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Introduction

Osteosarcoma (OS) is a highly malignant solid bone tumor 
that is characterized by malignant mesenchymal cells that 
produce pathological osteoid and/or bony matrix.1–3 Also 
known as osteogenic sarcoma, OS tumors are distinguished 
by rapid growth, invasion of nearby tissues, and a high 
tendency to metastasize to the lungs and distant bones.4 
Typically, OS occurs near the metaphysis of long bones in 
regions of rapid growth, such as the arms, legs, knees, and 
shoulders.5,6 OS is a relatively rare condition, representing 
only 0.2% of overall tumor burdens, but it is the most com-
monly diagnosed pediatric bone malignancy.2,7

Globally, OS affects 3.4 per million people per year and 
exhibits a high incidence rate among children, adolescents, 
and young adults.5,8,9 OS also has a second smaller peak inci-
dence among elderly individuals.7,10 Since the introduction 
of neoadjuvant chemotherapy in the 1970s, the 5-year sur-
vival rate for children and adolescents with non-metastatic 
OS, although poor, has improved from a dismal 20% to 70%.8 
Nevertheless, survival outcomes have not shown consider-
able improvement in the last two decades, and therefore, 
new, less toxic therapies are needed.11

Advances have shown that OS tumors are complex 
ecosystems composed of distinct populations of cells, 
such as endothelial cells (ECs), osteoblastic OS cells, and 
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Abstract
Osteosarcoma (OS) differentially expressed genes (DEGs) have been predicted 
using the data portal of the Therapeutically Applicable Research to Generate 
Effective Treatments (TARGET). In this study, we sought to identify cell types that 
specially express key DEGs (MUC1, COL13A1, JAG2, and KAZALD1) in each of the 
nine identified cell populations derived from tissues of OS tumors with single-cell 
RNA-sequencing data. Gene expression levels were pairwise compared between 
cell clusters and a p value < 0.05 was considered differentially expressed. It was 
revealed that MUC1 is expressed at high levels in osteoblastic OS cells followed by 
carcinoma-associated fibroblasts (CAFs) and plasmocytes, respectively. COL13A1 
is highly expressed in osteoblastic OS cells, CAFs, and endothelial cells (ECs), 
respectively. The KAZALD1 gene is expressed in CAFs and osteoblastic OS cells 
at high levels, but at very low levels in plasmocytes, osteoclasts, NK/T, myeloid 
cells 1, myeloid cells 2, ECs, and B cells. JAG2 is expressed at significantly high 
levels in ECs and osteoblastic OS cells, and at relatively lower levels in all other 
cell types. Interestingly, LSAMP, as an established gene in the development of OS 

shows high expression in osteoblastic OS cells and CAFs but low in other cells such as osteoclasts. Our findings here highlight the 
heterogeneity of OS cells and cell-type-dependent DEGs which have potential as therapeutic targets in OS.

Keywords: Osteosarcoma, TARGET, differentially expressed genes, single-cell sequencing, sarcoma, heterogeneity

1080131 EBM Experimental Biology and MedicineFeleke et al.

Original Research Highlight article

Impact Statement

Osteosarcoma (OS) is a primary malignant bone 
tumor predominately affecting children and ado-
lescence. Standard combination therapy involves 
surgery and chemotherapy; however, this treat-
ment regimen faces risks of local relapse and drug 
resistance in the clinic. This study using single-cell 
genomics data characterizes the regulation of OS 
tumor cells by four differentially expressed genes 
(DEGs) whose precise expression is yet to be 
explored in-depth. These pivotal findings are clini-
cally relevant and support the development of preci-
sion and personalized therapy in OS and strategies 
to overcome the drug-resistant nature of OS.

Experimental Biology and Medicine 2022; 247: 921–930. DOI: 10.1177/15353702221080131

mailto:liuyun200450250@sina.com
mailto:jiake.xu@uwa.edu.au


922  Experimental Biology and Medicine  Volume 247  June 2022

macrophages, which have different genotypes, phenotypes, 
and cell behavior.12 However, the current knowledge of 
the etiology and molecular mechanisms of OS progression 
remains unclear and contentious.13,14 Recently, single-cell 
RNA sequencing (scRNA seq) has become a valuable tool in 
cancer research that has provided exciting insights into com-
plex biological systems by identifying cell lineages, novel cell 
subpopulations, regulatory networks between genes, and 
cell-specific biological characteristics.15 In particular, scRNA 
seq studies have revealed high intra-tumor heterogeneity 
of OS and varied expression of several genes across many 
OS cell types, which could not have been determined with 
conventional bulk sequencing data sets.12,16

