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Osteosarcoma (OS), which occurs most commonly in adolescents, is associated with a
high degree of malignancy and poor prognosis. In order to develop an accurate treatment
for OS, a deeper understanding of its complex tumor microenvironment (TME) is required.
In the present study, tissues were isolated from six patients with OS, and then subjected
to single-cell RNA sequencing (scRNA-seq) using a 10× Genomics platform. Multiplex
immunofluorescence staining was subsequently used to validate the subsets identified by
scRNA-seq. ScRNA-seq of six patients with OS was performed prior to neoadjuvant
chemotherapy, and data were obtained on 29,278 cells. A total of nine major cell types
were identified, and the single-cell transcriptional map of OS was subsequently revealed.
Identified osteoblastic OS cells were divided into five subsets, and the subsets of those
osteoblastic OS cells with significant prognostic correlation were determined using a
deconvolution algorithm. Thereby, different transcription patterns in the cellular subtypes
of osteoblastic OS cells were reported, and key transcription factors associated with
survival prognosis were identified. Furthermore, the regulation of osteolysis by
osteoblastic OS cells via receptor activator of nuclear factor kappa-B ligand was
revealed. Furthermore, the role of osteoblastic OS cells in regulating angiogenesis
through vascular endothelial growth factor-A was revealed. C3_TXNIP+ macrophages
and C5_IFIT1+ macrophages were found to regulate regulatory T cells and participate in
CD8+ T cell exhaustion, illustrating the possibility of immunotherapy that could target
CD8+ T cells and macrophages. Our findings here show that the role of C1_osteoblastic
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OS cells in OS is to promote osteolysis and angiogenesis, and this is associated with
survival prognosis. In addition, T cell depletion is an important feature of OS. More
importantly, the present study provided a valuable resource for the in-depth study of the
heterogeneity of the OS TME.
Keywords: single-cell RNA sequencing, tumor microenvironment, naive osteosarcoma, heterogeneity, osteolysis
INTRODUCTION

Osteosarcoma (OS) is a highly aggressive malignant bone tumor
that is associated with a high relapse rate in spite of the
availability of treatment methods, comprising of combined
treatment with surgery and multiagent chemotherapy (1).
Survival rates have failed to show any marked improvement
over the course of the last few decades. In addition, the etiology
of OS remains unclear, although its pathology is characterized by
the heavy infiltration of complex cells, including malignant
mesenchymal tumor cells, immune cells, fibroblasts and
vascular networks, suggesting the presence of a highly
complicated tumor microenvironment (TME) (2, 3).

Substantial evidence has indicated that the biological behavior
of tumor cells is heavily influenced by the TME (4). Bidirectional
interactions between different types of tumor cells and the TME
have been shown to enhance tumor progression on multiple
levels (5, 6). Recent evidence has suggested that osteoclasts (OCs)
are involved in OS-mediated osteolysis (7), macrophages are
involved in a number of different mechanisms underpinning
tumor biology (8), endothelial cells are involved in OS-mediated
angiogenesis (9), and so on. Cancer-associated fibroblasts
(CAFs) (4, 10), which are the main source of the collagen-
producing cells, are involved in the growth and metastasis of
solid tumors. However, the underlying mechanism remains
unclear in OS. Therefore, an improved understanding of the
interactions between the cell clusters and the TME should give
rise to novel therapeutic opportunities; however, at the present
time, conventional bulk next-generation sequencing techniques
are limited in terms of their ability to resolve tumor
subpopulations and the TME (11, 12).

Recent advances in single-cell genomics have provided
powerful new tools for the exploration of genetic and
functional heterogeneity (13), for the reconstruction of
evolutionary lineages (14) and for the detection of rare
subpopulations (15). Additionally, single-cell RNA sequencing
(scRNA-seq) studies on human tumors have provided novel
insights into tumor heterogeneity and distinct subpopulations,
findings that have proven to be pivotal in elucidating tumor-
associated mechanisms (16–18). In comparison with the existing
research on solid tumors, however, relatively few studies have
been published on the single-cell transcriptome of OS.

In order to help resolve this problem, the present study was
designed to investigate intratumoral heterogeneity in OS. An
unbiased approach was adopted that used scRNA-seq to
characterize transcriptional changes and cellular heterogeneity
in OS. An scRNA-seq atlas of OS was constructed, and important
biological processes, including osteolysis, angiogenesis and T cell
2

exhaustion, were identified in the TME of OS. The resultant
findings of this investigation should help both in terms
of elucidating the underlying biological mechanisms of OS,
and in improving clinical treatment strategies for patients
with OS.
MATERIALS AND METHODS

Sample Collection and Tissue Dissociation
The present study was approved by the Ethics Committee of The
First Affiliated Hospital of Guangxi Medical University (approval
no. 2019KY-E-097). Samples of six patients diagnosed with OS
(Table S1) were collected at The First Affiliated Hospital of
Guangxi Medical University. The patients provided written
informed consent, and agreed to donate specimens for the
present study.

Fresh OS specimens were collected during surgery. None of
the patients were treated with chemotherapy or radiation therapy
prior to tumor resection. Tumor tissues were dissected at ~2 cm
from the tumor edge, and placed in a solution containing Hank’s
balanced salt solution (cat. no. 311-512-CL; Wisent Bio
Products) and 1% antibiotic-antimycotic (cat. no. 15240062;
Thermo Fisher Scientific, Inc.) on ice. The fresh samples were
transported to the laboratory within 20 min.

Single Cell Suspension Preparation
Following the removal of the fat, visible vessels and surrounding
necrotic area, a small section of the tumor tissues was cut and
rinsed with cold Dulbecco’s phosphate-buffered saline (DPBS;
cat. no. C14190500BT; Thermo Fisher Scientific, Inc.).
Subsequently, the tissues were cut into ~1 mm3 pieces, placed
on ice, transferred to DPBS and washed twice with DBPS.
Collagenase 2 (1mg/mL) was used to digest the tissues into a
single-cell suspension for 45 min at 37°C. Following filtering of
the cells using a 100-mm cell strainer in DPBS with 1% fetal
bovine serum (FBS; cat. no. 10091148; Thermo Fisher Scientific,
Inc.), the suspended cells were centrifuged at 300 × g for 5 min.
After discarding the supernatant, red blood cells were removed
using 1× red blood cell lysis buffer (10× diluted to 1×; cat. no.
B250015; BioLegend, Inc.) for 5 min, and the cells were passed
through a 40-mm cell strainer. Finally, the single-cell suspension
was resuspended in DPBS with 1% FBS following two washes
with DPBS. Cell viability was confirmed to be >80% in all
samples using the Trypan Blue exclusion assay (0.4%; cat. no.
420301; Thermo Fisher Scientific, Inc.), and the cell suspensions
were kept on ice prior to performing the next procedures.
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10× Genomics Single-Cell 3’-mRNA
Sequencing
The single cells ultimately obtained from each sample were
loaded onto a 10× Genomics Chromium Single-Cell Chip,
along with the single-cell master mix and single-cell 3’-gel
beads (10×; Switchgear Genomics) to generate single-cell gel
bead-in-emulsions (or GEMs). The OS samples were processed
using 10× Genomics V3 barcoding chemistry kits, according to
the manufacturer’s instructions. mRNA in droplets underwent
reverse transcription reactions, and cDNA amplification was
subsequently performed, according to the manufacturer’s
instructions. The single-cell libraries were then sequenced on
an Illumina HiSeq X Ten instrument (Illumina, Inc.).
Quality Control and Cell-Type Recognition
The data quality control process was analyzed using the Seurat
package (version 3.1.1; https://satijalab.org/seurat/install.html)
(19, 20). Three cases of OS were merged using the Merge
function. The single-cell data had a gene number <300
and >4,500; those with a mitochondrial gene number of >10%
were considered to be low-quality cells, and these were directly
filtered out. The Harmony package (version 1.0; https://github.
com/immunogenomics/Harmony) was then used to eliminate
the batch effect of the cellular data (21). Subsequently, primary
cell cluster analysis was performed using the FindClusters
function of the Seurat package (resolution = 0.15), and the
visual clustering results were presented through performing
uniform manifold approximation and projection (UMAP)
dimension reduction analysis. The different cell types were
subsequently analyzed as follows: i) myeloid cell data were
extracted using the SubsetData function in the Seurat package,
followed by the FindClusters function (resolution = 0.30);
ii) osteoblastic OS cell data were extracted using the SubsetData
function of the Seurat package, and the FindClusters function
(resolution = 0.06) was subsequently used to perform cluster
analysis again; iii) OC data were extracted using the SubsetData
function in the Seurat package, and the FindClusters function
(resolution = 0.10) was then used to perform cluster analysis
again; iv) natural killer T (NK/T) cell data were extracted using
the SubsetData function of the Seurat package, and the
FindClusters function (resolution = 0.2) was subsequently used
to achieve cluster analysis again; v) B-cell and plasma cell data
were extracted using the SubsetData function in the Seurat
package, and then the FindClusters function (resolution = 0.10)
was subsequently used to achieve cluster analysis again; and vi)
CAF data were extracted using the SubsetData function in the
Seurat package, and then the FindClusters function (resolution =
0.04) was subsequently used to achieve cluster analysis again.
Markers from all clusters were identified using the
FindAllMarkers function of the Seurat package. Major cell
types were annotated based on their respective gene expression
levels in a known set of genes, as follows: osteoblastic OS cells
(ALPL, RUNX2, IBSP) (22–24); myeloid cells (LYZ, CD68) (25);
OCs (ACP5, CTSK) (26); CAFs (COL1A1, FAP, VIM) (27);
NK/T cells (CD2, CD3D, CD3E, CD3G, GNLY, NKG7,
KLRD1, KLRB1) (28, 29); endothelial cells (EGFL7, PLVAP)
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(30, 31); B cells (MS4A1, CD79A) (32, 33); and plasma cells
(IGHG1, MZB1) (33, 34).

RNA Velocity Analysis
RNA velocity is an indicator of dynamic changes in transcripts,
and is able to predict changes in future cell states (35). To obtain
the.loom files, velocyto.py (version 0.17.17) was provided with
the barcode.tsv and.bam files, as well as the human genome
annotation file, GRCH38-3.0.0. The.loom files were then
uploaded to the R package (version 3.6.3) using the
ReadVelocity function in the velocyto.R package (version
0.6.0). The following parameters were set: DeltaT = 1; kCells =
25; and fit.quantile = 0.02. Finally, the velocity vector arrows
were projected onto the UMAP plot, which was obtained in the
Seurat package.

Pseudo-Time Trajectory Analysis
The evolutionary processes of myeloid cells, osteoblastic OS cells,
OCs, NK/T cells and CAFs were analyzed using the Monocle3
package (version 2.14.0; https://coletrapnelllab.github.io/
monocle3/). According to previous reports (36–38), Monocle3
was mainly used for the operation of the myeloid cells,
osteoblasts (OBs), OCs, NK/T cells and CAFs in two steps. In
the first step, cells were organized into potentially discontinuous
trajectories. In the second step, genes were identified that varied
in their expression over those trajectories. As for the order_cells
parameter, the cell starting point that coincided with the result of
RNA velocity analysis was selected. It should also be noted that,
during the process of OC analysis, quasi-temporal analysis on six
genes (ACP5, CTSK, ATP6V0D2, CD14, CD74 and HLA-DRA)
was also performed.

Functional Enrichment Analysis
Osteoblastic OS cells, CAFs, NK/T cells and myeloid cells
underwent gene set variation analysis (GSVA; package version,
1.34.0) in order to identify which gene set was significantly
enriched in each subset. All gene sets were downloaded from
the Molecular Signatures Database, MSigDB (https://www.
gseamsigdb.org/gsea/downloads.jsp), and GSVA was performed
as previously described (39). Gene Ontology (GO) analysis
(clusterProfiler package, version 3.14.3) was performed to
detect which of the biological processes were significantly
enriched in each subtype of B cells and plasma cells.

Cell-Cell Communication Analysis
To detect possible interactions across diverse cell types,
CellPhoneDB (a publicly available repository of curated
receptors, ligands and their interactions) was used to analyze
cell-cell communication based on ligands and receptors.
CellPhoneDB is widely used in ligand and receptor studies for
single-cell sequencing (40, 41). In order to study the molecular-
interaction networks among cell types, CellphoneDB.py (version
0.22; https://github.com/Teichlab/cellphonedb) was used to
analyze osteoblastic OS cells, OCs, CAFs, endothelial cells,
macrophages, regulatory T cells (Tregs) and CD8+ T cells. The
ligand-receptor pair data were filtered using P < 0.05 as a cutoff.
Data of biological significance were then selected for presentation.
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Copy Number Variation Analysis and
Identification of Malignant OBs
To identify the CNV values of osteoblastic OS cells as compared
with other cells (myeloid cells 1/2, NK/T cells, plasmocytes and B
cells), CNVs were calculated using the infercnv package (version
1.2.1), as described previously (42, 43). The comparative
reference cells were myeloid cells, NK/T cells, plasma cells and
B cells. Using single-cell sequencing data, CNVs of each cell type
were calculated according to their expression levels. The
following parameters were set: Cutoff, 0.1; cluster_by_groups =
TRUE; denoise = TRUE; and HMM = TRUE. Parameters that
are not otherwise mentioned were set as default parameters.

