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H I G H L I G H T S  

• OS microenvironment displays heterogeneity in cellular composition and myeloid cells were the most commonly represented cell type. 
• Oosteoclasts in the OS microenvironment could be differentiated from myeloid cells. 
• Co-expression of receptors and ligands for intercellular communication is associated with patient prognosis. 
• Intercellular communication differs in tumor microenvironment of OS patients received chemotherapy or not.  
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A B S T R A C T   

Osteosarcoma (OS) is the most common primary bone cancer in children and young adults, patient survival rates 
have not improved in recent decades. To further understand the interrelationship between different cell types in 
the tumor microenvironment of osteosarcoma, we comprehensively analyzed single-cell sequencing data from six 
patients with untreated osteosarcoma. Nine major cell types were identified from a total of 46,046 cells based on 
unbiased clustering of gene expression profiles and canonical markers. Osteosarcoma from different patients 
display heterogeneity in cellular composition. Myeloid cells were the most commonly represented cell type, 
followed by osteoblastic and TILs. Copy number variation (CNV) results identified amplifications and deletions in 
malignant osteoblastic cells and fibroblasts. Trajectory analysis based on RNA velocity showed that osteoclasts in 
the OS microenvironment could be differentiated from myeloid cells. Furthermore, we explored the intercellular 
communications in OS microenvironment and identified multiple ligand-receptor pairs between myeloid cells, 
osteoblastic cells and their cells, including 21 ligand-receptor pair genes that significantly associated with sur-
vival outcomes. Importantly, we found chemotherapy may have an effect on cellular communication in the OS 
microenvironment by analyzing single-cell sequencing data from seven primary osteosarcoma patients who 
received chemotherapy. We believe these observations will improve our understanding of potential mechanisms 
of microenvironment contributions to OS progression and help identify potential targets for new treatment 
development in the future.   

1. Introduction 

Osteosarcoma (OS) is the most common primary bone cancer in 
children and young adults 10 to 30 years of age, with a peak incidence 
during the adolescent growth spurt[1,2]. OS is characterized by high 
malignancy, strong invasiveness and extremely high mortality rate. 

Patient survival rates have not been significantly improved in recent 
decades, surgical resection combined with adjuvant chemotherapy is 
still the widely used treatment regimen[1,3,4]. Immunotherapeutic 
strategies have been proposed with encouraging results in a variety of 
tumors in recent years[5–7]. Liposomal muramyl tripeptide (MTP-PE) 
has been approved for the treatment of non-metastatic resectable 
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osteosarcoma. MTP-PE exerts its antitumor effects by activating mono-
cytes/macrophages in patients, supporting the promise of immunomo-
dulation in OS therapy[8]. The development of new immunotherapeutic 
strategies will require a deeper understanding of the complex immune 
microenvironment of osteosarcoma, which is influenced not only by 
immune cells and vascular cells, but also by the complex network of 
cellular and signaling pathways associated with bone formation and 
remodeling [9–11]. However, the dynamics of the different cell types, 
intercellular communication and their impact on OS growth and patient 
prognosis have not been elucidated. 

Single-cell genomics provides powerful new tools for exploring 
tumor genetic and functional heterogeneity, predicting evolutionary 
lineages and identifying rare cell subpopulations [12,13]. Single-cell 
RNA sequencing (scRNA-seq) technology provides strong support for 
the analysis of human tumor heterogeneity and different sub-
populations, and has proven to be key to elucidating tumor development 
and progression mechanisms [14–16]. With the maturation of single cell 
isolation techniques in the tumor microenvironment, the availability of 
high quality scRNA-seq data, and the proposed computational models 
for bioinformatic analysis [17,18], a deeper exploration of the 
complexity of OS tumor microenvironment and intercellular commu-
nication has become possible. 

In the present study, we comprehensively analyzed scRNA-seq data 
from six patients with untreated osteosarcoma and identified nine cell 
types based on unbiased clustering of gene expression profiles and ca-
nonical markers. We identified malignant osteoblastic cells and fibro-
blasts by copy number variation (CNV) and trajectory analysis. Based on 
receptor-ligand interactions, detailed analysis of intercellular commu-
nication associated with osteoblastic cells and myeloid cell was per-
formed. Our data revealed a number of immune function and 
osteogenesis related factors that play important roles in intercellular 
communication in the OS microenvironment, correlating with patient 
prognosis. We also analyzed scRNA-seq data from seven OS patients 
received chemotherapy and compared the similarities and differences of 
their microenvironment with treatment naive patients. By decoding the 
potential origin of some cell types and their communication, we provide 
molecular information important to advance our understanding of OS 
microenvironment. 