The Therapeutically Applicable Research to Generate 
Effective Treatments (TARGET) initiative is an open-source 
public database for the treatment of childhood cancers.17 
The objective of the TARGET project is to utilize genomic 
data for the development of effective and safe treatments. 
We have recently identified four differentially expressed 
genes (DEGs) in OS using the data portal of TARGET.17 
Given that OS cell types are expected to differ in gene 
expression profiles, the aim of this study is to detect and 
compare DEGs in tumor cell types from OS patients by bio-
informatic analysis of data sets of single-cell gene expres-
sion profiles from the TARGET-OS project. This is the first 
study to characterize the expression of these DEGs in pre-
cise single OS cells. We hope that such efforts might provide 
critical insight into the underlying pathogenic mechanisms 
of OS and further improve clinical outcomes and diagnosis 
for patients with OS.

Materials and methods

ScRNA seq data acquisition and correlation to 
public data sets

The messenger RNA (mRNA) expression data used to 
identify four DEGs were downloaded from the TARGET 
database (https://ocg.cancer.gov/programs/target) as 
described previously.17 The dissociation and single-cell 
RNA sequencing of OS tumors has been previously pub-
lished by Liu.12 Therefore, ethics approval or patient con-
sent was exempted. The following scRNA seq data set 
GSE162454 was chosen for the analysis (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162454). In 
total, 29,278 cells isolated from six primary tumor samples 
obtained from six OS patients were included in this data 
set.12 We then screened four highly variable genes in single 
cells for downstream analysis.

Cell quality control

Data quality control was performed following the same qual-
ity control parameters of Seurat package (version 3.2.1) as 
the author’s previous paper.12 To guarantee the quality of the 
data set cells with a gene number expressed between 300 and 
4500 and mitochondrial gene percentage, less than 10% were 
filtered out. After filtering, there were a total of 29,278 cells 
available to identify DEGs. Finally, harmony package (ver-
sion1.0; https://github.com/immunogenomics/Harmony) 
was used to consolidate the data.

Cell clustering and differential expression analysis 
in OS cells

We performed the Uniform Manifold Approximation and 
Projection (UMAP) cell clustering and visualization using 
the Dimplot function with parameter “dim = 1:30, resolu-
tion = 0.10.” We further adjusted the color using the “ggsci” 
package (version 2.9). The definition of cell types is consist-
ent with our previous studies.12 Next function FeaturePlot 
was implemented to show gene expression distribution.

Data processing

Count values of single-cell data were extracted and con-
verted into Transcripts Per Kilobase Million (TPM) values 
by the following formula
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Functional enrichment analysis

The Gene Ontology (GO) and KEGG (Kyoto Encyclopedia 
of Genes and Genomes) enrichment analysis was performed 
in the DEGs between cell clusters using Metascape (http://
metascape.Org).18 GO and KEGG enrichment was used by 
researchers to explore the biological characteristics/function 
of DEGs. The statistical threshold for significance in GO and 
KEGG pathways was a false discovery rate (FDR) value–
adjusted p value of <0.05.

Statistical analyses

All computational analysis and data visualization were per-
formed using R version 3.6.3 (http://www.rproject.org). A  
p value lower than 0.05 was considered statistically signifi-
cant. All statistical analysis results are summarized and pre-
sented in Supplementary Table 1.

Results

Characteristics of the OS tumor microenvironment

In cancer, high intra-tumoral heterogeneity and variation 
among cancer cells is tightly linked to invasive disease 
progression and therapeutic resistance.19 Thus, to better 
characterize the cellular heterogeneity of OS, an analysis 
of the expression of DEGs in single cancer cells was per-
formed. From 29,278 available cells, 9 main malignant cell 
clusters were identified by unique marker genes, including 
osteoblastic OS cells, NK/T cells, osteoclasts, carcinoma-
associated fibroblasts (CAFs), plasmocytes, ECs, and B cells 
(Figure 1), and two subgroups of myeloid cells – myeloid 
cells 1 and myeloid cells 2 (Figure 1).