Single-Cell Regulatory Network Inference
and Clustering Analysis
SCENIC is a method for reconstructing gene regulatory networks
and identifying stable cell states from scRNA-seq data (44).
Transcription factor (TF) activity was calculated using SCENIC
(version 1.1.3), as described previously (45). A read count matrix
was inputted, with the cell types represented as columns and
gene symbols shown in rows. The filtered matrix was used to
establish gene regulatory networks and to determine cell states
and regulatory factors. Subsequently, theWilcoxon rank sum test
was used to analyze the differentially activated TFs among the
different cell types. TFs with an adjusted P-value <0.05 and logFC
>0.1 were considered to be significantly upregulated.

Data Acquisition and Correlation to Public
Datasets
Transcriptome RNA-seq data and the clinical information
pertaining to the corresponding OS cases were obtained from
the TARGET database (https://ocg.cancer.gov/programs/target).
A total of 88 samples were included in this dataset; of those
samples, following the exclusion of incomplete survival data, 85
samples were included in the present study. To validate the
significance of the osteoblastic OS cells’ subtypes, the TARGET
OS cohort was divided into three subgroups using the class
discovery tool, ConsensusClusterPlus (version 1.50.0). DESeq2
(version 1.26.0) was used to perform normalization and
differential gene expression analysis (Cluster2/3 vs Cluster1),
and the obtained differential gene expression (| log2FC | >1 and
adjust P-value <0.05) was used for visualization and subsequent
analysis (46). CIBERSORT (version 1.03) was used for estimating
the abundance profiles of the osteoblastic OS cells in the 85
samples. After the calculations had been made, samples with P <
0.05 were used for subsequent analysis and figure display (Figure
S1D). Mann-whitney test was used to evaluate whether the
relative abundances and malignant gene scores of the
osteoblastic OS cells’ subtypes in the different TARGET OS
subgroups were revealed to be significantly different.

Multiplex Immunofluorescence Staining
Multiplex immunofluorescence staining was processed using the
TSA fluorescence kits, according to the manufacturer’s
instructions (Panovue Co., Ltd.). Briefly, after having been
Frontiers in Oncology | www.frontiersin.org 4
subjected to high-temperature antigen retrieval, 3-mm thick
sections were incubated with blocking solution for 10 min at
25°C, and subsequently, the primary antibodies were applied
overnight at 4°C. The antibodies used in these experiments were
as follows: anti-alkaline phosphatase (ALPL; rabbit; cat. no.
MA5-24845; dilution, 1:200; Thermo Fisher Scientific, Inc.),
anti-tumor necrosis factor superfamily member 11 (TNFSF11;
also known as RANKL; rabbit; cat. no. PA5-110268; dilution,
1:200; Thermo Fisher Scientific, Inc.), anti-interferon (IFN)-
induced protein with tetratricopeptide repeats 1 (IFIT1; rabbit;
cat. no. 14769S; dilution, 1:500; Cell Signaling Technology, Inc.)
and anti-CD68 (rabbit; cat. no. 76437T; dilution, 1:500; Cell
Signaling Technology, Inc.). The tissues were then incubated
with Polymer horseradish peroxidase (HRP)-anti-mouse/Rabbit
IgG secondary antibody for 10 min at 25˚C. Subsequently, tissues
were soaked with fluorophore working solution for 10 min. The
sections were heat-treated after the application of each
fluorophore and primary antibody, and then incubated with
the secondary antibody and another fluorophore working
solution. Tissue sections were counterstained with 4’-6’-
diamidino-2-phenylindole (DAPI; Beijing Solarbio Science &
Technology Co., Ltd.) for 5 min after all the antigens had been
labeled. Finally, multi-layer TIFF images were obtained using the
Axio Imager M2P Imaging System (Carl Zeiss AG) for
further analysis.

In Vitro Experiments
FBS, Eagle’s minimal essential medium with alpha modification
(a-MEM), and Gibco™ Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from Thermo Fisher Scientific, Inc.
Recombinant human macrophage colony-stimulating factor (M-
CSF) and RANKL were purchased from R&D Systems, Inc,
whereas the tartrate-resistant acid phosphatase (TRAP)
staining kit was purchased from Sigma-Aldrich Corp. (St.
Louis, MO, USA). The enzyme-linked immunosorbent assay
(ELISA) kits were purchased from Elabscience Biotechnology
Co., Ltd.

Conditioned medium of cancer cell lines was prepared as
described previously (47). OS cell lines (MG63, U-2 OS, Saos-2,
143B, K2M2 and DLM8) were incubated in DMEM containing
10% FBS until the cells reached 80% confluence at 37°C.
Subsequently, the DMEM was replaced with serum-free
DMEM, and the cells were re-incubated at 37°C for 16 h. The
supernatant of the culture medium was collected for subsequent
OC culture. Bone marrowmacrophages (BMMs) were cultured as
described previously (48). In addition, BMMs were divided into
conditioned medium of an OS cell line group (OSCM; 20%, v/v)
and non-conditioned medium of an OS cell line group (NOSCM;
0%, v/v; note that the cell line group here comprised K2M2 and
DLM8 cells). The cells of both the groups were fixed with 2.5%
glutaraldehyde for 15 min, and the cells were subsequently
subjected to TRAP straining. TRAP+-multinucleated cells (i.e.,
those with >3 nuclei) were counted as OCs.

Human umbilical vascular endothelial cells (HUVECs) were
cultured as described previously (49). HUVECs were seeded into
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Matrigel™-coated 96-well plates (3×104 cells/well) and the cells
(MG63, U-2 OS, Saos-2 or 143B cells) were treated either with
OSCM or NOSCM for 8 h. Subsequently, the total length and
number of junctions were quantified using ImageJ software.

ELISA was performed to detect the expression of RANKL and
VEGFA. The OSCM and NOSCM were collected for ELISA
detection. The experiments were performed precisely following
the instructions of the ELISA kit. Diluent (40 ml) and 10 mL of
OSCM or NOSCM were added to the 96-well ELISA plate. After
incubating at 37°C for 60 min, the ELISA plate was washed five
times. Subsequently, biotinylated antibody (100 ml) was added to
each pore, and the ELISA plate was incubated at 37°C for 60 min.
Then, antibiotic-protein HRP solution (100 ml) was added to
each pore. After a further incubation at 37°C for 30 min, the
ELISA plate was washed five times. Subsequently, substrate
solution (100 ml) was added into each pore, and the ELISA
plate was incubated at 37°C for 15 min. Finally, the terminal
solution (100 ml) was added to each pore, and the absorbance of
the ELISA plates was measured at 450 nm.

Statistical Analysis
All statistical analysis was performed using R package, version
3.6.3 (http://www.rproject.org). Not all violin plots are shown
displaying each data point due to the overall distribution being
obscured by a multitude of data points. P<0.05 was considered to
indicate a statistically significant difference.
RESULTS

Single Cell Expression Atlas of OS
In order to explore the TME and cellular heterogeneity of OS,
scRNA-seq analysis was conducted on primary tumors from six
patients who had not received neoadjuvant chemotherapy
(Figure 1A). After initial quality control checks had been
accomplished, 29,278 cells were available. To investigate the
cellular composition of OS, UMAP analysis was performed on
differentially expressed genes across all cells, and this analysis led
to the identification of nine main clusters (Figures 1B, C). The
cell clusters were annotated based on the expression levels of
specific marker genes, and immune (i.e., myeloid cells, NK/T
cells, B cells and plasmocytes) and non-immune (i.e., osteoblastic
OS cells, endothelial cells, OCs and CAFs) cells were identified
(Figure 1D). In addition, with the identification of osteoblastic
OS cells, large-scale chromosomal CNV analysis was performed
for the six patients using reference cell myeloid cells, NK/T cells,
B cells and plasmocytes (Figures 1E and S1A). This analysis
revealed that, whereas the genomic regions of chromosomes 1,
4p, 4q, 8q and 11q were frequently increased in the OS cells, the
10 and 18 regions were frequently decreased, which was
consistent with previous study (50). Among these cell types,
the top three highest cell populations were found to be myeloid
cells, NK/T cells and osteoblastic OS cells (Figure 1C). Almost all
of the different cell types were identified in all six
patients (Figure 1F).
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The Important Role of Inflammation and
Ossification Associated Osteoblastic OS
Cells in Humans
Osteoblastic OS cells were then subjected to UMAP dimension
reduction analysis, and five distinct subgroups were identified:
C1_osteoblastic OS cells , C2_osteoblastic OS cells ,
C3_osteoblastic OS cells, C4_osteoblastic OS cells and
C5_osteoblastic OS cells (Figures 2A, B). In order to
distinguish between the different cell types, an investigation of
marker genes and GSVA were conducted. Based on the gene
markers and GSVA, C1_osteoblastic OS cells were found to
express inflammatory cell markers [including interleukin 17
receptor C (51), interleukin 4 (52), TNFSF11 (53), etc.] and
were associated with inflammation. C2_osteoblastic OS cells,
corresponding to a primordial proliferative osteoblastic
population, were relatively more highly expressed compared
with other specific gene markers [topoisomerase 2-alpha
(TOP2A) (47), CENPF (54) and cyclin-dependent kinase 1
(CDK1) (55) that are associated with the cell cycle and cell
proliferation. C3_osteoblastic OS cells were shown to express
markers associated with cell metabolism [including arginase 2
(56), the glucose transporter solute carrier family 2 member 1
(57), argininosuccinate synthetase-1 (58), etc.], and they were
also enriched in genes connected with carbohydrate
transmembrane transporter activity and glucose catabolic
processes. C4_osteoblastic OS cells, expressing cellular matrix
markers [including extracellular matrix protein 2 (59), collagen
type XVIII, alpha-1 (60), EGF-like domain multiple 6 (61), etc.],
were enriched with genes responsive to the processes of
extracellular matrix and protein import into the peroxisome
matrix. C5_osteoblastic OS cells, corresponding to the
original cluster of ossification osteoblastic cells, exhibited high
expression levels of ossification markers [including
sphingomyelin phosphodiesterase 3 (62), sclerostin domain-
conta in ing prote in 1 (63) , phosphoethanolamine/
phosphocholine phosphatase 1 (64), etc.], and had a high level
of genes involved in replacement ossification, bone trabecula
morphogenesis and bone trabecula formation. In addition,
C1_osteoblastic OS cells and C5_osteoblastic OS cells were
associated with angiogenesis (Figures 2C, D).

To investigate the origin, differentiation and development of
osteoblastic OS cells in the data of the present study, trajectory
and RNA velocity analyses of osteoblastic OS cells were
performed (Figures 2E–G). The results revealed the presence
of partial C1_osteoblastic OS cells in the starting position of the
developmental trajectory. This finding indicated that partial
C1_osteoblastic OS cells have the ability to differentiate into
other cell subtypes. The results from the multiplex
immunofluorescence experiments also revealed the presence of
C1_osteoblastic OS cells (Figure S2A).

