3 clusters based on the DEGs expression trend. Color key from blue to red indicates low to high. (F) The enriched biological
processes for DEGs in 3 subgroups of endothelial cells. (G) GSVA analysis in 3 subgroups of endothelial cells. (H) The key genes expression of immune activation in 3
subgroups of endothelial cells.
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high levels of expression in cell interactions of various
subgroups, especially COL6A1 in C1/E2, C3/E1, C3/E2,
C3/E3, C4/E1/ E2/E3, C5/E1/E2/E3, C6/E1/E2/E3 and
C3/M1/M2/M3, C4/M1/M2/M3, C5/M1/M2/M3, C6/M1/
M2/ M3 showed high expression during the interaction
process (Figure 6C and D), suggesting that COL6A1
plays a key role in the whole process from the initiation
of testicular ERMS to the malignant transformation.
Analysis of soft tissue sarcoma data from TCGA found
that the overall survival of patients with high COL6A1
expression was significantly lower than that of patients
with low COL6A1 expression (Figure 6E), confirming
that COL6A1 is a marker of poor prognosis and may
promote the progression of testicular ERMS.

Discussion
For accurate stratification and early detection of RMS,
more specific and sensitive markers are needed.12,13

However, since highly heterogeneous, genes changes in
certain cell populations in RMS would be hidden by the
traditional normalized data processing method of RNA-
seq. SnRNA-seq is a promising tool to study the hetero-
geneity of RMS.14 To the best of our knowledge, the study
on the heterogeneity of testicular ERMS by snRNA-seq
has not been reported. In this study, we performed snRNA-
seq using testicular ERMS tissues and identified six clus-
ters (C1-C6). According to the analysis of the trajectory
analysis, the C1 subgroup may be the starting cells of the
tumor and transform into two different types of malignant
cells, C2, and C5/6 during the development of RMS.

Genes related to the initiation and progression of
ERMS were detected in the C1 subgroup, which highly
expressed genes closely related to cell proliferation and
cell cycle, including assembly factor for spindle microtu-
bules (ASPM), centromere protein F (CENPF), diapha-
nous-related formin 3 (DIAPH3), DNA topoisomerase II
alpha (TOP2A), and marker of proliferation Ki-67
(MKI67). ASPM regulates microtubule dynamics at spin-
dle poles.15 CENPF associates with the centromere-
kinetochore complex, which is related to cell cycle, mitotic
and G2/M transition.16 DIAPH3 is involved in actin remo-
deling and regulates cell movement and adhesion.17

TOP2A has been a target of several anticancer agents
and was associated with drug resistance, TOP2A was
increased in melphalan resistant rhabdomyosarcoma.18

MKI67 encodes a nuclear protein that is associated with
and may be necessary for cellular proliferation. The pro-
liferative activity by topoisomerase II-alpha

immunohistochemistry decreased after chemotherapy for
ERMS.19 Cytodifferentiation and decreased proliferative
activity are associated with favorable outcomes in RMS;
Unchanged or increased post-therapeutic proliferative
activity suggests an aggressive biologic potential in
ERMS.20 The C2 subgroup expressed marker genes titin
(TTN), troponin T3 (TNNT3), septin 4 (SEPT4), myosin
heavy chain 3 (MYH3). These genes are closely related to
the proliferation and differentiation of skeletal
muscles.21,22 All-trans retinoic acid changed the cellular
morphology of RMS cells.23 Therefore, we speculate that
C2 is a unique cell cluster for evaluating the malignancy
potential of ERMS.

We further analyzed the difference in gene expres-
sion profiles of tumor cells and myoid cells.24 The
differentially expressed genes were closely related to
cell adhesion and extracellular matrix (ECM) signaling
pathways. The changes of ECM signaling pathway
genes are related to the development, invasion and
metastasis of a variety of tumors, including testicular
tumors.25,26 This suggests that ECM signals may be
involved in the progression of testicular ERMS.
Compared with myoid cells, PAX7 was highly
expressed in tumor cells. PAX7 is a transcriptional
regulator of mammalian muscle progenitor cells impli-
cated in the pathogenesis of RMS.27,28 It is possible
that PAX genes conferred the metastatic potential of
testicular ERMS.29 In this study, the SCENIC analysis
of the differential expression transcription factors
found that SMARCA4, TCF12, RAD21, and FOXM1
were significantly downregulated in myoid cells.
Patients with ERMS having high FOXM1 expression
exhibited a shorter survival, and FOXM1 knockdown
inhibited cell migration of RMS cell lines.30 RAD21
plays a role in DNA double-strand break repair and
apoptotic pathways.31 SMARCA4 is a catalytic ATPase
subunit that associated with cellular transformation.32