Identification of DEGs between OS cell clusters

Previous bioinformatic analyses of RNA seq data indicate that 
the four genes, mucin 1-cell surface associated (MUC1), col-
lagen type XIII alpha 1 chain (COL13A1), jagged canonical 
notch ligand 2 (JAG2), and kazal type serine peptidase inhibi-
tor domain 1 (KAZALD1) are differentially expressed in OS.17 

https://ocg.cancer.gov/programs/target
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162454
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162454
https://github.com/immunogenomics/Harmony
http://metascape.Org
http://metascape.Org
http://www.rproject.org
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However, these four OS DEGs have not been studied exten-
sively at single-cell resolution and thus require further assess-
ment. To more closely analyze the differences in expression 
patterns between the individual OS cell clusters, we selected 
the OS DEGs MUC1, COL13A1, JAG2, and KAZALD1 for 
further genetic analysis. The average expression per gene in 
each of the nine cell types was determined and compared 
pairwise. The expression patterns of each OS cell type were 
subsequently characterized by either higher or lower average 
expression of these selected genes. Our study demonstrated 
that significantly different gene expression patterns could be 
identified for these four OS DEG genes and the reference gene, 
LSAMP, for the nine cell clusters in the scRNA seq data, indi-
cating cellular heterogeneity and transcriptional complexity 
in OS (Figure 2). The distinct gene expression patterns are 
characteristics of the tumors and not the patients. Our study 
revealed that particular genes did not differ in gene expression 
across many of the OS cell types and that many cells presented 
low expression of some genes. Interestingly, all four genes 
were highly expressed in the osteoblastic OS cell type. The 
COL13A1 gene, followed in order by JAG2, KAZALD1, and 
MUC1, respectively, showed the most significant differential 
expression changes among the OS cell clusters.

DEG MUC1 is highly abundant in osteoblastic OS 
cells, CAFs, and plasmocytes

MUC1 expression was detected in all nine main cell types 
(Figure 3). Based on the cut-off criteria, the MUC1 gene was 

found to be expressed at higher levels in three of the OS cell 
clusters; these are plasmocytes, osteoblastic OS cells, and 
CAFs (Figure 3). In addition, according to our data, MUC1 
was found to be expressed at relatively lower levels in four 
of the OS cell clusters; these are B cells, ECs, NK/T, myeloid 
1, myeloid 2, and OCs (Figure 3). Notably, osteoblastic OS 
cells showed the highest average expression levels of MUC1 
and the highest standard deviation among all other cell types 
(Figure 3). The second highest average MUC1 expression and 
standard deviation were found in the CAFs cluster (Figure 
3). Relatively lower levels of MUC1 expression and a lower 
standard deviation were observed in plasmocytes compared 
with the clusters, CAFs and osteoblastic OS cells (Figure 3). A 
total of 36 pairwise comparisons between the nine major cell 
types were performed, and eight of these exhibited signifi-
cant differences in MUC1 expression (Supplemental Table 1).  
We observed a significant difference in MUC1 expression 
between the following pairs of clusters: plasmocytes and 
osteoblastic OS cells (p < 0.0001), B cells and osteoblastic OS 
cells (p < 0.001), ECs and osteoblastic OS cells (p < 0.001), 
myeloid cells 1 and osteoblastic OS cells (p < 0.001), mye-
loid cells 2 and osteoblastic OS cells (p < 0.001), NK/T and 
osteoblastic OS cells (p < 0.001), osteoblastic OS cells and 
OCs (p < 0.001), and osteoblastic OS cells and plasmocytes 
(p < 0.001) (Supplemental Table 1).

We found that MUC1 showed no significant difference 
in expression patterns between OCs and NK/T (p > 0.9999), 
OCs and ECs (p > 0.9999), OCs and B cells (p = 0.3029), 
NK/T and B cells (p = 0.1587), NK/T and ECs (p > 0.9999), 

Figure 1. Uniform Manifold Approximation and Projection (UMAP) depiction of scRNA seq data showing the nine main cell types in OS.
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plasmocytes and OCs (p = 0.3860), and ECs and B cells 
(p = 0.6674) (Supplemental Table 1). We also observed no sig-
nificant difference in expression of MUC1 between plasmo-
cytes and myeloid 2 (p = 0.7417), plasmocytes and myeloid 
1 (p = 0.3051), ECs and plasmocytes (p = 0.7174), B cells and 
plasmocytes (p > 0.9999), B cells and myeloid 1 (p > 0.9999), 
B cells and myeloid 2 (p = 0.9999), ECs and myeloid 1 
(p > 0.9999), ECs and myeloid 2 (0.9995), myeloid 1 and mye-
loid 2 (p = 0.9862), myeloid 1 and NK/T (p > 0.9999), myeloid 
1 and OCs (p = 0.9958), myeloid 2 and OCs (p = 0.9958), and 
NK/T and plasmocytes (p = 0.2383) (Supplemental Table 1).