In order to further explore the clinical significance of all
osteoblastic OS cells, the OS dataset in the TARGET database
was analyzed. The patients with OS were divided into three different
clusters using ConsensusClusterPlus (Figures 2H and S1E).
Compared with the OS patients from Cluster 1, the OS patients
in Clusters 2 and 3 showed a worse prognosis (Figure 2I).
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FIGURE 1 | Overview of single cells derived from OS tissues. (A) Workflow depicting collection and processing of specimens of OS tumors for scRNA-seq.
(B) UMAP plot of all the single cells, with each color-coded for the 9 major cell types. (C) Pie chart, indicating the cell composition of OS. (D) UMAP plots of the
normalized marker expression of the 9 major cell types. (E) The large-scale chromosomal landscape in patient 3 was calculated using reference cells (myeloid cells
1/2, NK/T cells, plasmocytes and B cells); the red color represents an increased copy number, whereas the blue color represents a decreased copy number.
(F) UMAP plot of all the single cells, with each cell color-coded for different patients. OS, osteosarcoma; UMAP, uniform manifold approximation and projection;
scRNA-seq, single-cell RNA sequencing; NK, natural killer.
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FIGURE 2 | Heterogeneity of osteoblastic OS cell populations in OS. (A) UMAP plot showing osteoblastic OS cells. Different cell types are represented by the
different colors. (B) Pie chart, indicating the cell composition of osteoblastic OS cells. (C) Heat map showing the marker genes of each cluster, with the selected
osteoblastic OS cell marker genes in each cluster highlighted. (D) GSVA, showing the function of different types of osteoblastic OS cells. (E, F) Differentiation and
developmental trajectories of osteoblastic OS cells in OS. (G) RNA velocity field projected onto the UMAP plot of the osteoblastic OS cells; the arrows indicate the
direction of differentiation and the average velocity. (H) OS patients in the TARGET OS cohort were clustered into 3 clusters by ConsensusClusterPlus, based on cell
clusters identified in this profile. (I) Kaplan-Meier survival curve of 3 patient clusters. (J) Relative abundance of C5_osteoblastic OS cell Clusters 1 (left), 2 (middle) and
3 (right). (K) Heatmap of the AUC scores of expression regulation by transcription factors estimated by SCENIC. (L) UMAP plot of osteoblastic OS cells, color-coded
for the expression level (up) and for the AUC of the estimated regulon activity of these transcription factors (down). *P < 0.05,***P < 0.001; OS, osteosarcoma;
UMAP, uniform manifold approximation and projection; GSVA, gene set variation analysis; SCENIC, single-cell regulatory network inference and clustering; AUC, area
under the curve.
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Moreover, difference analysis was conducted on the samples of
Cluster3/Cluster2 with worse survival and those of Cluster1 with an
improved survival performance (Figures S3A, B), and 518
differential genes were obtained, which were mostly highly
expressed in C5_osteoblastic OS cells (Figure S3C). Moreover,
survival analysis of all 518 differential genes was conducted
(Supplementary Document 1), and 85 genes with high
expression were associated with poorer survival prognosis
(Supplementary Document 2). Almost half of these 85 genes
were highly expressed in C1_osteoblastic OS cells and
C5_osteoblastic OS cells (Figure S3D). Next, it was found that
C5_osteoblastic OS cells had the highest score after scoring the 85
malignant genes, and that of C1_osteoblastic OS cells was the
second highest (Figure S3E). Interestingly, it was observed that
C5_osteoblastic OS cells exhibited the most significant differences
when comparing patients in Cluster 1 with the patients in Cluster 2/
3. The number of C5_osteoblastic OS cells was increased in patients
in Cluster 2/3 (Figure 2J). Furthermore, C1_osteoblastic OS cells
exhibited the most significant differences when comparing patients
in Cluster 1 with the patients in Cluster 2. It was found that the
number of C1_osteoblastic OS cells was increased in patients in
Cluster 2 (Figure S3F). These findings show that in our data,
C5_osteoblastic OS cells and C1_osteoblastic OS cells have a
malignant state, among which C5_osteoblastic OS cells have a
more malignant state.

SCENIC analysis was performed to determine the TFs of
osteoblastic OS cells. The genes of four TFs (DDIT3, SP7 and
CREB3L1) were significantly activated in C5_osteoblastic OS
cells, and these TFs have been shown to be expressed in
osteosarcoma in previous studies (65–67) (Figures 2K, L and
S1B). Further survival analysis revealed that a high expression
level of SP7 was associated with a worse prognosis (Figure S1C).
In previous studies, SP7 was shown to induce the differentiation
of mesenchymal stem cells into osteoblasts and determine the
fate of osteoblasts (68). In addition, SP7 was associated with
lymphatic metastasis and poorer survival in breast cancer (69).
However, to the best of our knowledge, no relevant prognostic
information has been reported in the study of osteosarcoma, and
further studies are required.

Different States of OCs in Human OS
OCs have been shown to serve a crucial role in the pathogenesis
of OS (70). To obtain a more comprehensive understanding of
the types of OC in OS, four different types of OCs were obtained
and renamed according to their specific gene expression profiles
(Figures 3A, B). These four major cell types included progenitor,
mature, hypofunctional and non-functional OCs. OCs were
noted to be multinucleated giant cells derived from precursor
cells of hematopoietic macrophage/monocyte lines (71, 72).
Therefore, progenitor OCs were found to express high levels of
major histocompatibility complex II (MHC-II; CD74), HLA-
DRA, CD14, TOP2A and marker of proliferation Ki-67 (MKI67)
(Figure 3C). Mature OCs expressed a higher D2 isoform of
vacuolar (H+) ATPase, V0 domain (ATP6V0D2), cathepsin K
(CTSK) and tartrate acid phosphatase (ACP5), which serve as
OC differentiation marker genes (Figure 3C). Among them,
ATP6V0D2 has previously been shown to be necessary for OC
Frontiers in Oncology | www.frontiersin.org 8
maturation, and it is highly expressed in OCs (73). The
transcription profile of these cells was visualized, and through
Monocle trajectory and RNA velocity analyses the cells were
mapped along a pseudo-time trajectory to examine the profile’s
directionality. OCs followed a differentiation trajectory that
mainly started from the initial cluster of partial progenitor
OCs, from which point they differentiated into the state of
mature OCs, subsequently progressing from mature to
hypofunctional or non-functional OCs (Figures 3D, E, G).
Cell-trajectory analysis of marker genes also confirmed this
result: CD74, CD14 and HLA-DRA were found to be located
at the initial position of pseudo-time, and the expression levels of
CTSK, ACP5 and ATP6V0D2 were shown to be gradually
increased (Figure 3F).

Functional Diversity of CAFs in Human OS
CAFs are one of the most abundant cell types in several different
types of tumor, and accumulating evidence has suggested that
they fulfill a fundamental role in influencing the malignant
phenotype (74). To understand the heterogeneity of OS CAFs
in more detail, transcriptomic data specific for CAFs were
extracted from the total cell population, and a recombination
analysis of the data was performed. UMAP analysis revealed that
these cells formed three distinct subclusters with unique gene
signatures (Figures 4A, B). Common CAF markers, including
COL1A1, FAP, PDGFRB, POSTN, ACTA2, DCN, LUM, THY1
and the mesenchymal cell marker VIM, were expressed in all
subgroups, which confirmed the identity of the cells as CAFs
(Figure 4C). Based on the gene markers and GSVA, C1_CAFs
were found to express tumor angiogenetic and invasion markers
[including matrix metalloproteinase 9 and melanoma cell
adhesion molecule] (75, 76) that are associated with vascular
remodeling, vascular development and vascular diameter size.
C2_CAFs exhibited high expression levels of ossification markers
[including osteomodulin and osteoglycin], and were found to
have high levels of genes involved in osteoblast proliferation,
development and ossification. C3_CAFs expressed relatively
higher levels of specific gene markers (TOP2A and MKI67),
which are associated with the cell cycle and cell proliferation
(Figures 4C, D). To investigate the origin, differentiation and
development of CAFs in the present study, trajectory and RNA
velocity analyses of CAFs were performed (Figures 4E–G).
The results revealed the presence of partial C3_CAFs in the
starting position of the developmental trajectory. This indicated
that C3_CAFs have the ability to differentiate into other
cell subtypes.

Distinct Functional Composition of
Myeloid Cells in the TME in OS
Subsequently, integrative unsupervised re-clustering of the
myeloid cell populations from all six OS tissue samples was
performed. From the total of 13,025 myeloid cells, 12 unaligned
clusters were identified, including 2 monocyte (C4, C10), 6
macrophage (C1-C3, C5, C8, C11) and 2 dendritic cell (DC)
(C6, C12) clusters (Figures 5A, B). A low-quality cluster (C7)
and a myeloid/T-cell doublet cluster (C9_CD3D) are not discussed
further in this article. Monocytes are differentiated from
July 2021 | Volume 11 | Article 709210
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macrophages on the basis of low expression of specific macrophage
markers [for example, CD68, macrophage scavenger receptor 1
and macrophage mannose receptor 1 (MRC1)] (Figure 5C).
C4_CD14+ monocytes correspond to classical monocytes based
Frontiers in Oncology | www.frontiersin.org 9
on the high expression levels of the proteins CD14, VCAN and
S100A8/9/12, and cells of this subtype are usually recruited during
inflammation. The number of C10_CD16+ monocytes was most
similar to that characteristically found for CD16+ patrolling
FIGURE 3 | Heterogeneity of OC populations in human OS. (A) UMAP plot showing OCs, with different cell types represented by different colors. (B) Pie chart, indicating
the cell composition of OC. (C) Dot-plot of marker genes in each cell subtype; shades of red represent the expression level, and dot sizes represent relative abundance.
(D, E) Differentiation and developmental trajectories of OCs in OS, with different colors representing different cell subtypes. (F) Differentiation and developmental
trajectories using marker gene expression (CD74, ACP5, ATP6V0D2, CTSK, CD14 and HLA-DRA). (G) RNA velocity field projected onto the UMAP plot of the OC;
arrows indicate the direction of differentiation and the average velocity. OC, osteoclast; OS, osteosarcoma; UMAP, uniform manifold approximation and projection.
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monocytes, with a low expression of CD14 and high expression
levels of Fc fragment of IgG receptor IIIa (also known as CD16)
and other marker genes (CDKN1C, LILRB2, TGAL and CX3CR1)
(77) (Figures 5C, D). Macrophages (C1–C3, C5, C8, C11)
representing tumor-associated macrophages (TAMs) were
identified in OS (Figure 5A). The C1_FABP5+ macrophages
were characterized via their expression patterns of genes
associated with lipid metabolism, including APOC1, APOE,
Frontiers in Oncology | www.frontiersin.org 10
LGMN and FABP5 (Figures 5C, F). The C2_NR4A3+

macrophage populations expressed both M1- and M2-type
markers (CCL3, CCL4, TNF, AXL, CD163 and MRC1)
(Figures 5C, F). C3_TXNIP+ macrophages were found to be
similar to anti-inflammatory M2-polarized macrophages. These
macrophages expressed highly both thioredoxin-interacting
protein (TXNIP) and the M2 marker genes, MERTK, MRC1,
STAB1 and CD163 (Figures 5C, F). C5_IFIT1+ macrophages
FIGURE 4 | Heterogeneity of CAF populations in human OS. (A) UMAP plot showing CAFs, with different cell types represented by the different colors. (B) Pie chart,
showing the cell composition of CAFs; different cell types are represented by different colors. (C) Violin plots showing relevant marker genes of CAF subtypes.
(D) GSVA, showing the function of C1_CAFs, C2_CAFs and C3_CAFs. (E, F) Differentiation and developmental trajectories of CAFs in OS; different colors represent
the different cell subtypes. (G) RNA velocity field projected onto the UMAP plot of the CAFs; arrows indicate the direction of differentiation and the average velocity.
CAFs, cancer-associated fibroblasts; OS, osteosarcoma; UMAP, uniform manifold approximation and projection; GSVA, gene set variation analysis.
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FIGURE 5 | Heterogeneity of myeloid cells populations in human OS. (A) UMAP plot showing the myeloid cells, with different cell types represented by the different
colors. (B) Pie chart showing the cell composition of myeloid cells, with different cell types represented by the different colors. (C) Violin plots showing relevant
marker genes of the myeloid cell subtypes. (D) Dot-plot of marker genes in each cell subtype; shades of red represent the expression level, and dot sizes represent
the relative abundance. (E) Heat map showing the encoding major histocompatibility complex class I and II molecules of the genes of each macrophage subtype.
(F) Heat map showing the anti-inflammatory and pro-inflammatory genes of each macrophage subtypes. (G) GSVA showing the interferon-related functions of each
macrophage subtype. (H, I) Differentiation and developmental trajectories of different cell subtypes in macrophages. (J) RNA velocity field projected onto the UMAP
plot of the macrophages; arrows indicate the direction of differentiation and the average velocity. (K) Heat map of the AUC scores of expression regulation by
transcription factors estimated by SCENIC. OS, osteosarcoma; UMAP, uniform manifold approximation and projection; GSVA, gene set variation analysis; SCENIC,
single-cell regulatory network inference and clustering; AUC, area under the curve.
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expressed numerous type I interferon (IFN)-signaling/IFN-
stimulated genes (ISGs) and pro-inflammatory genes, including
CCL2, CCL3, CCL4, CXCL9, CXCL10 and TNF, whose proteins
attract NK cells, T cells and immature DCs in the TME
(Figure 5F). Importantly, these macrophages also highly
expressed genes encoding MHC class I and II molecules, which
specifically present antigens to cytotoxic CD8 T lymphocytes
(Figure 5E). GSVA revealed that C5_IFIT1+ macrophages
experienced an upregulation of the requisite signaling pathways
in response to IFN-a and -b, and type II IFN (IFNG) (Figure 5G).
These results indicated that C5_IFIT1+ macrophages may be
derived from a proinflammatory microenvironment in the OS
lesions under IFN stimulation. Themultiplex immunofluorescence
results also revealed the presence of C5_IFIT1+ macrophages
(Figure S2B). C8_MCM5+ and C11_MKI67+ macrophages are
two subtypes of macrophages that specifically express lymphatic
vessel endothelial hyaluronan receptor 1 (LYVE1), but which show
low expression levels of HLA-related genes, similar to the recently
reported LYVE1highMHCIIlow tissue-resident macrophages (78).
Interestingly, C8_MCM5+ macrophages specifically express genes
of the minichromosome maintenance (MCM) protein family,
including MCM4, MCM5 and MCM7 (Figure 5D). It has been
reported in the literature that MCMs are expressed in all cycling
cells throughout the cell cycle, although they are lost in quiescent
and differentiating cells (79). C11_MKI67+ macrophages were
also observed to highly express cell-cycle-associated genes,
including STMN1 and MKI67, suggesting that these
macrophages may be tissue-resident cells that have the ability to
proliferate. Subsequently, a trajectory analysis of the monocyte/
macrophages based on the Monocle3 algorithm was performed.
For monocyte/macrophages, the differentiation trajectory also
exhibited a branched structure, starting with partial C4_CD14+