2. Methods 

2.1. scRNA-seq data preprocessing 

The raw scRNA sequencing data of human treatment naïve osteo-
sarcoma was downloaded from GEO (PRJNA681896, n = 6). The raw 
data were processed by CellRanger 3.0 (10X Genomics) with default 
parameters and aligned to GRCh38 to generate UMI matrix for the 
downstream analysis. Expression matrix was further analyzed by Seurat 
4.2 package for quality control and downstream analysis following the 
standard workflow with default settings. Low-quality cells that had less 
than 200 genes per cell and less than 3 cells per gene were discarded. 
Then the cells with feature counts over 50,000 or less than 200, and 
percentage of mitochondrial genes less than 0.25 were filtered out. 

2.2. Dimension reduction, clustering, and identification of DEGs 

The top 2000 most highly variable features that exhibit high cell-to- 
cell variation from each sample were selected for data integration. Ca-
nonical correlation analysis was applied to remove the batch effect for 
data integration. Next, the top 15 principal components of the integrated 
data were selected for principal component analysis, UMAP analysis, 
and graph-based clustering (resolution = 0.5) to identify distinct sub-
populations. DEGs were identified by the ‘FindAllMarkers’ function in 
Seurat (min.pct = 0.25, thresh.use = 0.25). ‘Clusterprofile’ package was 
used for pathway enrichment analysis. 

2.3. RNA velocity 

RNA velocity was introduced to calculate the spliced and unspliced 
RNAs to indicate the transcriptional kinetic activity. A loom file with 
counts divided into spliced/unspliced/ambiguous of each gene in each 
cell was generated by velocyto.py on the BAM file from the CellRanger 
analysis. Seurat object were retained for downstream analysis. Then 
RNA velocity was estimated by velocyto.R with default settings. The 
velocity fields were projected on to the UMAP embedding from the 
Seurat analysis. 

2.4. Infer copy number Variation(CNV) and cell–cell communications 

InferCNV package (v1.3.3) was applied to infer CNV from scRNA-seq 
data, with cutoff = 0.1. We then combined the CNV classification with 
the UMAP-based and the gene-set based classifications to define the 
malignant cells and normal immune cells. The marker genes for mac-
rophages, T cells, and oligodendrocytes were obtained from Neftel et al. 
(GSE131928). To investigate the molecular interaction networks among 
each cell subtype, CellPhoneDB (v2.1.7) algorithm was used to infer 
intercellular communication in the tumor environment. Single-cell 
sequencing data from seven primary OS patients (GSE152048) who 
had received chemotherapy were used to compare the differences in 
cellular communication in the microenvironment of OS patients with or 
without chemotherapy. 

2.5. Survival analysis in OS patients 

We collected HTSeq-Count and clinical data for 88 OS patients from 
GDC data portal (https://portal.gdc.cancer.gov/). The ligand and re-
ceptor pairs with significance in cell to cell crosstalk were filtered in 
survival analysis using ggforest function in ‘survminer’ R package. We 
have generated the forest plot for the top 10 ligand to receptor in-
teractions in crosstalk between different cell types. 