DEG COL13A1 is strongly enriched in osteoblastic 
OS cells, CAFs, and ECs

Next, we examined the average gene expression of COL13A1 
in single OS cells. According to our analysis, COL13A1 
displayed various levels of expression in all the nine 
cell types. Figure 4 highlights the relative abundance of 
COL13A1 expression in all cell types. COL13A1 expression 

is significantly higher in the three cell clusters CAFs, ECs, 
and osteoblastic OS cells compared with all other cell types 
(Figure 4). We also observed that, compared with all other 
cell types, COL13A1 was expressed at relatively low lev-
els in the following six cell clusters, B cells, myeloid cells 
1, myeloid cells 2, NK/T, OCs, and plasmocytes (Figure 4). 
Among the OS cell clusters, the most highly upregulated 
average expression of COL13A1 was found in the osteoblas-
tic OS cell cluster (Figure 4). However, the highest stand-
ard deviation of COL13A1 expression was observed in the 
CAFs cluster (Figure 4). We performed a total of 36 pair-
wise comparisons of nine major cell types and 20 of these 
exhibited significant differential expression of COL13A1 
(Supplemental Table 1). We observed a significant difference 
in the expression of COL13A1 between the following cell 
groups, B cells and ECs (p < 0.001), B cells and osteoblastic 
OS cells (p < 0.0001), B cells and CAFs (p < 0.0001), CAFs 
and myeloid cells 1 (p < 0.0001), CAFs and myeloid cells 2 
(p < 0.0001), CAFs and NK/T cells (p < 0.0001), CAFs and 
osteoblastic OS cells (p < 0.0001), CAFs and OCs (p < 0.0001), 

Figure 2. Uniform Manifold Approximation and Projection (UMAP) plot showing the relative mRNA expression of MUC1, COL13A1, JAG2, and KAZALD1 in the nine 
main OS cell types.
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and CAFs and plasmocytes (p < 0.0001) (Supplemental Table 
1). We further observed significant difference in expression 
of COL13A1 between cell clusters ECs and myeloid cells 1 
(p < 0.0001), ECs and myeloid cells 2 (p < 0.0001), ECs and 
NK/T (p < 0.0001), ECs and osteoblastic OS cells (p < 0.0001), 

ECs and OCs (p < 0.0001), ECs and plasmocytes (p < 0.0001), 
myeloid cells 1 and osteoblastic OS cells (p < 0.0001), mye-
loid cells 2 and osteoblastic OS cells (p < 0.0001), NK/T and 
osteoblastic OS cells (p < 0.0001), osteoblastic OS cells and 
OCs (p < 0.0001), and osteoblastic OS cells and plasmocytes 
(p < 0.0001) (Supplemental Table 1).

DEG KAZALD1 is highly expressed in osteoblastic 
OS cells and CAFs

We quantified the average relative abundance of KAZALD1 
in each of the tumor cell types and then compared the 
expression patterns of this gene between them. Our com-
parative analysis demonstrated that KAZALD1 is expressed 
in all nine cell types examined (Figure 5). We also found that 
KAZALD1 is expressed at higher levels in osteoblastic OS 
cells and CAFs than all other cell types (Figure 5). In addi-
tion, our data show that CAFs exhibited a higher standard 
deviation of average KAZALD1 expression than all other cell 
types (Figure 5). Notably, the expression of KAZALD1 was 
much weaker in the cell clusters of B cells, ECs, myeloid cells 
1, myeloid cells 2, NK/T, OCs, and plasmocytes compared 
with all other cell types (Figure 5).

There was a total of 36 pairwise comparisons of nine 
major cell types, and 14 of these exhibited significant dif-
ferential expression of KAZALD1 (Supplemental Table 1). 
We found significant differential expression of KAZALD1 
between B cells and CAFs (p < 0.0001), B cells and osteo-
blastic OS cells (p < 0.0001), CAFs and ECs (p < 0.0001), 
CAFs and myeloid cells 1 (p < 0.0001), CAFs and myeloid 
cells 2 (p < 0.0001), CAFs and NK/T (p < 0.0001), CAFs and 
OCs (p < 0.0001), and CAFs and plasmocytes (p < 0.0001) 
(Supplemental Table 1). We also found significant differen-
tial expression of KAZALD1 between ECs and osteoblastic 
OS cells (p < 0.0001), myeloid cells 1 and osteoblastic OS 
cells (p < 0.0001), myeloid cells 2 and osteoblastic OS cells 

Figure 3. Bar graph depicting the relative mRNA expression of the MUC1 gene 
in TPM in the nine main OS cell types.

Figure 4. Bar graph depicting the relative mRNA expression of the COL13A1 
gene in TPM in the nine main OS cell types.