monocytes; next on the time scale were C1_FABP5+ macrophages,
which further separated into C5 and C11, or C2 and C3
macrophages, suggesting that C1 macrophages are endowed with
high plasticity prior to M2 differentiation (Figures 5H–J).
Subsequently, the regulatory network that underlies the
macrophages’ subset was examined using SCENIC, and specific
TF regulons for the macrophages’ subset were identified
(Figure 5K). The genes regulated by IRF7, STAT1 and STAT2
were upregulated in C5_IFIT1+ macrophages. STAT1 is the major
transcriptional factor that controls the polarization of M1
macrophages (80). Collectively, in OS, all the macrophages were
found to work together to create both an inflammatory and anti-
inflammatory environment.

Finally, 765 DCs were also identified. C12_CLEC9As
corresponded to conventional type 1 DCs (cDC1; CLEC9A and
XCR1), and C6_CD1Cs corresponded to type 2 DCs [cDC2;
CD1C, CLEC10A and Fc fragment of IgE receptor Ia (FCER1A)]
(Figure 5C) (81, 82).
Terminally Differentiated CD8+ T Cells Are
Found in Human OS
Based on T and NK cell signature gene markers (CD2, CD3E,
CD3D, CD3G, NKG7, GNLY, KLRD1 and KLRB1), the T/NK
cluster was thereby identified (Figure 1E). Subsequently,
Frontiers in Oncology | www.frontiersin.org 12
dimensionality reduction and clustering of the NK/T cells was
performed. Overall, 5,239 NK/T cells were re-clustered into four
subtypes (Figures 6A, B). CD8+ T, CD8-CD4- T, NK, Treg and
mast cells were identified based on the expression of the
signature genes in each cluster (Figure 6C). Mast cells were
identified based on the expression of characteristic genes
[FCER1A, KIT (encoding a receptor tyrosine kinase) and
hematopoietic prostaglandin D synthase]; the identification of
the mast cells might have been obscured by the low-resolution
setting previously, as mast cells were mixed in with NK/T cells.

To further clarify the characteristics of CD8+ T cells, CD8+ T
cells were extracted for re-clustering, and 2,322 cells were
subdivided into three groups (Figures 6D, E). Subsequently,
the expression of selected T-cell function-associated genes was
compared across the diverse T cell subtypes (Figure 6F).
C1_CD8+ T cells were shown to be early-stage CD8+ T cells
due to the increased expression of the early genes (JUND and
FOSB) and low expression of cytotoxicity genes (GZMK, GZMA,
GZMB and PRF1) (Figure 6F), whereas C2_CD8+ and C3_CD8+

T cells were identified as having high expression levels of
cytotoxicity-associated genes, thereby revealing them to be
cytotoxic T lymphocytes. C3_CD8+ T cells expressed the
activated gene CD69 and the co-stimulatory gene, inducible T
cell co-stimulator (Figure 6F), which indicated that C3_CD8+ T
cells were cytotoxic T lymphocytes.

C2_CD8+ T cells express relatively high levels of genes
associated with the immune checkpoint (PDCD1, CTLA4,
LAG3, TIGIT and HAVCR2), and also CXCL13 and the
tissue-resident genes, integrin subunit alpha-E (ITGAE) and
integrin subunit alpha-1 (ITGA1) (Figure 6F), suggesting that
C2_CD8+ T cells were in a state of exhaustion, consistent with
the characteristics of exhausted T cells. GSVA revealed that
C1_CD8+ T cells were enriched in a gene set associated with
naive T cells, C2_CD8+ T cells were enriched in a gene set
associated with exhausted T cells, and C3_CD8+ T cells were
enriched in a gene set associated with TNF secretion
(Figure 6G). The trajectory analysis and RNA velocity analysis
of CD8+ T cells suggested that the differentiation trajectory began
with the partial C1_CD8+ T cells, which bifurcated into
C2_CD8+ T cells and C3_CD8+ T cells (Figures 6H–J).
Essentially, these findings revealed that exhausted T cells were
present in OS.

Exploring the Unique Heterogeneity of
B Cells in OS
A total of 1,443 B cells were obtained, and these were grouped
into 5 clusters by re-clustering. The C2 cluster of cells were
follicular B cells (MS4A1/CD20 and CD79A/B), which were
found in lymphoid follicles of tertiary lymphatic structure
within the tumor, and C0 and C4 clusters were antibody-
secretory cells (MZB1 and SDC1/CD138) (Figures 7A, B).
CD27 is often used to identify the memory B cell population
(83), and its role in signal transduction may facilitate the
differentiation of memory B cells into plasma cells. CD27+ (C0
and C4) memory B cells and CD27- naive B cells (C2_CD27-

IGHD+ B cells; Figures 7B, C) were also observed. The CD27-

naive B cells have unique CD27- IGHD (IgD)/IGHM (IgM)
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FIGURE 6 | Heterogeneity of NK/T cells populations in OS. (A) UMAP plot showing NK/T cells, with different cell types represented by the different colors. (B) Pie
chart, showing the cell composition of NK/T cells, with different cell types represented by the different colors. (C) Dot-plot showing the marker genes in each cell
subtype of NK/T cells; shades of red represent the expression level, and dot sizes represent the relative abundance. (D) UMAP plot representing CD8+ T cells, with
different cell types represented by the different colors. (E) Pie chart showing the cell composition of CD8+ T cells, with different cell types represented by the different
colors. (F) Dot-plot showing the marker genes in each cell subtype of CD8+ T cells; shades of red represent the expression level, and dot sizes represent the relative
abundance. (G) GSVA, showing the function of the different subtypes of CD8+ T cells. (H, I) Differentiation and developmental trajectories of CD8+ T cells, with
different colors representing different cell subtypes. (J) RNA velocity field projected onto the UMAP plot of the CD8+ T cells; arrows indicate the direction of
differentiation and average velocity. OS, osteosarcoma; UMAP, uniform manifold approximation and projection; GSVA, gene set variation analysis; NK, natural killer.
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characteristics (Figures 7B, D), and are able to migrate through
germinal centers (GCs) to produce CD27+ memory B cells. This
migration of B cells in lymphatic follicles is controlled by the
chemokine receptor CCR7 and the G-protein-coupled receptor
EBI2 (GPR183) (Figure 7C) (84). C4_CD27+IGHM- memory B
cells express very low levels of IGHD and IGHM, although the
expression of IGHG3 was found to be elevated (Figures 7B, D).
IGHM undergoes a ‘switch-like’ recombination to form other
immunoglobulin homotypes in GCs, suggesting that cells of the
C4 cluster had completed the switch-like recombination. Several
uniquely expressed genes were observed in these cells, which
were enriched in proliferating cells (Figure 7E). C3_pDC
preferentially expressed classic marker genes of plasmacytoid
DCs (pDCs), including leukocyte immunoglobulin-like receptor
subfamily A member 4 (LILRA4), interleukin-3 receptor subunit
alpha (IL3RA), transcription factor 4 (TCF4) and C-type lectin
domain family 4, member C (CLEC4C) (Figure 7D). C3_pDCs
Frontiers in Oncology | www.frontiersin.org 14
also expressed high levels of both GC migration factor GPR183
and anti-GC migration factor RGS13, which inhibited GC B
lymphocytes’ response to the CXC-chemokine ligands CXCL12
and CXCL13 (85 ) . A c l u s t e r o f p l a sma B ce l l s
(C0_CD27+IGHM+ plasma cells) expressing high levels of the
immunoglobulin heavy chains, IGHG1, IGHG2 (IgG), IGHA1
and IGHA2 (IgA) were also identified (Figure 7D). These cells
were found to be mature plasma cells, according to the antibody-
secretion capacity of PRDM1 (Blimp-1) (86). GO analysis
r evea l ed tha t bo th C2_CD27- IGHD+ B ce l l s and
C0_CD27+IGHM+ plasma cells were enriched in the processes
of B cell activation and proliferation (Figure 7F).

Complex Intercellular and Molecular
Interaction Networks in the OS TME
To describe the molecular links underlying the intercellular
relationships, CellPhoneDB analysis was used to identify the
FIGURE 7 | Heterogeneity of B cell populations in OS. (A) UMAP plot showing B cells, with different cell types represented by the different colors. (B) Cell types are
defined by known genes the red color represents genes expressed, with gray representing no genes expressed. (C) Violin plots, showing relevant marker genes of B
cells. (D) Heat map showing the marker genes of each cluster, with the selected B cell marker genes in each cluster highlighted. (E) Fractions of cells for the B cell
subclusters are shown, with predicted cell cycle phases. (F) GO analysis, showing the function of subpopulations of B cells. OS, osteosarcoma; UMAP, uniform
manifold approximation and projection; GO, gene onotology.
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molecular interactions between ligand-receptor pairs and major
cell types in order to construct cellular communication networks.
First, CellPhoneDB was used to analyze cellular communication
among the osteoblastic OS cells, OCs and CAFs. The results of
the CellPhoneDB analysis revealed the numbers of ligand
receptors among all cell types (Figures 8A–C). Subsequently,
the cells of interest were selected, and the ligand-receptor
relationships among them were identified (Figure 8D).
Osteoblastic OS cells and CAFs are able to produce VEGFA,
which binds to VEGF receptors (FLT1 and KDR) on endothelial
cells, thereby promoting angiogenesis. In addition, TNFSF1A,
EGFR, NOTCH1, NOTCH2 and NOTCH3 are expressed in
CAFs. These receptors are able to bind to granulin (GRN),
Jagged-2 (JAG2) and Delta-like ligand 4 (DLL4), thereby
promoting angiogenesis. Malignant tumors usually cause
osteolysis, a process featuring classic ligand-receptor
interactions between OC and osteoblastic OS cells involved in
OC formation, such as TNFSF11-TNFRSF11A. According to the
ELISA experimental data, tumor cells were able to secrete
VEGFA and TNFSF11 (RANKL) (Figures S2C, D). In
addition, tumor cells were found to be able to stimulate the
tubular formation of HUVECs, and to stimulate the formation of
OCs (Figures S2E, F). These data are consistent with the
CellPhoneDB analysis. With respect to the communication
between immune cells and tumor cells, CellPhoneDB analysis
was used to explore the cellular communication among
osteoblastic OS cells, macrophages and T cells. The results of
the CellPhoneDB analysis revealed the numbers of ligand
receptors among the three cell types (Figures 9A, B).
Subsequently, the cells of interest were selected, and the
ligand-receptor relationships among them were identified
(Figure 9C). The majority of the ligand-receptor interactions
occurring between IFIT1+ and TXNIP+ macrophages and
endothelial cells involved angiogenic factors, such as
VEGFA_KDR, VEGFA_FLT1, NOTCH2_DDL4 and
NOTCH2_JAG2. Potential ligand-receptor interactions were
also identified between C5_IFIT1+ macrophages and CD8+ T
cells or Treg cells, including those involving chemokines
(CXCL10_CCR3 and CXCL12_CCR3), adhesion junctions
(ICAM1_ITGAL and ICAM1_AREG) and immune regulation
( L GA L S 9 _ HAVCR 2 , P D CD 1 _ PDCD 1 L G 2 a n d
PDCD1_CD274/PD-L1) (Figure 9C), which have been shown
to promote the immune-suppressive activity of Tregs and CD8+

T cell exhaustion in TME (87, 88). Therefore, these results
demonstrated the complexity of macrophage function in OS,
greatly influencing T cell function with respect to balancing
immune activation and inhibition. However, the interactions
between tumor cells and T cells that are commonly observed
were found to be mutually inhibited. Apart from TIGIT-
NECTIN2/NECTIN3 and PDCD1-FAM3C, receptor-ligand
pairings of IFNG-type II IFN production regulator (IFNR)
were also identified between C2_CD8 T cells and osteoblastic
OS cells (Figure 9C).