3. Results 

3.1. Clustering analysis of osteosarcoma single cell sequencing data 

To explore the RNA velocity and cell–cell communication in OS 
tumor microenvironment, we analyzed single-cell sequencing data from 
six patients (P1-P6) with untreated osteosarcoma GSE162454 [1]. 
(Fig. 1A). The histological diagnosis of all patients was classical osteo-
sarcoma. Five of them were adolescent patients aged 13–20 years and 
one was a 45-year-old middle-aged female. These fresh tumor tissues 
were taken from approximately 2 cm from the tumor margin and were 
digested and single-cell prepared after removal of fat, visible blood 
vessels and surrounding necrotic areas. Cell clustering and classification 
were based on based on t-distributed stochastic neighbor embedding (t- 
SNE) and uniform manifold approximation and projection (UMAP) an-
alyses according to their gene profiles and canonical markers [19]. In 
particular, marker genes used in this study were as follows: (1) the 
osteoblastic cells characterized with high COL1A1, CDH11 and RUNX2 
expression; (2) the chondroblasts highly expressing ACAN, COL2A1 and 
SOX9; (3) the osteoclastic cells specifically expressing CTSK and MMP9; 
(4) the myeloid cells highly expressing CD74, CD14 and FCGR3A; (6) the 
fibroblasts defined by COL1A1, LUM and DCN; (5) the TILs highly 
expressing T and NK cell markers CD3D, IL7R and NKG7; (7) the peri-
cytes highly expressing α-SMA and RGS5; (8) the mesenchymal stem 
cells (MSCs) expressing CXCL12, SFRP2 and MME; (9) the myoblasts 
characterized with high MYL1 and MYLPF; and (10) the endothelial cells 
identified by PECAM1 and VWF. 

Pooled analysis of all samples yielded a total of 46,046 cells orga-
nized into 24 clusters, which contained myeloid cells (19622), osteo-
blastic (9809), TILs (5943), chondroblastic (2447), osteoclastic (2337), 
fibroblasts (3907), myoblasts (403), endothelial (979) and pericytes 
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(599) (Fig. 1B). The number of MSC cells was too small to be clustered 
out. Myeloid cells were the most commonly represented cell type (53%), 
followed by osteoblastic (21%) and TILs (14%). The proportions of cell 
populations were similar in all patients, except for P3 (Fig. 1C). The 
highest cell proportion in P3 was osteoblastic cells, while the percentage 
of myeloid cells was less than 10% (Fig. 1C). This may be related to the 
heterogeneity of the tumor and the individual variability of patients. 

We then performed a correlation analysis of these cell populations in 
OS based on gene expression, and we found that there is a strong cor-
relation at the population level between osteoblastic and fibroblast 
(Fig. 1D). Then, we analyzed the characteristic genes of different cell 
types. Highly expressed signature genes in each cell type were used to 
confirm cell types (Fig. 1B). Specifically, TILs expressed T cell and NK 
cell markers CD3D, IL7R, NKG7, endothelial expressed PECAM1 and 
VMF, while pericytes highly expressed ACTA2, RGS5 and MMP9 (Fig. 2). 
The top 10 differentially expressed genes (DEGs) for the 9 types of cells 
were shown in supplementary table 1. 

3.2. Copy number variation analysis 

Somatic copy-number alterations (SCNA) and structural rearrange-
ments considered to be important features of osteosarcoma.[20] The 
large-scale chromosomal landscape in OS patients was calculated using 
reference cells (myeloid cells and TILs). Clustering (Fig. 3A) highlighted 
three small clusters of non-malignant cells (endothelial cells, pericytes 
and part of osteoblastic cells), which lack CNVs and highly express 
markers of specific cell types. The remaining cells formed presumed 
malignant cells and were associated with CNVs. Our results identified 
large-scale amplifications and deletions in osteoblastic cells, including 
the hallmarks of chromosomes 1, 3, 4 and 9 gain (amplification), the 
chromosomes 2, 6, 10, 15 and 18 regions loss (del) (Fig. 3A), which were 
consistent with previously reported genomic CNVs[19,20]. A fraction of 
fibroblasts also showed similar changes to osteoblastic cells. CNV of 
Chondroblastic was increased on chr 7, 14, 15, 20 and obviously 
decreased on chr 10, 6, 3, 4, 5 (Fig. 3A). The results of CNV analysis of 
different patients showed that osteoblastic, fibroblasts and myoblasts 

Fig. 1. Identification of different cell types from OS single cell sequencing data. A. Graphical view of the study roadmap. B. The t-SNE plot of 24 clusters and 9 
identified cell types in OS lesions. C. Proportion of different cell types in tumor tissues across the patients. D. The correlation heatmap illustrates the relationship 
between the different cell types infiltrated in OS. 
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were the three cell types with the highest CNV in five patients, while 
chondroblastic had the highest CNV in P6 (Fig. 3B). 