Figure 5. Bar graph depicting the relative mRNA expression of the KAZALD1 
gene in TPM in the nine main OS cell types.
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(p < 0.0001), NK/T and osteoblastic OS cells (p < 0.0001), 
osteoblastic OS cells and OCs (p < 0.0001), and osteoblastic 
OS cells and plasmocytes (p < 0.0001) (Supplemental Table 1).

We did not identify significant differential expression 
of KAZALD1 between B cells and ECs (p > 0.9999), B cells 
and myeloid cells 1 (p > 0.9999), B cells and myeloid cells 2 
(p > 0.9999), B cells and NK/T cells (p > 0.9999), B cells and 
OCs (p > 0.9999), B cells and plasmocytes (p > 0.9999), CAFs 
and osteoblastic OS cells (p > 0.9999), ECs and myeloid cells 
1 (p > 0.9999), ECs and myeloid cells 2 (p > 0.9999), and ECs 
and NK/T (p > 0.9999) (Supplemental Table 1). In addi-
tion, comparative analyses showed no significant differen-
tial expression between ECs and OCs (p > 0.9999), ECs and 
plasmocytes (p > 0.9999), myeloid cells 1 and myeloid cells 2 
(p > 0.9999), myeloid cells 1 and NK/T (p > 0.9999), myeloid 
cells 1 and OCs (p > 0.9999), myeloid cells 2 and plasmocytes 
(p > 0.9999), NK/T and OCs (p = 0.9998), NK/T and plas-
mocytes (p = 0.9993), and OCs and plasmocytes (p > 0.9999) 
(Supplemental Table 1).

DEG JAG2 expression is increased in ECs and 
osteoblastic OS cells

Next, we determined the relative abundance of JAG2 and 
compared its expression between the different cell groups. 
JAG2 was expressed in all nine main cell types examined 
(Figure 6). Interestingly, JAG2 was highly enriched in both 
the EC and osteoblastic OS cell clusters and showed weaker 
expression in all other cell types (Figure 6). Notably, the 
highest elevation of JAG2 expression was in the EC cluster,  
followed by osteoblastic OS cells (Figure 6). There was a total 
of 36 pairwise comparisons of nine major cell types, and 15 

of these exhibited significant differential expression of JAG2 
(Supplemental Table 1).

We observed significant differences in JAG2 expres-
sion between the following cell clusters: B cells and ECs 
(p < 0.0001), B cells and osteoblastic OS cells (p < 0.0001), 
CAFs and ECs (p < 0.0001), CAFs and osteoblastic OS cells 
(p < 0.0001), ECs and myeloid cells 1 (p < 0.0001), ECs and 
myeloid cells 2 (p < 0.0001), ECs and NK/T (p < 0.0001), 
ECs and osteoblastic OS cells (p < 0.0001), ECs and 
OCs (p < 0.0001), and ECs and plasmocytes (p < 0.0001) 
(Supplemental Table 1). We then found significant differ-
ences in JAG2 expression between the following cell clusters: 
myeloid cells 1 and osteoblastic OS cells (p < 0.0001), myeloid 
cells 2 and osteoblastic OS cells (p < 0.0001), NK/T cells and 
osteoblastic OS cells (p < 0.0001), osteoblastic OS cells and 
OCs (p < 0.0001), and osteoblastic OS cells and plasmocytes 
(p < 0.0001) (Supplemental Table 1). No significant differ-
ences were found in the expression of JAG2 between B cells 
and CAFs (p > 0.9999), B cells and myeloid cells 1 (p > 0.9999), 
B cells and myeloid cells 2 (p > 0.9999), B cells and NK/T 
(p = 0.9998), B cells and OCs (p = 0.9990), B cells and plasmo-
cytes (p > 0.9999), and CAFs and myeloid cells 1 (p = 0.9997) 
(Supplemental Table 1). We also observed no significant dif-
ferences between the clusters of CAFs and myeloid cells 2 
(p > 0.9999), CAFs and NK/T (p > 0.9999), CAFs and OCs 
(p > 0.9999), CAFs and plasmocytes (p > 0.9999), myeloid 
cells 1 and myeloid cells 2 (p > 0.9999), myeloid cells 1 and 
NK/T (p = 0.9850), and myeloid cells 1 and OCs (p = 0.9806) 
(Supplemental Table 1). There were also no significant dif-
ferences found between the cell clusters of myeloid cells 1 
and plasmocytes (p > 0.9999), myeloid cells 2 and NK/T cells 
(p > 0.9999), myeloid cells 2 and OCs (p = 0.9990), myeloid 
cells 2 and plasmocytes (p > 0.9999), NK/T cells and OCs 
(p > 0.9999), NK/T cells and plasmocytes (p > 0.9999), and 
OCs and plasmocytes (p = 0.9996) (Supplemental Table 1).