TIGIT/PVR exerts a key role in inhibiting the anti-tumor
effects of CD8 T cells and NK cells (89, 90). Antibody double-
blocking of TIGIT/PVR and programmed cell death protein 1
Frontiers in Oncology | www.frontiersin.org 15
(PD-1)/programmed death-ligand 1 (PD-L1) has been
demonstrated to produce synergistic effects in both tumor
models and clinical trials (91). Tumor cells were also found to
interact with Tregs through PVR-TIGIT ligand-receptor
interactions, a process that enhances the immunosuppressive
function and stability of Tregs (92).
DISCUSSION

The collected existing literature on OS mostly comprises studies
on normal osteobiology, osteoimmunology, OS-associated
models, genetic and genomic studies of OS, and finally, clinical
studies (2). These studies have provided a useful basis for
understanding the current treatment strategies for OS;
however, they have not solved the problem of OS
heterogeneity, and accurately analyzing the cellular
components of OS has proven to be challenging. To address
the heterogeneity of OS, six patients who had not received
neoadjuvant chemotherapy for OS (which enables the natural
state of OS to be revealed) were included in the present study. To
the best of our knowledge, this is the first single-cell
transcriptome study to have been performed on patients with
OS prior to neoadjuvant chemotherapy. An unbiased approach
was adopted using scRNA-seq to characterize the transcriptional
changes and cellular heterogeneity in OS. The transcriptomic
profiles of a total of 29,278 cells from six primary OS tissues were
analyzed. First, the OS was divided into 9 subclusters. Malignant
osteoblasts that served important roles were identified, and
furthermore, OS cells were identified that had an important
role in angiogenesis and osteolysis. In terms of immune cells,
C3_TXNIP+ macrophages with similar M2 polarization, and
C5_IFIT1+ macrophages with M1 polarization, were found.
The presence of exhausted T cells in OS was also discovered,
with the identification of key immune checkpoints. Taken
together, the findings of the present study have provided an in-
depth insight into the multicellular ecosystem of OS.

The differentiation origin of OS is considered to be either
mesenchymal stem cells or OBs (93). In the present study, OS
cells were identified in OBs and validated by CNV analysis. The
classification of osteoblastic OS cells is closely correlated with the
prognosis, indicating its important clinical significance.
Currently, due to the high complexity of the TME of OS, it is
not possible to fully characterize the heterogeneity of malignant
cells. However, regarding the single-cell transcriptome data
obtained from the six patients, five osteoblastic OS cell
subtypes were identified, having different gene expression
patterns. Each of these subtypes of malignant cells served a
different role, and several important results were also
highlighted. The ability of C1_osteoblastic OS cells to
differentiate into other malignant subsets. Notably, the relative
abundance of C1/5_osteoblastic OS cells was associated with
poor prognosis in the TARGET OS cohort. Therefore, C1/
5_osteoblastic OS cells may have greater clinical significance in
terms of potential therapies and therapeutic applications. The TF
expression pattern of C1/5_osteoblastic OS cells was also found
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FIGURE 8 | CellPhoneDB analysis of nonimmune cells in the OS. (A) Interaction network constructed by CellPhoneDB. Each line color indicates the ligands
expressed by the cell population represented by the same color (labeled). The lines connect to the cell types that express the cognate receptors. The line thickness
is proportional to the number of ligands when cognate receptors are present in the recipient cell type. (B) Detailed view of the ligands expressed by each major cell
type, and the cells expressing the cognate receptors primed to receive the signal, are shown. Numbers indicate the quantity of ligand-receptor pairs for each
intercellular link. (C) Heat map showing the number of potential ligand-receptor pairs among the predicted cell types. (D) Overview of selected ligand-receptor
interactions of cells in OS. OS, osteosarcoma; TME, tumor microenvironment.
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to be different from that of other malignant osteoblast subtypes
(DDIT3, SP7 and CREB3L1). On further analysis of the TFs, SP7
was found to be strongly associated with prognosis. It has been
revealed that SP7 can promote lymph node metastasis of breast
cancer, promote angiogenesis, reduce the sensitivity of
chemotherapy and have a worse prognosis (69, 94, 95).
However, the related phenotypes in human osteosarcoma need
to be further investigated.
Frontiers in Oncology | www.frontiersin.org 17
Angiogenesis has an important role in the development of OS
(Figure 10) (96, 97). It is now widely considered that mutations
in both oncogenes and tumor suppressor genes cause
angiogenesis in tumors (98). The VEGF family is a key gene
family that fulfills functions involved in stimulating angiogenesis,
the inflammatory response and vascular permeability, and it also
has an important role in the regulation of tumor angiogenesis
(99, 100). In the present study, through CellPhoneDB analysis,
FIGURE 9 | CellPhoneDB analysis of immune cells in the OS. (A) Interaction network constructed by TXNIP+ macrophages, IFIT1+ macrophages, osteoblastic OS
cells, endothelial cells, Tregs and CD8+ T cells 2. (B) Heat map showing the potential ligand-receptor pairs among the predicted cell types. (C) Ligand-receptor pairs
with a biological significance are shown in bubble diagrams. OS, osteosarcoma.
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osteoblastic OS cells were found to regulate endothelial cells via
VEGFA-VEGFRA interactions. Osteolysis is an important
biological feature that enables OS cells to break their
boundaries, mobilizing them. This unique biological feature is
beneficial for the invasive ability of tumor cells (Figure 10) (7).
OCs are the only cells that are known to undergo bone resorption
in the human body. The cellular interactions occurring between
OS cells and OCs are worthy of further investigation. The data
from the present study have suggested that osteoblastic OS cells
Frontiers in Oncology | www.frontiersin.org 18
regulate OC differentiation and function through the TNFSF11-
TNFRSF11A interaction. In conclusion the communication
status of three different cell types involved in the occurrence,
development and invasion of OS has been presented in this
study. In the future, newly developed detection methods will be
able to further clarify the underlying regulatory mechanisms.

Immune cells make up an important part of the complexity of
the TME in OS (Figure 10) (100). It was observed in the present
study that C5_IFIT1+ macrophages express high levels of
FIGURE 10 | Predicted regulatory network, centered on OS.
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IFN-induced proteins (ISG15, IFIT1 and IFITM3, among others)
and the CXC chemokine ligand CXCL10, showing a phenotypic
bias of M1 macrophages co-induced by type I and type II IFN,
similar to that observed for ISG15+ TAMs in the majority of
tumors (101). This finding suggested that these macrophages
potentially have an anti-tumor capability in OS (102, 103).
However, C5_IFIT1+ macrophages interact with depleted T
cells and Tregs through ligand receptors, such as chemokines
(CXCL9/CXCL10 _CXCR3 and CXCL12_CXCR4) and T-cell
immune checkpoints, including LGALS9 (binds to HAVCR2),
PDCD1LG2 (binds to PD-L2), CD274 (binds to PD-L1), and
SPP1 (binds to CD44), indicating that they are also associated
with T cell inhibitory signals (104, 105), which may explain why
they also exhibit inflammatory suppression. These results have
provided useful information, although further studies are
required to attain a more detailed understanding of the
function of these types of macrophages. Immunotherapy has
slowly grown to prominence as a promising approach for cancer
treatment. Several studies have suggested that OS can be treated
by blocking PD-1 (106–108). PD-1 is the main inhibitory
receptor expressed on T cells, which interacts with PD-L1 to
cause the exhaustion of T cells and suppression of the immune
response (109). Furthermore, the investigation of the cell-cell
interactions suggested that C2_CD8+ T cells are able to
communicate with osteoblastic OS cells; in particular,
associations were identified between IFNG_ type II IFNR and
PDCD1-FAM3C, which are representative of C2_CD8+ T cells
mediating the immune response to tumor cells via IFN-g. IFN-g
plus PD-1 blockers have been reported to enhance immune
function in pancreatic cancer, and this has been strategically used
in the treatment of secondary metastases (110). This may also be
applicable in the case of tumor immunotherapy for OS, although
further research in this regard is required.

In conclusion, the present study has identified and analyzed
the heterogeneity of the TME in OS, providing a valuable single-
cell transcriptome atlas, with the identification of novel cell types
with important functions in the TME of OS tumors. The study
has also provided targets associated with OS survival, which will
lay the foundation for future research studies on precision
therapy of OS.
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Supplementary Figure 1 | (A) Large-scale chromosomal landscape in 6 patients
were calculated using reference cell myeloid cells 1/2, NK/T cells, plasmocytes and
B cells; red represents an increased copy number, whereas blue indicates a
decreased copy number. (B) The networks consist of SP7 and their target genes;
red nodes represent TFs, whereas the blue nodes represent target genes. (C)
Kaplan-Meier curve of the independent genes associated with survival (SP7, SOX9,
ADARB1, CREB3L1, DDIT3, RUNX2, FOXC1, GTF2B, JUN and KLF2). (D) Bar plot
showing the proportions of the 5 types of osteoblastic OS cells in OS samples. The
column names of the plots indicate the sample IDs. (E) CDF plots, revealing the
consensus distributions for each k. CDF, cumulative distribution function; TF,
transcription factor.

Supplementary Figure 2 | (A) Multiplex IHC staining of OS tissue. TNFSF11A
was co-stained with ALPL (scale bar=100 mm). (B) Multiplex IHC staining of OS
tissue. IFIT1 was co-stained with CD68 (scale bar=200 mm). (C, D) The results of
ELISA analysis of VEGFA and TNFSF11A in DMEM of OS cell lines. (E) Tube-
formation assay of HUVECs treated by conditioned medium of OS cell lines or non-
conditioned medium of OS cell lines; representative images are shown, highlighting
the promotion effect (scale bar=1,000 mm). (F) TRAP staining of BMMs treated by
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conditioned medium of OS cell lines or non-conditioned medium of OS cell lines;
representative images have been selected to show the promotion effect (scale
bar=200 mm). ***P < 0.001, **P < 0.01, *P < 0.05. IHC, immunohistochemistry;
ALPL, alkaline phosphatase, tissue-nonspecific isozyme; OS, osteosarcoma;
TRAP, tartrate-resistant acid phosphatase; DMEM, Dulbecco’s modified Eagle’s
medium; HUVECs, human umbilical vascular endothelial cells; BMMs, bone marrow
macrophages; VEGFA, vascular endothelial growth factor A; TNFSF11A, TNF
superfamily member 11A.

Supplementary Figure 3 | (A) Volcano plot showing all genes that were
differentially expressed between Cluster2 and Cluster1. (B) Volcano plot showing all
Frontiers in Oncology | www.frontiersin.org 20
genes that were differentially expressed between Cluster3 and Cluster1.
(C) Heatmap of the 518 genes that were differentially expressed. (D) Heatmap of
the 85 malignant genes. (E) Box plot of the malignant gene score in osteoblastic OS
cells. (F) Relative abundance of osteoblastic OS cells (C1, C2, C3 and C4) in
Clusters 1 (left), 2 (middle) and 3 (right). OS, osteosarcoma.

Supplementary Document 1 | Kaplan-Meier curve of the 518 genes associated
with survival.