3.3. Trajectory analysis of different cell types in OS 

To explore the interrelationship of different cell populations in the 
OS microenvironment, we analyzed the evolutionary trajectory of 
different types of cells in OS based on RNA velocity. Osteoclasts are 
specialized monocyte-macrophage lineage that occupy bone. It has been 
found that active osteoclasts present at the primary site of OS and plays a 
vital role in the osteolysis and tumor growth supporting [21]. As ex-
pected, our results show that osteoclasts in the OS microenvironment is 
differentiated from myeloid cells (Fig. 4A), indicating the reliability of 
this analytical method. RNA velocity gene ranking for different types of 
cells was listed in supplementary table 2. It‘s worth noting that malig-
nant osteoblastic cells could be trans-differentiated from malignant 
fibroblast cells (Fig. 4A). Furthermore, the trans-differentiated from 

fibroblast to osteoblastic cells is not an isolated case, as can be seen from 
cells of different patient origins (Supplementary Fig. 1). 

The RNA velocity of the top3 genes in osteoblasts, fibroblasts, 
myeloid cells and osteoclasts was shown in the phase portraits (Sup-
plementary Fig. 2). Meanwhile, gene expression dynamics resolved 
along latent time shows a clear cascade of transcription in the top 
likelihood-ranked genes. Proliferation, differentiation and development 
related genes, such as SPTBN1, ZFHX4 and FRMD6 (Fig. 4B), were 
gradually down-regulated along with trajectory differentiation process. 
Conversely, some well-known immune cells function related factors 
such as ICAM1, ADGRE2 and TAGAP were upregulated in the process. 
Furthermore, putative driver genes of trans-differentiation were identi-
fied by high likelihoods in a dynamic model [22] (Fig. 4C). Many of the 
top-ranked genes have been reported to play a crucial role in osteogenic 
differentiation and development (CTHRC1 and SERPINH1), whereas 
some of these genes were related to the osteoclast fusion and bone for-
mation (ATP6V0D2 AND TCIRG1). 

Fig. 2. The violin plots showing the normalized expression levels of signature genes across the identified cell types.  
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3.4. Ligand/receptor based intercellular communication in OS 

In the tumor microenvironment, the communication between 
different cell types is critical for cancer initiation, progression and 
therapeutic resistance. To investigate intercellular communications in 
OS microenvironment, we visualized average expression levels of most 
abundant ligands and their cognate receptors for each cell type’s ligand- 
receptor (L-R) pair. A network of potential cell–cell interactions was 
constructed showing extensive communications between different types 

of cells. Global overview of the interactomes revealed that osteoblastic 
cell was the cell type that express the most receptors and ligands, indi-
cating communicate most with other cells (Fig. 5A). 

We identified multiple ligand-receptor pairs of collagen and integrins 
in communication involving osteoblastic cell. Osteoblastic cell inter-
acted with osteoclastic via COL1A1-Intergrin α2β1, COL1A2-Intergrin 
α2β1, interacts with fibroblast via COL1A1-Intergrin α10β1, COL1A1- 
Intergrin α11β1, which may be associated with osteoblastic cell adhe-
sion, migration, and invasion (Fig. 5B). Also, there is intercellular 

Fig. 3. Single-cell copy-number variation in OS. A. The hierarchical heatmap showing large-scale CNVs in OS was calculated using reference cells (myeloid cells 
and TILs); the red color represents an increased copy number, whereas the blue color represents a decreased copy number. B. CNVs of different cell types in 6 OS 
patients. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

F. chen et al.                                                                                                                                                                                                                                     



Journal of Bone Oncology 41 (2023) 100493

6

communication between osteoblastic cells and osteoblastic cells via 
COL1A1- Intergrin α1β1, COL1A2- Intergrin α11β1 and MDK-PTPRZ1 
(Fig. 5B). In addition, we found that some ligand-receptor pairs were 
present in the communication of osteoblasts and a variety of other cells, 
such as MDK-LRP1, MDK-SORL1, SPP1 CD44 and SPP1-PTGER4 
(Fig. 5B). Furthermore, we analyzed the relationship between ligand- 
receptors co-expression in OS and patients prognosis. OS patients were 
divided into four groups by gene expression: ligandhigh receptorhigh, 
ligandhigh receptorlow, ligandlow receptorhigh and ligandlow receptorlow. 
Interestingly, 15 ligand-receptors pairs co-expression were found to be 
associated with patient prognosis (p less than 0.05). Mostly, ligandhigh 

receptor high patients had the longest survival time and ligandlow 

receptorlow patients had a poorer prognosis (Fig. 6 and supplementary 
table 3), such as EGFR-GRN and MDK-SORL1 (Fig. 6 D and F). These 
results suggest that communication between osteoblastic cells and other 
cells is a key factor contributing to OS tumor progression and affecting 
patient prognosis. 