LSAMP exhibits high expression in osteoblastic 
OS cells and CAFs

Next, we analyzed a well-established OS gene, limbic system–
associated membrane protein (LSAMP), as the reference 
gene. Subsequently, we checked the transcription levels of 
LSAMP and pairwise compared gene expression patterns of 
LSAMP between the different OS tumor cell types. The mean 
expression values of LSAMP for all cell types are presented 
in Figure 7. Our results show that LSAMP is expressed at 
high levels in the osteoblastic OS cells and followed by CAFs 
cell cluster (Figure 7). In addition, LSAMP was expressed 
at relatively low levels in cell clusters, B cells, CAFs, ECs, 
myeloid cells 1, myeloid cells 2, NK/T, and plasmocytes 
(Figure 7). The expression patterns of LSAMP are consistent 
with its putative role in OS.20,21

There were a total of 36 pairwise comparisons of nine 
major cell types and 15 of these exhibited significant dif-
ferential expression of LSAMP (Supplemental Table 1). 
We observed significant differences in LSAMP expression 
between the cell clusters, B cells and CAFs (p < 0.0001), B 
cells and osteoblastic OS cells (p < 0.0001), CAFs and ECs 
(p < 0.0001), CAFs and myeloid cells 1 (p < 0.0001), CAFs and 
myeloid cells 2 (p < 0.0001), CAFs and NK/T (p < 0.0001), 

Figure 6. Bar graph depicting the relative mRNA expression of the JAG2 gene 
in TPM in the nine main OS cell types.
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CAFs and osteoblastic OS cells (p < 0.0001), CAFs and 
OCs (p < 0.0001), and CAFs and plasmocytes (p < 0.0001) 
(Supplemental Table 1). In addition, we found significant 
differences in the expression of LSAMP between cell clusters, 
ECs and osteoblastic OS cells (p < 0.0001), myeloid cells 1 and 
osteoblastic OS cells (p < 0.0001), myeloid cells 2 and osteo-
blastic OS cells (p < 0.0001), NK/T and osteoblastic OS cells 
(p < 0.0001), osteoblastic OS cells and OCs, and osteoblastic 
OS cells and plasmocytes (p < 0.0001) (Supplemental Table 1).

LSAMP was shown to have no significant differences 
in expression between the cell clusters, B cells and ECs 
(p > 0.9999), B cells and myeloid cells 1 (p > 0.9999), B cells 
and myeloid cells 2 (p > 0.9999), B cells and NK/T cells 
(p > 0.9999), B cells and OCs (p > 0.9999), B cells and plas-
mocytes (p > 0.9999), ECs and myeloid cells 1 (p > 0.9999), 
and ECs and myeloid cells 2 (p > 0.9999) (Supplemental 
Table 1). We further observed no significant differences in 
LSAMP expression between cell clusters, ECs and NK/T 
(p > 0.9999), ECs and OCs (p > 0.9999), ECs and plasmocytes 
(p > 0.9999), myeloid cells 1 and myeloid cells 2 (p > 0.9999), 
myeloid cells 1 and NK/T cells (p > 0.9999), myeloid cells 1 
and osteoclasts (p > 0.9999), and myeloid cells 1 and plas-
mocytes (p > 0.9999) (Supplemental Table 1). No significant 
differences in expression patterns of LSAMP were observed 
between the cell clusters, myeloid cells 2 and NK/T cells 
(p > 0.9999), myeloid cells 2 and OCs (p > 0.9999), myeloid 
cells 2 and plasmocytes (p > 0.9999), NK/T cells and OCs 
(p > 0.9999), NK/T and plasmocytes (p > 0.9999), and OCs 
and plasmocytes (p > 0.9999) (Supplemental Table 1).