Supplementary Document 2 | Kaplan-Meier curve of the 85 malignant genes
associated with survival.
REFERENCES
1. Koksal H, Muller E, Inderberg EM, Bruland O, Walchli S. Treating

Osteosarcoma With CAR T Cells. Scand J Immunol (2019) 89:e12741.
doi: 10.1111/sji.12741

2. Kansara M, Teng MW, Smyth MJ, Thomas DM. Translational Biology of
Osteosarcoma. Nat Rev Cancer (2014) 14:722–35. doi: 10.1038/nrc3838

3. Ritter J, Bielack SS. Osteosarcoma. Ann Oncol (2010) 21 Suppl 7:vii320–5.
doi: 10.1093/annonc/mdq276

4. Ishii G, Ochiai A, Neri S. Phenotypic and Functional Heterogeneity of
Cancer-Associated Fibroblast Within the Tumor Microenvironment. Adv
Drug Deliv Rev (2016) 99:186–96. doi: 10.1016/j.addr.2015.07.007

5. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the Tumor Immune Microenvironment (TIME) for Effective
Therapy. Nat Med (2018) 24:541–50. doi: 10.1038/s41591-018-0014-x

6. Li F, Kitajima S, Kohno S, Yoshida A, Tange S, Sasaki S, et al.
Retinoblastoma Inactivation Induces a Protumoral Microenvironment via
Enhanced CCL2 Secretion. Cancer Res (2019) 79:3903–15. doi: 10.1158/
0008-5472.CAN-18-3604

7. Ohba T, Cole HA, Cates JM, Slosky DA, Haro H, Ando T, et al.
Bisphosphonates Inhibit Osteosarcoma-Mediated Osteolysis via
Attenuation of Tumor Expression of MCP-1 and RANKL. J Bone Miner
Res (2014) 29:1431–45. doi: 10.1002/jbmr.2182

8. Liu N, Luo J, Kuang D, Xu S, Duan Y, Xia Y, et al. Lactate Inhibits
ATP6V0d2 Expression in Tumor-Associated Macrophages to Promote HIF-
2alpha-Mediated Tumor Progression. J Clin Invest (2019) 129:631–46.
doi: 10.1172/JCI123027

9. Liang C, Li F, Wang L, Zhang ZK, Wang C, He B, et al. Tumor Cell-Targeted
Delivery of CRISPR/Cas9 by Aptamer-Functionalized Lipopolymer for
Therapeutic Genome Editing of VEGFA in Osteosarcoma. Biomaterials
(2017) 147:68–85. doi: 10.1016/j.biomaterials.2017.09.015

10. Elyada E, Bolisetty M, Laise P, Flynn WF, Courtois ET, Burkhart RA, et al.
Cross-Species Single-Cell Analysis of Pancreatic Ductal Adenocarcinoma
Reveals Antigen-Presenting Cancer-Associated Fibroblasts. Cancer Discov
(2019) 9:1102–23. doi: 10.1158/2159-8290.CD-19-0094

11. Lee HW, Chung W, Lee HO, Jeong DE, Jo A, Lim JE, et al. Single-Cell RNA
Sequencing Reveals the Tumor Microenvironment and Facilitates Strategic
Choices to Circumvent Treatment Failure in a Chemorefractory Bladder
Cancer Patient.GenomeMed (2020) 12:47. doi: 10.1186/s13073-020-00741-6

12. Czarnecka AM, Synoradzki K, Firlej W, Bartnik E, Sobczuk P, Fiedorowicz
M, et al. Molecular Biology of Osteosarcoma. Cancers (Basel) (2020) 12:2130.
doi: 10.3390/cancers12082130

13. Zhong S, Zhang S, Fan X, Wu Q, Yan L, Dong J, et al. A Single-Cell RNA-Seq
Survey of the Developmental Landscape of the Human Prefrontal Cortex.
Nature (2018) 555:524–8. doi: 10.1038/nature25980

14. Nair S, Nkhoma SC, Serre D, Zimmerman PA, Gorena K, Daniel BJ, et al.
Single-Cell Genomics for Dissection of Complex Malaria Infections. Genome
Res (2014) 24:1028–38. doi: 10.1101/gr.168286.113

15. Min JW, KimWJ, Han JA, Jung YJ, Kim KT, ParkWY, et al. Identification of
Distinct Tumor Subpopulations in Lung Adenocarcinoma via Single-Cell
RNA-Seq. PLoS One (2015) 10:e0135817. doi: 10.1371/journal.pone.0135817

16. Puram SV, Tirosh I, Parikh AS, Patel AP, Yizhak K, Gillespie S, et al. Single-
Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems
in Head and Neck Cancer. Cell (2017) 171:1611–24.e24. doi: 10.1016/
j.cell.2017.10.044
17. Karaayvaz M, Cristea S, Gillespie SM, Patel AP, Mylvaganam R, Luo CC,
et al. Unravelling Subclonal Heterogeneity and Aggressive Disease States in
TNBC Through Single-Cell RNA-Seq. Nat Commun (2018) 9:3588.
doi: 10.1038/s41467-018-06052-0

18. Hu J, Chen Z, Bao L, Zhou L, Hou Y, Liu L, et al. Single-Cell Transcriptome
Analysis Reveals Intratumoral Heterogeneity in ccRCC, Which Results in
Different Clinical Outcomes. Mol Ther (2020) 28:1658–72. doi: 10.1016/
j.ymthe.2020.04.023

19. Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial Reconstruction of
Single-Cell Gene Expression Data. Nat Biotechnol (2015) 33:495–502.
doi: 10.1038/nbt.3192

20. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM3rd,
et al. Comprehensive Integration of Single-Cell Data. Cell (2019) 177:1888–
902.e21. doi: 10.1016/j.cell.2019.05.031

21. Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, et al. Fast,
Sensitive and Accurate Integration of Single-Cell Data With Harmony. Nat
Methods (2019) 16:1289–96. doi: 10.1038/s41592-019-0619-0

22. Iyyanar PPR, Thangaraj MP, Eames BF, Nazarali AJ. Htra1 Is a Novel
Transcriptional Target of RUNX2 That Promotes Osteogenic
Differentiation. Cell Physiol Biochem (2019) 53:832–50. doi: 10.33594/
000000176

23. Nordstrand A, Bovinder Ylitalo E, Thysell E, Jernberg E, Crnalic S, Widmark
A, et al. Bone Cell Activity in Clinical Prostate Cancer Bone Metastasis and
Its Inverse Relation to Tumor Cell Androgen Receptor Activity. Int J Mol Sci
(2018) 19:1223. doi: 10.3390/ijms19041223

24. Kalajzic I, Staal A, Yang WP, Wu Y, Johnson SE, Feyen JH, et al. Expression
Profile of Osteoblast Lineage at Defined Stages of Differentiation. J Biol
Chem (2005) 280:24618–26. doi: 10.1074/jbc.M413834200

25. Chen YP, Yin JH, Li WF, Li HJ, Chen DP, Zhang CJ, et al. Single-Cell
Transcriptomics Reveals Regulators Underlying Immune Cell Diversity and
Immune Subtypes Associated With Prognosis in Nasopharyngeal
Carcinoma. Cell Res (2020) 30:1024–42. doi: 10.1038/s41422-020-0374-x

26. Aliprantis AO, Ueki Y, Sulyanto R, Park A, Sigrist KS, Sharma SM, et al.
NFATc1 in Mice Represses Osteoprotegerin During Osteoclastogenesis and
Dissociates Systemic Osteopenia From Inflammation in Cherubism. J Clin
Invest (2008) 118:3775–89. doi: 10.1172/JCI35711

27. Rai A, Greening DW, Chen M, Xu R, Ji H, Simpson RJ. Exosomes Derived
From Human Primary and Metastatic Colorectal Cancer Cells Contribute to
Functional Heterogeneity of Activated Fibroblasts by Reprogramming Their
Proteome. Proteomics (2019) 19:e1800148. doi: 10.1002/pmic.201800148

28. Kim N, Kim HK, Lee K, Hong Y, Cho JH, Choi JW, et al. Single-Cell RNA
Sequencing Demonstrates the Molecular and Cellular Reprogramming of
Metastatic Lung Adenocarcinoma. Nat Commun (2020) 11:2285.
doi: 10.1038/s41467-020-16164-1

29. Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C, Prabhakaran S, et al.
Single-Cell Map of Diverse Immune Phenotypes in the Breast Tumor
Microenvironment. Cell (2018) 174:1293–308.e36. doi: 10.1016/j.cell.2018.
05.060

30. Auvinen K, Lokka E, Mokkala E, Jappinen N, Tyystjarvi S, Saine H, et al.
Fenestral Diaphragms and PLVAP Associations in Liver Sinusoidal
Endothelial Cells Are Developmentally Regulated. Sci Rep (2019) 9:15698.
doi: 10.1038/s41598-019-52068-x

31. Usuba R, Pauty J, Soncin F, Matsunaga YT. EGFL7 Regulates Sprouting
Angiogenesis and Endothelial Integrity in a Human Blood Vessel Model.
Biomaterials (2019) 197:305–16. doi: 10.1016/j.biomaterials.2019.01.022
July 2021 | Volume 11 | Article 709210

https://doi.org/10.1111/sji.12741
https://doi.org/10.1038/nrc3838
https://doi.org/10.1093/annonc/mdq276
https://doi.org/10.1016/j.addr.2015.07.007
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1158/0008-5472.CAN-18-3604
https://doi.org/10.1158/0008-5472.CAN-18-3604
https://doi.org/10.1002/jbmr.2182
https://doi.org/10.1172/JCI123027
https://doi.org/10.1016/j.biomaterials.2017.09.015
https://doi.org/10.1158/2159-8290.CD-19-0094
https://doi.org/10.1186/s13073-020-00741-6
https://doi.org/10.3390/cancers12082130
https://doi.org/10.1038/nature25980
https://doi.org/10.1101/gr.168286.113
https://doi.org/10.1371/journal.pone.0135817
https://doi.org/10.1016/j.cell.2017.10.044
https://doi.org/10.1016/j.cell.2017.10.044
https://doi.org/10.1038/s41467-018-06052-0
https://doi.org/10.1016/j.ymthe.2020.04.023
https://doi.org/10.1016/j.ymthe.2020.04.023
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.33594/000000176
https://doi.org/10.33594/000000176
https://doi.org/10.3390/ijms19041223
https://doi.org/10.1074/jbc.M413834200
https://doi.org/10.1038/s41422-020-0374-x
https://doi.org/10.1172/JCI35711
https://doi.org/10.1002/pmic.201800148
https://doi.org/10.1038/s41467-020-16164-1
https://doi.org/10.1016/j.cell.2018.05.060
https://doi.org/10.1016/j.cell.2018.05.060
https://doi.org/10.1038/s41598-019-52068-x
https://doi.org/10.1016/j.biomaterials.2019.01.022
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. ScRNA-Seq Analysis for Osteosarcoma
32. Mason DY, Cordell JL, BrownMH, Borst J, Jones M, Pulford K, et al. CD79a:
A Novel Marker for B-Cell Neoplasms in Routinely Processed Tissue
Samples. Blood (1995) 86:1453–9.

33. Qian J, Olbrecht S, Boeckx B, Vos H, Laoui D, Etlioglu E, et al. A Pan-Cancer
Blueprint of the Heterogeneous Tumor Microenvironment Revealed by
Single-Cell Profiling. Cell Res (2020) 30:745–62. doi: 10.1038/s41422-020-
0355-0

34. Schiller HB, Mayr CH, Leuschner G, Strunz M, Staab-Weijnitz C,
Preisendorfer S, et al. Deep Proteome Profiling Reveals Common
Prevalence of MZB1-Positive Plasma B Cells in Human Lung and Skin
Fibrosis. Am J Respir Crit Care Med (2017) 196:1298–310. doi: 10.1164/
rccm.201611-2263OC

35. La Manno G, Soldatov R, Zeisel A, Braun E, Hochgerner H, Petukhov V,
et al. RNA Velocity of Single Cells. Nature (2018) 560:494–8. doi: 10.1038/
s41586-018-0414-6

36. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, et al. The
Dynamics and Regulators of Cell Fate Decisions Are Revealed by
Pseudotemporal Ordering of Single Cells. Nat Biotechnol (2014) 32:381–6.
doi: 10.1038/nbt.2859

37. Qiu X, Hill A, Packer J, Lin D, Ma YA, Trapnell C. Single-Cell mRNA
Quantification and Differential Analysis With Census. Nat Methods (2017)
14:309–15. doi: 10.1038/nmeth.4150

38. Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA, et al. Reversed Graph
Embedding Resolves Complex Single-Cell Trajectories. Nat Methods (2017)
14:979–82. doi: 10.1038/nmeth.4402

39. Hanzelmann S, Castelo R, Guinney J. GSVA: Gene Set Variation Analysis for
Microarray and RNA-Seq Data. BMC Bioinf (2013) 14:7. doi: 10.1186/1471-
2105-14-7

40. Vento-Tormo R, Efremova M, Botting RA, Turco MY, Vento-Tormo M,
Meyer KB, et al. Single-Cell Reconstruction of the Early Maternal-Fetal
Interface in Humans. Nature (2018) 563:347–53. doi: 10.1038/s41586-018-
0698-6

41. Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo R.
CellPhoneDB: Inferring Cell-Cell Communication From Combined
Expression of Multi-Subunit Ligand-Receptor Complexes. Nat Protoc
(2020) 15:1484–506. doi: 10.1038/s41596-020-0292-x

42. Tirosh I, Izar B, Prakadan SM, Wadsworth MH2nd, Treacy D, Trombetta JJ,
et al. Dissecting the Multicellular Ecosystem of Metastatic Melanoma by
Single-Cell RNA-Seq. Science (2016) 352:189–96. doi: 10.1126/
science.aad0501

43. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al.
Single-Cell RNA-Seq Highlights Intratumoral Heterogeneity in Primary
Glioblastoma. Science (2014) 344:1396–401. doi: 10.1126/science.1254257

44. Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H,
Hulselmans G, et al. SCENIC: Single-Cell Regulatory Network Inference and
Clustering. Nat Methods (2017) 14:1083–6. doi: 10.1038/nmeth.4463

45. Li Y, Zhang QY, Sun BF, Ma Y, Zhang Y, Wang M, et al. Single-Cell
Transcriptome Profiling of the Vaginal Wall in Women With Severe
Anterior Vaginal Prolapse. Nat Commun (2021) 12:87. doi: 10.1038/
s41467-020-20358-y

46. Love MI, Huber W, Anders S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

47. Liu T, Zhang H, Yi S, Gu L, Zhou M. Mutual Regulation of MDM4 and
TOP2A in Cancer Cell Proliferation. Mol Oncol (2019) 13:1047–58.
doi: 10.1002/1878-0261.12457

48. Liao S, Song F, Feng W, Ding X, Yao J, Song H, et al. Rhoifolin Ameliorates
Titanium Particle-Stimulated Osteolysis and Attenuates Osteoclastogenesis
via RANKL-Induced NF-KappaB andMAPK Pathways. J Cell Physiol (2019)
234:17600–11. doi: 10.1002/jcp.28384

49. Li B, Huang Q, Lin C, Lu R, Wang T, Chen X, et al. Increased Circulating
CD31+/CD42b-EMPs in Perthes Disease and Inhibit HUVECs
Angiogenesis via Endothelial Dysfunction. Life Sci (2021) 265:118749.
doi: 10.1016/j.lfs.2020.118749

50. Atiye J, Wolf M, Kaur S, Monni O, Bohling T, Kivioja A, et al. Gene
Amplifications in Osteosarcoma-CGH Microarray Analysis. Genes
Chromosomes Cancer (2005) 42:158–63. doi: 10.1002/gcc.20120
Frontiers in Oncology | www.frontiersin.org 21
51. Su Y, Huang J, Zhao X, Lu H, Wang W, Yang XO, et al. Interleukin-17
Receptor D Constitutes an Alternative Receptor for Interleukin-17A
Important in Psoriasis-Like Skin Inflammation. Sci Immunol (2019) 4:
eaau9657. doi: 10.1126/sciimmunol.aau9657

52. Robinson D, Humbert M, Buhl R, Cruz AA, Inoue H, Korom S, et al.
Revisiting Type 2-High and Type 2-Low Airway Inflammation in Asthma:
Current Knowledge and Therapeutic Implications. Clin Exp Allergy: J Br Soc
Allergy Clin Immunol (2017) 47:161–75. doi: 10.1111/cea.12880

53. Onal M, St John HC, Danielson AL, Markert JW, Riley EM, Pike JW. Unique
Distal Enhancers Linked to the Mouse Tnfsf11 Gene Direct Tissue-Specific
and Inflammation-Induced Expression of RANKL. Endocrinology (2016)
157:482–96. doi: 10.1210/en.2015-1788

54. Sun J, Huang J, Lan J, Zhou K, Gao Y, Song Z, et al. Overexpression
of CENPF Correlates With Poor Prognosis and Tumor Bone Metastasis
in Breast Cancer. Cancer Cell Int (2019) 19:264. doi: 10.1186/s12935-019-
0986-8

55. Haneke K, Schott J, Lindner D, Hollensen AK, Damgaard CK, Mongis C,
et al. CDK1 Couples Proliferation With Protein Synthesis. J Cell Biol (2020)
219:e201906147. doi: 10.1083/jcb.201906147

56. Zhang Y, Higgins CB, Fortune HM, Chen P, Stothard AI, Mayer AL, et al.
Hepatic Arginase 2 (Arg2) Is Sufficient to Convey the Therapeutic Metabolic
Effects of Fasting. Nat Commun (2019) 10:1587. doi: 10.1038/s41467-019-
09642-8

57. Freemerman AJ, Zhao L, Pingili AK, Teng B, Cozzo AJ, Fuller AM, et al.
Myeloid Slc2a1-Deficient Murine Model Revealed Macrophage Activation
and Metabolic Phenotype Are Fueled by GLUT1. J Immunol (Baltimore Md:
1950) (2019) 202:1265–86. doi: 10.4049/jimmunol.1800002

58. Rabinovich S, Adler L, Yizhak K, Sarver A, Silberman A, Agron S, et al.
Diversion of Aspartate in ASS1-Deficient Tumours Fosters De Novo
Pyrimidine Synthesis. Nature (2015) 527:379–83. doi: 10.1038/nature15529

59. Oritani K, Kanakura Y, Aoyama K, Yokota T, Copeland NG, Gilbert DJ,
et al. Matrix Glycoprotein SC1/ECM2 Augments B Lymphopoiesis. Blood
(1997) 90:3404–13. doi: 10.1182/blood.V90.9.3404

60. Yip SP, Leung KH, Fung WY, Ng PW, Sham PC, Yap MK. A DNA Pooling-
Based Case-Control Study of Myopia Candidate Genes COL11A1,
COL18A1, FBN1, and PLOD1 in a Chinese Population. Mol Vision (2011)
17:810–21.

61. Chim SM, Qin A, Tickner J, Pavlos N, Davey T, Wang H, et al. EGFL6
Promotes Endothelial Cell Migration and Angiogenesis Through the
Activation of Extracellular Signal-Regulated Kinase. J Biol Chem (2011)
286:22035–46. doi: 10.1074/jbc.M110.187633

62. Manickam G, Moffatt P, Murshed M. Role of SMPD3 During Bone Fracture
Healing and Regulation of Its Expression.Mol Cell Biol (2019) 39:e00370–18.
doi: 10.1128/MCB.00370-18

63. Chen G, Gong H, Wang T, Wang J, Han Z, Bai G, et al. SOSTDC1 Inhibits
Bone Metastasis in Non-Small Cell Lung Cancer and May Serve as a Clinical
Therapeutic Target. Int J Mol Med (2018) 42:3424–36. doi: 10.3892/
ijmm.2018.3926

64. Dillon S, Staines KA, Millan JL, Farquharson C. How To Build a Bone:
PHOSPHO1, Biomineralization, and Beyond. JBMR Plus (2019) 3:e10202.
doi: 10.1002/jbm4.10202

65. Forus A, Florenes VA, Maelandsmo GM, Fodstad O, Myklebost O. The
Protooncogene CHOP/GADD153, Involved in Growth Arrest and DNA
Damage Response, Is Amplified in a Subset of Human Sarcomas. Cancer
Genet Cytogenet (1994) 78:165–71. doi: 10.1016/0165-4608(94)90085-x

66. Horvai AE, Roy R, Borys D, O’Donnell RJ. Regulators of Skeletal
Development: A Cluster Analysis of 206 Bone Tumors Reveals
Diagnostically Useful Markers. Mod Pathol (2012) 25:1452–61.
doi: 10.1038/modpathol.2012.110

67. Denard B, Pavia-Jimenez A, ChenW,Williams NS, Naina H, Collins R, et al.
Identification of CREB3L1 as a Biomarker Predicting Doxorubicin
Treatment Outcome. PLoS One (2015) 10:e0129233. doi: 10.1371/
journal.pone.0129233

68. Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, Behringer RR, et al.
The Novel Zinc Finger-Containing Transcription Factor Osterix Is Required
for Osteoblast Differentiation and Bone Formation. Cell (2002) 108:17–29.
doi: 10.1016/s0092-8674(01)00622-5
July 2021 | Volume 11 | Article 709210

https://doi.org/10.1038/s41422-020-0355-0
https://doi.org/10.1038/s41422-020-0355-0
https://doi.org/10.1164/rccm.201611-2263OC
https://doi.org/10.1164/rccm.201611-2263OC
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nmeth.4150
https://doi.org/10.1038/nmeth.4402
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1038/s41586-018-0698-6
https://doi.org/10.1038/s41586-018-0698-6
https://doi.org/10.1038/s41596-020-0292-x
https://doi.org/10.1126/science.aad0501
https://doi.org/10.1126/science.aad0501
https://doi.org/10.1126/science.1254257
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1038/s41467-020-20358-y
https://doi.org/10.1038/s41467-020-20358-y
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/1878-0261.12457
https://doi.org/10.1002/jcp.28384
https://doi.org/10.1016/j.lfs.2020.118749
https://doi.org/10.1002/gcc.20120
https://doi.org/10.1126/sciimmunol.aau9657
https://doi.org/10.1111/cea.12880
https://doi.org/10.1210/en.2015-1788
https://doi.org/10.1186/s12935-019-0986-8
https://doi.org/10.1186/s12935-019-0986-8
https://doi.org/10.1083/jcb.201906147
https://doi.org/10.1038/s41467-019-09642-8
https://doi.org/10.1038/s41467-019-09642-8
https://doi.org/10.4049/jimmunol.1800002
https://doi.org/10.1038/nature15529
https://doi.org/10.1182/blood.V90.9.3404
https://doi.org/10.1074/jbc.M110.187633
https://doi.org/10.1128/MCB.00370-18
https://doi.org/10.3892/ijmm.2018.3926
https://doi.org/10.3892/ijmm.2018.3926
https://doi.org/10.1002/jbm4.10202
https://doi.org/10.1016/0165-4608(94)90085-x
https://doi.org/10.1038/modpathol.2012.110
https://doi.org/10.1371/journal.pone.0129233
https://doi.org/10.1371/journal.pone.0129233
https://doi.org/10.1016/s0092-8674(01)00622-5
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. ScRNA-Seq Analysis for Osteosarcoma
69. Yao B, Wang J, Qu S, Liu Y, Jin Y, Lu J, et al. Upregulated Osterix Promotes
Invasion and Bone Metastasis and Predicts for a Poor Prognosis in Breast
Cancer. Cell Death Dis (2019) 10:28. doi: 10.1038/s41419-018-1269-3

70. Kelleher FC, O’Sullivan H. Monocytes, Macrophages, and Osteoclasts in
Osteosarcoma. J Adolesc Young Adult Oncol (2017) 6:396–405. doi: 10.1089/
jayao.2016.0078

71. Boyle WJ, Simonet WS, Lacey DL. Osteoclast Differentiation and Activation.
Nature (2003) 423:337–42. doi: 10.1038/nature01658

72. Roodman GD. Regulation of Osteoclast Differentiation. Ann NY Acad Sci
(2006) 1068:100–9. doi: 10.1196/annals.1346.013

73. Feng H, Cheng T, Steer JH, Joyce DA, Pavlos NJ, Leong C, et al. Myocyte
Enhancer Factor 2 and Microphthalmia-Associated Transcription Factor
Cooperate With NFATc1 to Transactivate the V-ATPase D2 Promoter
During RANKL-Induced Osteoclastogenesis. J Biol Chem (2009)
284:14667–76. doi: 10.1074/jbc.M901670200

74. Kanzaki R, Pietras K. Heterogeneity of Cancer-Associated Fibroblasts:
Opportunities for Precision Medicine. Cancer Sci (2020) 111:2708–17.
doi: 10.1111/cas.14537

75. Shi M, Cao M, Song J, Liu Q, Li H, Meng F, et al. PinX1 Inhibits the Invasion
and Metastasis of Human Breast Cancer via Suppressing NF-Kappab/MMP-
9 Signaling Pathway. Mol Cancer (2015) 14:66. doi: 10.1186/s12943-015-
0332-2

76. Wragg JW, Finnity JP, Anderson JA, Ferguson HJ, Porfiri E, Bhatt RI, et al.
MCAM and LAMA4 Are Highly Enriched in Tumor Blood Vessels of Renal
Cell Carcinoma and Predict Patient Outcome. Cancer Res (2016) 76:2314–
26. doi: 10.1158/0008-5472.CAN-15-1364

77. Arazi A, Rao DA, Berthier CC, Davidson A, Liu Y, Hoover PJ, et al. The
Immune Cell Landscape in Kidneys of Patients With Lupus Nephritis. Nat
Immunol (2019) 20:902–14. doi: 10.1038/s41590-019-0398-x

78. Chakarov S, Lim HY, Tan L, Lim SY, See P, Lum J, et al. Two Distinct
Interstitial Macrophage Populations Coexist Across Tissues in Specific
Subtissular Niches. Science (2019) 363:eaau0964. doi: 10.1126/
science.aau0964

79. Ritzi M, Baack M, Musahl C, Romanowski P, Laskey RA, Knippers R.
Human Minichromosome Maintenance Proteins and Human Origin
Recognition Complex 2 Protein on Chromatin. J Biol Chem (1998)
273:24543–9. doi: 10.1074/jbc.273.38.24543

80. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The
Chemokine System in Diverse Forms of Macrophage Activation and
Polarization. Trends Immunol (2004) 25:677–86. doi: 10.1016/
j.it.2004.09.015

81. Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher J, et al.
Single-Cell RNA-Seq Reveals New Types of Human Blood Dendritic Cells,
Monocytes, and Progenitors. Science (2017) 356:eaah4573. doi: 10.1126/
science.aah4573

82. Guilliams M, Dutertre CA, Scott CL, McGovern N, Sichien D, Chakarov S,
et al. Unsupervised High-Dimensional Analysis Aligns Dendritic Cells
Across Tissues and Species. Immunity (2016) 45:669–84. doi: 10.1016/
j.immuni.2016.08.015

83. Borst J, Hendriks J, Xiao Y. CD27 and CD70 in T Cell and B Cell Activation.
Curr Opin Immunol (2005) 17:275–81. doi: 10.1016/j.coi.2005.04.004

84. Gatto D, Wood K, Brink R. EBI2 Operates Independently of But in
Cooperation With CXCR5 and CCR7 to Direct B Cell Migration and
Organization in Follicles and the Germinal Center. J Immunol (Baltimore
Md: 1950) (2011) 187:4621–8. doi: 10.4049/jimmunol.1101542

85. Shi GX, Harrison K, Wilson GL, Moratz C, Kehrl JH. RGS13 Regulates
Germinal Center B Lymphocytes Responsiveness to CXC Chemokine
Ligand (CXCL)12 and CXCL13. J Immunol (Baltimore Md: 1950) (2002)
169:2507–15. doi: 10.4049/jimmunol.169.5.2507

86. Cyster JG, Allen CDC. B Cell Responses: Cell Interaction Dynamics and
Decisions. Cell (2019) 177:524–40. doi: 10.1016/j.cell.2019.03.016

87. Barsheshet Y, Wildbaum G, Levy E, Vitenshtein A, Akinseye C, Griggs J,
et al. CCR8(+)FOXp3(+) Treg Cells as Master Drivers of Immune
Regulation. Proc Natl Acad Sci USA (2017) 114:6086–91. doi: 10.1073/
pnas.1621280114

88. Fujihara S, Mori H, Kobara H, Rafiq K, Niki T, Hirashima M, et al. Galectin-
9 in Cancer Therapy. Recent Patents Endocr Metab Immune Drug Discov
(2013) 7:130–7. doi: 10.2174/1872214811307020006
Frontiers in Oncology | www.frontiersin.org 22
89. Gorvel L, Olive D. Targeting the “PVR-TIGIT Axis” With Immune
Checkpoint Therapies. F1000Research (2020) 9:F1000 Faculty Rev-354.
doi: 10.12688/f1000research.22877.1

90. Dougall WC, Kurtulus S, Smyth MJ, Anderson AC. TIGIT and CD96: New
Checkpoint Receptor Targets for Cancer Immunotherapy. Immunol Rev
(2017) 276:112–20. doi: 10.1111/imr.12518

91. Andrews LP, Yano H, Vignali DAA. Inhibitory Receptors and Ligands
Beyond PD-1, PD-L1 and CTLA-4: Breakthroughs or Backups. Nat
Immunol (2019) 20:1425–34. doi: 10.1038/s41590-019-0512-0

92. Chauvin JM, Zarour HM. TIGIT in Cancer Immunotherapy. J Immunother
Cancer (2020) 8:e000957. doi: 10.1136/jitc-2020-000957

93. Mutsaers AJ, Walkley CR. Cells of Origin in Osteosarcoma: Mesenchymal
Stem Cells or Osteoblast Committed Cells? Bone (2014) 62:56–63.
doi: 10.1016/j.bone.2014.02.003

94. Wu J, Chen X, Bao Q, Duan R, Jin Y, Shui Y, et al. Osterix Decreases the
Chemosensitivity of Breast Cancer Cells by Upregulating Galnt14. Cell
Physiol Biochem (2017) 44:998–1010. doi: 10.1159/000485400

95. Qu S, Wu J, Bao Q, Yao B, Duan R, Chen X, et al. Osterix Promotes
the Migration and Angiogenesis of Breast Cancer by Upregulation of
S100A4 Expression. J Cell Mol Med (2019) 23:1116–27. doi: 10.1111/
jcmm.14012

96. DuBois S, Demetri G. Markers of Angiogenesis and Clinical Features
in Patients With Sarcoma. Cancer (2007) 109:813–9. doi: 10.1002/
cncr.22455

97. Zhu L, McManus MM, Hughes DP. Understanding the Biology of Bone
Sarcoma From Early Initiating Events Through Late Events in Metastasis
and Disease Progression. Front Oncol (2013) 3:230. doi: 10.3389/
fonc.2013.00230

98. Gorlick R, Anderson P, Andrulis I, Arndt C, Beardsley GP, Bernstein M,
et al. Biology of Childhood Osteogenic Sarcoma and Potential Targets for
Therapeutic Development: Meeting Summary. Clin Cancer Res (2003)
9:5442–53.

99. Quan GM, Choong PF. Anti-Angiogenic Therapy for Osteosarcoma. Cancer
Metastasis Rev (2006) 25:707–13. doi: 10.1007/s10555-006-9031-1

100. Corre I, Verrecchia F, Crenn V, Redini F, Trichet V. The Osteosarcoma
Microenvironment: A Complex But Targetable Ecosystem. Cells (2020)
9:976. doi: 10.3390/cells9040976

101. Cheng S, Li Z, Gao R, Xing B, Gao Y, Yang Y, et al. A Pan-Cancer Single-Cell
Transcriptional Atlas of Tumor Infiltrating Myeloid Cells. Cell (2021)
184:792–809.e23. doi: 10.1016/j.cell.2021.01.010

102. Pahl JH, Kwappenberg KM, Varypataki EM, Santos SJ, Kuijjer ML,
Mohamed S, et al. Macrophages Inhibit Human Osteosarcoma Cell
Growth After Activation With the Bacterial Cell Wall Derivative
Liposomal Muramyl Tripeptide in Combination With Interferon-Gamma.
J Exp Clin Cancer Res (2014) 33:27. doi: 10.1186/1756-9966-33-27

103. Zhou Y, Yang D, Yang Q, Lv X, Huang W, Zhou Z, et al. Single-Cell RNA
Landscape of Intratumoral Heterogeneity and Immunosuppressive
Microenvironment in Advanced Osteosarcoma. Nat Commun (2020)
11:6322. doi: 10.1038/s41467-020-20059-6

104. Qin S, Xu L, Yi M, Yu S, Wu K, Luo S. Novel Immune Checkpoint Targets:
Moving Beyond PD-1 and CTLA-4.Mol Cancer (2019) 18:155. doi: 10.1186/
s12943-019-1091-2

105. Klement JD, Paschall AV, Redd PS, Ibrahim ML, Lu C, Yang D, et al. An
Osteopontin/CD44 Immune Checkpoint Controls CD8+ T Cell Activation
and Tumor Immune Evasion. J Clin Invest (2018) 128:5549–60. doi: 10.1172/
JCI123360

106. Zheng B, Ren T, Huang Y, Sun K,Wang S, Bao X, et al. PD-1 Axis Expression
in Musculoskeletal Tumors and Antitumor Effect of Nivolumab in
Osteosarcoma Model of Humanized Mouse. J Hematol Oncol (2018) 11:16.
doi: 10.1186/s13045-018-0560-1

107. Zhang J, Li Y, Yang S, Zhang L, Wang W. Anti-CD40 mAb Enhanced
Efficacy of Anti-PD1 Against Osteosarcoma. J Bone Oncol (2019) 17:100245.
doi: 10.1016/j.jbo.2019.100245

108. Anderson PM. Immune Therapy for Sarcomas. Adv Exp Med Biol (2017)
995:127–40. doi: 10.1007/978-3-319-53156-4_6

109. Wang J, Yuan R, Song W, Sun J, Liu D, Li Z. PD-1, PD-L1 (B7-H1) and
Tumor-Site Immune Modulation Therapy: The Historical Perspective. J
Hematol Oncol (2017) 10:34. doi: 10.1186/s13045-017-0403-5
July 2021 | Volume 11 | Article 709210

https://doi.org/10.1038/s41419-018-1269-3
https://doi.org/10.1089/jayao.2016.0078
https://doi.org/10.1089/jayao.2016.0078
https://doi.org/10.1038/nature01658
https://doi.org/10.1196/annals.1346.013
https://doi.org/10.1074/jbc.M901670200
https://doi.org/10.1111/cas.14537
https://doi.org/10.1186/s12943-015-0332-2
https://doi.org/10.1186/s12943-015-0332-2
https://doi.org/10.1158/0008-5472.CAN-15-1364
https://doi.org/10.1038/s41590-019-0398-x
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1074/jbc.273.38.24543
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1126/science.aah4573
https://doi.org/10.1126/science.aah4573
https://doi.org/10.1016/j.immuni.2016.08.015
https://doi.org/10.1016/j.immuni.2016.08.015
https://doi.org/10.1016/j.coi.2005.04.004
https://doi.org/10.4049/jimmunol.1101542
https://doi.org/10.4049/jimmunol.169.5.2507
https://doi.org/10.1016/j.cell.2019.03.016
https://doi.org/10.1073/pnas.1621280114
https://doi.org/10.1073/pnas.1621280114
https://doi.org/10.2174/1872214811307020006
https://doi.org/10.12688/f1000research.22877.1
https://doi.org/10.1111/imr.12518
https://doi.org/10.1038/s41590-019-0512-0
https://doi.org/10.1136/jitc-2020-000957
https://doi.org/10.1016/j.bone.2014.02.003
https://doi.org/10.1159/000485400
https://doi.org/10.1111/jcmm.14012
https://doi.org/10.1111/jcmm.14012
https://doi.org/10.1002/cncr.22455
https://doi.org/10.1002/cncr.22455
https://doi.org/10.3389/fonc.2013.00230
https://doi.org/10.3389/fonc.2013.00230
https://doi.org/10.1007/s10555-006-9031-1
https://doi.org/10.3390/cells9040976
https://doi.org/10.1016/j.cell.2021.01.010
https://doi.org/10.1186/1756-9966-33-27
https://doi.org/10.1038/s41467-020-20059-6
https://doi.org/10.1186/s12943-019-1091-2
https://doi.org/10.1186/s12943-019-1091-2
https://doi.org/10.1172/JCI123360
https://doi.org/10.1172/JCI123360
https://doi.org/10.1186/s13045-018-0560-1
https://doi.org/10.1016/j.jbo.2019.100245
https://doi.org/10.1007/978-3-319-53156-4_6
https://doi.org/10.1186/s13045-017-0403-5
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. ScRNA-Seq Analysis for Osteosarcoma
110. Ding G, Shen T, Yan C, Zhang M, Wu Z, Cao L. IFN-Gamma Down-
Regulates the PD-1 Expression and Assist Nivolumab in PD-1-Blockade
Effect on CD8+ T-Lymphocytes in Pancreatic Cancer. BMC Cancer (2019)
19:1053. doi: 10.1186/s12885-019-6145-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Oncology | www.frontiersin.org 23
Copyright © 2021 Liu, Feng, Dai, Bao, Yuan, He, Qin, Liao, He, Huang, Yu, Zeng,
Guo, Huang, Yang, Jiang, Liao, Xiao, Zhan, Lin, Xu, Ye, Ma, Wei and Mo. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
July 2021 | Volume 11 | Article 709210

https://doi.org/10.1186/s12885-019-6145-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Single-Cell Transcriptomics Reveals the Complexity of the Tumor Microenvironment of Treatment-Naive Osteosarcoma
	Introduction
	Materials and Methods
	Sample Collection and Tissue Dissociation
	Single Cell Suspension Preparation
	10× Genomics Single-Cell 3’-mRNA Sequencing
	Quality Control and Cell-Type Recognition
	RNA Velocity Analysis
	Pseudo-Time Trajectory Analysis
	Functional Enrichment Analysis
	Cell-Cell Communication Analysis
	Copy Number Variation Analysis and Identification of Malignant OBs
	Single-Cell Regulatory Network Inference and Clustering Analysis
	Data Acquisition and Correlation to Public Datasets
	Multiplex Immunofluorescence Staining
	In Vitro Experiments
	Statistical Analysis

	Results
	Single Cell Expression Atlas of OS
	The Important Role of Inflammation and Ossification Associated Osteoblastic OS Cells in Humans
	Different States of OCs in Human OS
	Functional Diversity of CAFs in Human OS
	Distinct Functional Composition of Myeloid Cells in the TME in OS
	Terminally Differentiated CD8+ T Cells Are Found in Human OS
	Exploring the Unique Heterogeneity of B Cells in OS
	Complex Intercellular and Molecular Interaction Networks in the OS TME

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