We further analyzed myeloid cells related intercellular communica-
tion, as they are the highest proportion of cells in the OS microenvi-
ronment. Myeloid cells were found to interact with a variety of other cell 
types, particularly osteoblasts, in addition to communicating closely 
with the myeloid cells themselves (Fig. 7A). Among the ligands and 
receptor pairs with significant results in the analysis, about half were 
chemokines (CCL3, CCL4, CCL4L2) and MHC related molecules (CD74, 
HLA-C, HLA-DPA1) and their partners (Fig. 7A), which matched the 
main immunological functions of myeloid cells. Interactions analysis 
revealed that communication among C5AR1-RPS19, CD74-MIF/APP/ 
COPA and HLA-C-FAM3C was extensive (Fig. 7A), in agreement with 
previous findings [23,24]. These interactions may be associated with the 
formation of a suppressive immune microenvironment. In addition, we 
observed a number of ligand-receptor pairs were overlap with 

osteoclast-associated intercellular communication, including SPP1- 
CD44, SPP1 ITGA4, SPP1-ITGAV, SPP1-PTGER4, TNFRSF1A-GRN, and 
TNFRSF1B-GRN. Survival analysis showed that 13 pairs of myeloid cell- 
associated ligands and receptor pairs were related with prognosis of OS 
patients (Fig. 7B-G). CCL4-SLC7A1 was found to mediate communica-
tion between myeloid and osteoblasts, osteoclasts and fibroblasts. Pa-
tients with high expression of CCL4 and low level of SLC7A1 had the best 
prognosis (Fig. 7D). Potential intercommunications between GRN and 
SORT1 were found in myeloid and myeloid cells, myeloid and osteo-
blastic cells. OS patients with high expression of both GRN and SORT1 
had better prognosis compared with other groups (Fig. 7F). These results 
suggest that myeloid cells have multiple important roles in maintaining 
the complex regulatory network of the tumor microenvironment. 

Furthermore, we found that CD2-CD58, PTPRC-MCR1, and CCL5- 
CCR1 mediated the interaction between TILs and osteoclasts, and 
correlated significantly with patient prognosis, with patients with low 
expression of both receptors and ligands having the worst prognosis 
(Supplementary Fig. 3). These molecules have been reported to be 
associated with tumor immune escape and the formation of a suppres-
sive tumor microenvironment [25–27]. 

3.5. Differences in intercellular communication in the tumor 
microenvironment of OS patients receiving chemotherapy or not 

It is now generally accepted that chemotherapy and immunotherapy 
cause a remodeling of the tumor immune microenvironment. To explore 
whether intercellular communication in the tumor microenvironment of 
chemotherapy received OS patients differs from treatment naive pa-
tients, we further compared and analyzed data of 7 primary OS patients 
in GSE152048. Most of the above results in this study are in agreement 
with those obtained by Yan Zhou and his colleagues [19]. Their data 

Fig. 4. Trajectory analysis of OS single 
cells. A. RNA Velocity vectors projected onto 
the UMAP embedding, indicating differentia-
tion directionality. Botom left inset shows four 
types of cells (osteoblastic, osteoclastic, fibro-
blasts and myeloid cells). Botom left inset in-
dicates latent time. B. Heatmap showing 
dynamic RNA Velocity changes in osteoblasts, 
fibroblasts, myeloid cells and osteoclasts along 
latent time. C. Identified driver genes with 
pronounced dynamic behavior. Dashed line 
indicates steady states. Levels of unspliced 
mRNA above or below this proportion indicate 
increasing or decreasing expression of a gene, 
respectively.   
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showed that the highest percentage in tumor of these patient was also 
osteoblastic and myeloid cells. Pearson’s correlation between fibroblast 
and proliferated osteoblastic cells was 0.94, and correlation between 
fibroblast and osteoblastic cells is 0.85 based on the average gene- 
expression profiles of the top 3000 highly variable genes among the 
clusters. These reflect the reliability of the methodology and data of this 
study. 