GO and KEGG pathway enrichment analyses of the 
four survival OS DEGs

Finally, we performed KEGG analysis to seek out the 
enriched pathways and terms in the four DEGs. Functional 

enrichment analysis with Metascape showed that DEG, 
MUC1 were significantly enriched in interleukin-11 path-
way, termination of O-glycan biosynthesis, O-linked glyco-
sylation of mucins, post-translational protein modification, 
and protein metabolism (Supplemental Figure 1a). COL13A1 
was significantly enriched in syndecan 1 pathway, collagen 
biosynthesis and modifying enzymes, integrins in angiogen-
esis, and extracellular matrix organization (Supplemental 
Figure 2a). The results of our analysis further showed that 
JAG2 was significantly enriched in signaling by NOTCH2, 
initiation of the second proteolytic cleavage of Notch recep-
tor by receptor–ligand binding, activated NOTCH1 signal-
ing in the nucleus (Supplemental Figure 3a). In addition, 
JAG2 was significantly enriched in p73 transcription factor 
network signaling by NOTCH and Notch signaling pathway. 
We also downloaded the network map of the four DEGs to 
show the relationship between terms (Supplemental Figures 
1b, 2b, 3b, and 4a).

Discussion

Human OS is a highly malignant tumor with a poor progno-
sis.22 scRNA seq is a method used in cancer research to iden-
tify tumor cells and analyze differences in gene expression 
at the single-cell resolution.23 The variation in the transcrip-
tional profile of specific OS cell types is considered reflective 
of the biological variation in OS tumors. Currently, there are 
few studies on the transcriptome of OS and no comprehen-
sive study of gene expression in OS tumor cells.12 Here, we 
analyzed and characterized the transcriptomic profiles of 
single OS cells using scRNA seq data of 29,278 cells from 
six patients downloaded from the TARGET-OS project. The 
expression changes of selected DEGs in different OS cells are 
likely to contribute to OS progression and metastasis and 
thus is worthy of further investigation. Based on p values, 
significant differences were observed in the expression of 
MUC1, COL13A1, JAG2, and KAZALD1 between several OS 
cell types following pairwise comparisons (Supplemental 
Table 1). The relevant DEGs and single OS cells are discussed 
briefly below with reference to published work on cancer 
and in particular OS.

MUC1 is a transmembrane mucin that is aberrantly over-
expressed in many human cancer tissues, including breast, 
ovarian, and pancreatic cancer.24 Research results have 
shown that MUC1 is most highly expressed in pancreatic, 
followed by lung, stomach, and endometrial cancer tissues, 
respectively (Supplemental Figure 5). The MUC1 protein is 
thought to have an important role in cancer invasion, metas-
tasis, angiogenesis, and apoptosis.24 MUC1 appears to con-
tribute to metastasis progression through its O-glycosylated 
serine/threonine repeat region and intracellular domain 
(MUC1-CD).25 In OS, a previous study has shown that 
expression of MUC1 correlated with worse overall survival 
and could be used as a prognostic biomarker and therapeu-
tic target for OS.17 Our study highlights that MUC1 appears 
to be highly expressed in osteoblastic OS cells. Therefore, 
MUC1 may contribute to tumor progression in osteoblastic 
OS cells; however, the functional significance of their ele-
vated expression remains unknown.

In breast cancer, the COL13A1 gene is thought to be 
strongly associated with poor survival and metastasis.26 

Figure 7. Bar graph depicting the relative mRNA expression of the LSAMP gene 
in TPM in the nine main OS cell types.
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In addition, reports have shown that COL13A1 is involved 
with high risk of disease progression and poor outcomes 
in human bladder cancer.27 The highest levels of COL13A1 
expression is thought to be found in thyroid followed by 
ovarian, pancreatic, and head and neck cancer tissues, 
respectively (Supplemental Figure 6). In OS, the functional 
role of COL13A1 is unclear, although in our study we have 
found that COL13A1 is highly expressed in CAFs, ECs, and 
osteoblastic OS cells of patient tumor samples. Previous 
studies also suggest that there was a positive correlation 
between expression of COL13A1 and poor survival in OS.17 
Further extensive functional studies will help to elucidate 
its function.

JAG2 encodes a zinc finger protein (ZNF) that is a marker 
for resistance to the alpha M1 oncolytic virus.28 Interestingly, 
ZNFs may have a possible role in cancer development and 
progression in several cancer types.29,30 Published research 
has shown that JAG2 is upregulated in colorectal cancer 
cells.31,32 Modulated expression of JAG2 appears to dis-
rupt migration and invasion of colorectal cancer cells.31 
In addition, over-expression of JAG2 has been linked with 
the progression of tumors in pancreatic, bladder, and lung 
cancers.33 JAG2 was also associated with poor clinical out-
comes in oral squamous cell carcinoma.32 Highest expres-
sion of JAG2 is reported in head and neck cancer, followed 
by cervical, lung, and endometrial cancer, respectively 
(Supplemental Figure 7). According to our data, in OS JAG2 
could be expressed at high levels in ECs and at lower levels 
in osteoblastic OS cells. In line with this, abnormal angio-
genesis might contribute to OS development via the cross 
regulation with osteoblasts and osteoclasts.34,35 However, 
there are currently no published studies in OS highlighting 
the role of JAG2. Therefore, the function and mechanism of 
JAG2 in OS needs further exploration.