SMARCA4 bound the 3ʹUTR of miR-27a, which was
regulated in muscles by the myogenic transcription
factors MYF6, MYOD and MEF2C (which aligns
with RMS features); knockdown of SMARCA4 or
pharmacological inhibition of its bromodomain activity
increased the expression of miR-27a in RMS.33

RMS is derived from striated muscle cells or mesench-
ymal cells differentiated into striated muscle cells. At
present, the molecular mechanism of the occurrence and
development of ERMS is not yet understood. Patients with
RMS with local infiltration and hematogenous and
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lymphatic metastases have a poorer prognosis.34 We ana-
lyzed the relationship between macrophages and ERMS
tumor cells. The macrophages derived from ERMS were
divided into three subgroups (ie, M1, M2, M3) by UMAP.

Trajectory analysis suggested that the M1 subgroup may
be the initiating cells and transformed into M2 and M3
malignant cells. Collagen-related genes, including
COL6A1, COL5A2, and COL3A1 in M3 subtype

Figure 6 The interaction between subgroups. (A) the interactions between each subpopulation were showed. (B) The interactions score between each subpopulation were
showed. (C and D) The core genes in the interactions between each subpopulation. (E) Kaplan-Meier plot predicting disease-free survival rate of sarcoma patients based on
the expression changes of COL6A1.
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macrophages were highly expressed in the initial stage, but
demonstrated low expression in the final stage. Similarly,
when we analyzed the relationship between endothelial
cells and ERMS tumor cells, we also found that the col-
lagen-related genes COL6A1, COL5A2, and COL3A1 of
the E1 subtype endothelial cells were highly expressed at
the initial stage. The analysis of the interaction between
the subgroups of cells found that the E2 subgroup of
endothelial cells and the E3 subgroup of endothelial
cells, C5 subgroup, and C6 subgroup have a strong inter-
action. These results indicate that collagen-related signal-
ing pathways play important roles in macrophages and
endothelial cells and promote the development of testicu-
lar ERMS.

ECM molecules play a key role in tumor cell inva-
sion and metastasis. Tumor cells degrade the ECM by
secreting various enzymes to invade and metastasize to
surrounding and distant tissues, and promote tumor
microvasculature.35,36 Collagen, one of the main com-
ponents of the ECM is an important tissue barrier for
cell migration, participates in cell survival and apopto-
sis, determines cell shape and controls cell differentia-
tion and cell migration.37,38 Collagen VI A1 (COL6A1)
is widely present in all connecting tissues. Studies have
shown that COL6A1 can trigger signaling pathways
related to apoptosis, inflammation, and tumor progres-
sion. COL6A1 knockout mice demonstrated a significant
reduction in primary breast tumor growth.39 The inter-
action of COL6A1-NG2 participates in the metastasis
and growth of human soft tissue sarcoma through
dynamic cytoskeletal changes and Akt signaling.40 In
this study, COL6A1 was highly expressed during the
interaction between various cell types in ERMS tissue.
Therefore, results suggest that COL6A1 plays a key role
from the initiation of ERMS to the entire process of
malignant transformation.

We focused on testicular embryonic rhabdomyosar-
coma and it is an extremely rare sarcoma. It is difficult
to collect samples from other parts, so we can only
analyze one sample in this study. However, collecting
more samples and verifying the findings in this article
through experiments will promote the development of
ESRM treatment targets and prognostic markers.

Conclusion
In conclusion, we report at the first time the testicular
ERMS heterogeneity through snRNA-seq. Meanwhile,
we provide important data resources for the follow-up

researchers. We find that testicular ERMS tissue is com-
posed of six different types of cells, which have different
roles in the initiation and development of testicular ERMS.
In addition, we found collagen-related gene such as
COL6A1 played a key role in the development of testicu-
lar ERMS. Our findings provide a new insight in the
understanding of the initiation and progression of testicu-
lar ERMS, and have potential value in the development of
markers for the diagnosis and stratification of testicular
ERMS.
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