Interestingly, we found intercellular communication differed in tu-
mors of treatment naïve patients and chemotherapy received patients. 
We obtained 30 L-R pairs of myeloid communication in treatment naive 

patients while only 18 in the patients receiving chemotherapy (Fig. 8A 
and Supplementary Fig. 4). Eight L-R pairs with particularly significant 
P values were overlapped, including C5AR1-RPS19, CD74-APP, CD74- 
COPA, CD74-MIF, HLA-C-FAM3C. These L/R pairs were involved in 
the communication between cells of myeloid origin and almost all other 
cells Supplementary Fig. 4). In addition, the number of statistically 
significant L-R pairs associated with osteoblastic cells doubled in pa-
tients receiving chemotherapy (Fig. 8B and Supplementary Fig. 5), with 
a large increase in collagen-integrin families. These data suggest that 
chemotherapy may cause a decrease in immune cell communication and 

Fig. 5. Intercellular communication analysis of with osteosarcoma microenvironment. A. Analysis of receptor and ligand interactions between different cell 
types. Edge thickness is proportional to edge weights. Edge color labels the source cell type. B. Dot plots showing intercellular ligand and receptor pairs in osteo-
blastic and other cells. The spectrum of color indicates the P value. 
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an increase in cellular communication of malignant osteoblastic cells in 
OS microenvironment, providing new support for chemotherapy- 
induced remodeling of the tumor microenvironment. 

4. Discussion 

Numerous studies have shown that intercellular communications 
and signaling transduction between tumor cells and surrounding cells 
play an important role in tumor fate determination[24,28,29]. In the OS 
microenvironment, osteoclasts have been shown to promote OS cell 
proliferation and are associated with OS-induced osteolysis[30]; endo-
thelial has been found to be closely associated with tumor angiogenesis 
and metastasis [31]; myeloid-derived M2-type macrophages usually 
directly inhibit the anti-tumor immune function of t cells [32]; and fi-
broblasts are capable of secreting collagen to mediate OS progression 
[33]. However, given the genomic complexity and microenvironmental 
heterogeneity, data on immunotherapy or targeting treatment have not 
been encouraging[34]. Recent advances in single-cell sequencing tech-
nologies have allowed us to further explore intercellular communication 
relationships in the OS microenvironment. Through integrative analysis 
of scRNA-seq data from treatment naive OS samples, we identified fi-
broblasts as a possible source of malignant osteoblasts and provided. 
Our data also provide important ligand/receptor pairs involved in 
intercellular communication in the OS microenvironment, some of 

which are highly correlated with receptor expression levels and prog-
nosis of OS patients. These key molecules for intercellular communica-
tion help us to better understand the mechanisms of OS progression and 
may become potential targets for new OS therapeutic strategies. 

It’s well known that multiple important cell types in mammalian 
bone tissue have a mesenchymal origin, including fibroblasts, osteo-
blasts, chondroblasts. These cells can undergo transdifferentiation under 
specific conditions or environments, such as transdifferentiation of 
chondrocytes into osteoblasts [19,35], transdifferentiation of fibroblasts 
into osteoblasts[36–38]. I-Ning E Wang et al.[39] found that the inter-
action of osteoblasts and fibroblasts lead to cell trans-differentiation and 
fibrocartilage formation in a vitro co-culture system. In this study, we 
found that a fraction of malignant osteoblasts in the OS tumor micro-
environment could be transformed from fibroblasts by CNV and trajec-
tory analysis of single cell sequencing data. It’s worth noting that our 
data showed there was a strong correlation between osteoblast and 
fibroblast in OS. Similar results have been reported by Yan Zhou et al 
[19]. In this study, osteoblastic cells were characterized with high 
COL1A1, CDH11 and RUNX2 expression, the fibroblasts were defined by 
COL1A1, LUM and DCN. These genes are not absolutely negative or 
positive expression, e.g. COL1A1, CDH11 and RUNX2 are expressed on 
both osteoblasts and fibroblasts, while LUM and DCN are expressed on 
osteoblasts, only with differences in expression intensity. It is possible 
that some marker gene moderately expressed cells, or cells of 