The KAZALD1 gene could promote malignant trans-
formation in glioma by invasion and high proliferation of 
tumor cells.36 In addition, low expression of the KAZALD1 
gene in these tumors is associated with a better prognosis for 
glioma patients.36 Interestingly, studies have shown that the 
highest expression levels of KAZALD1 are found in endo-
metrial cancer followed by prostate, breast, and colorectal 
cancers, respectively (Supplemental Figure 8). While the role 
of KAZALD1 in OS is currently unclear, in this study, we 
have shown that in OS tumors CAFs and osteoblastic OS 
cells exhibit relatively high expression levels of KAZALD1 
(Figure 5). Therefore, the KAZALD1 gene could be regarded 
as an attractive therapeutic target for OS and further research 
is essential to reveal its functional significance.

LSAMP also known as, LAMP, is a 64–68 kDa neuronal 
surface glycoprotein and member of the immunoglobin 
superfamily.37,38 Cell culture studies show that LSAMP might 
be involved in the regulation of neuronal growth and axon 
targeting in the brain.39 Studies in cancer biology have also 
highlighted its possible role as a tumor suppressor gene in 
clear-cell renal cell carcinoma and epithelial ovarian cancer.40 
In prostate cancer, deletions of the LSAMP locus are associ-
ated with rapid disease progression.41 LSAMP is most highly 
expressed in glioma, melanoma and prostate cancer tissues, 
respectively (Supplemental figure 9). Specifically in OS, 

research has successfully identified LSAMP as a novel candi-
date tumor suppressor gene using array comparative genomic 
hybridization.20 LSAMP reportedly suppresses OS tumors by 
decreasing the rate of OS cell proliferation.20 The low expres-
sion of LSAMP is strongly associated with poor outcomes in 
OS patients. Interestingly, the expression patterns of MUC1 
gene and KAZALD1 gene are similar to that of LSAMP gene, 
suggestive of their roles in these cell types in OS.

Each of the distinct cell populations is considered to have 
a crucial role in the complexity of the tumor microenviron-
ment of OS and subsequently tumor progression and metas-
tasis. Recent published studies have shown that OCs have a 
role in OS-mediated osteolysis and pathogenesis of OS.12,42,43 
Tumor-associated macrophages are involved in inflamma-
tory responses and tissue homeostasis.44 It has also been 
reported in the literature that ECs in OS tumors are associ-
ated with tumor angiogenesis, while CAFs have a role in 
metastasis and growth of solid tumors.45 In addition, osteo-
blastic OS cells are suggested as the potential cell of origin 
and could regulate OC differentiation.12,46 Further research is 
necessary to investigate whether these genes may contribute 
to these cellular functions.

This study has limitations. First, we had a small sample 
size of six patients and minimal OS subtypes which may not 
fully represent the heterogeneity of OS and could potentially 
lead to bias in our results. Follow-up studies with additional 
tumor samples will help to improve the quality and validity 
of our findings. Second, our study did not screen for genes 
differentially expressed at different time points. Third, our 
analysis only examined DEGs between tumor samples from 
different patients and not within the same patient. Thus, it 
does not take into consideration inter-tumor heterogeneity. 
Finally, our results were generated by bioinformatic analy-
sis, which is not sufficient, further molecular studies such 
as gene knockout are essential to validate and confirm our 
results. Despite of these limitations, our study by providing 
a comparative analysis of DEG expression in specific OS 
cell types will help to determine the molecular mechanisms 
underlying OS metastasis.

Conclusions

Taken together, our data provide in-depth insights into the 
genetic composition of populations of tumor cell types in 
OS. Our results suggest that various crucial OS DEGs exhibit 
different transcriptional patterns in different cell popula-
tions, thus possibly contributing to each cell type’s distinct 
functional role. This indicates that certain groups of tumor 
cells, such as osteoblastic OS cells, may have greater clini-
cal significance. However, these genes have not been well 
characterized in cancer, specifically in OS. A more detailed 
understanding of the role of each cell population should help 
to uncover the precise biological functions of these OS DEGs. 
Several cellular subtypes have been recently identified, each 
of which have been found to vary in gene expression and 
functional roles. Future functional studies might also use 
protein–protein interaction (PPI) network analysis to deter-
mine whether these four OS DEGs are interrelated or are in 
independent pathways.
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