Fig. 6. Prognostic relevance of osteoblastic cell-associated Ligand/receptor pairs expression to OS patients. A. Prognostic analysis of ligand and receptor 
pairs co-expression in osteosarcoma. P values in bold indicate significant, less than0.05. B-G. Survival curves of ligand and receptor pairs in osteosarcoma. 
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intermediate status are inaccurately categorized. Therefore, these re-
sults need to be further validated by more accurate cell lineage tracing 
experiments, as the data analysis in this study cannot fully exclude the 
effect of a few cell types that failed to cluster accurately, such as MSC, 
fibroblast-like cells. There may be a neoplastic cell population with 
varying phenotype in OS. 

Integrins, ubiquitous expressed heterodimeric transmembrane 
glycoprotein receptors, are a class of cell adhesion and signaling proteins 
involved in a variety of physiological and pathological processes 
including embryonic development[40], tumor cell growth and metas-
tasis[41], bone resorption[42], and cellular responses to mechanical 
stress[43]. Currently, drugs targeting integrins have been extensively 
developed in areas including cardiovascular diseases, dry eye diseases, 
autoimmune diseases and inflammatory diseases [44–47]. Abnormal 
expression of collagen and integrins and the interaction between the two 
have been shown to be involved in the development, cell adhesion, 
migration, and invasion of osteosarcoma [48–50]. In the treatment 
naïve OS microenvironment, we identified 10 ligand-receptor pairs of 
collagen and integrins involved in communication of osteoblasts, which 
increased to 36 in post-chemotherapy patients, reflecting the 

responsiveness of osteoblasts-associated cellular communication to 
chemotherapy. 

Myeloid cells are important components of the OS microenviron-
ment, and our data show that myeloid cells account for approximately 
half of the total cell population. We found that the intercellular 
communication of myeloid cells in treatment naïve patients was mainly 
dependent on proinflammatory chemokines and MHC-related mole-
cules, suggesting that the main role of myeloid cells in the OS immune 
microenvironment is the recruitment of immune cells and antigen pre-
sentation. However, in the microenvironment of OS patients after 
chemotherapy, the number of L-R pairs decreased substantially and no 
chemokines related L-R pairs were found for myeloid cells communi-
cation. The main function of CCL3 and CCL4 is to mediate the recruit-
ment of macrophages in the tumor microenvironment, and in this study, 
CCL3-CCR1, CCL3-IDE, CCL4-SLC7A1 interaction occurred between 
myeloid and myeloid cells, myeloid and osteoblastic cells. In addition, 
there are some receptor-ligands in our results that have not been re-
ported in osteosarcoma, such as GRN-SORT1, TNFRSF1A-GRN, and 
TNFRSF1B-GRN. GRN regulates lysosomal biogenesis, neurons survival 
and axonal outgrowth[51,52], and its abnormal function has been 

Fig. 7. Cellular communication of myeloid cells in the OS microenvironment. A. Dot plots showing intercellular ligand and receptor pairs in myeloid cells and 
other cell types. The spectrum of color indicates the P value. B. Prognostic analysis of ligand and receptor pairs co-expression in osteosarcoma. P values in bold 
indicate significant. C-G. Survival curves of indicated ligand and receptor pairs co-expression in osteosarcoma. 
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reported in several neurological diseases such as frontotemporal de-
mentia [53]and neuronal ceroid lipofuscinosis[52]. GRN/TNFRSF1A 
has been reported to be associated with macrophage infiltration in 
gastric cancer[54], while its role in osteosarcoma needs further experi-
mental elucidation. 

In summary, we have analyzed the heterogeneity of the tumor 
microenvironment in OS, and identified the trans-differentiation of 
malignant osteoblastic cells from fibroblast cells. There are differences 
in intercellular communication in the tumor microenvironment of OS 
patients who received or did not receive chemotherapy. The study has 
also provided intercellular communicating ligand-receptor pairs that 
associated with OS survival, which will lay the foundation for future 
research studies on therapy of OS. 
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