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Abstract

Impact Statement

Hitherto, the prognosis of patients with lung metas-
tasis of osteosarcoma is still poor, despite the appli-
cation of neoadjuvant chemotherapy and surgery.
Therefore, it is urgently required to explore the
intratumoral heterogeneity of osteosarcoma lung
metastasis. In this study, we performed single-cell
RNA sequencing analysis to two osteosarcoma
lung metastasis and five normal lung tissues. Our
result showed that a highly intratumoral heteroge-
neity existed in lung metastasis of osteosarcoma.
We also found macrophages did not show signifi-
cant M1 or M2 polarizations in osteosarcoma lung
metastasis. In addition, T cells occupied the most
abundant among all cell clusters, and CD8+ T cells
exhibited a low expression level of immune check-
points in osteosarcoma lung metastasis. Moreover,
we found CD63 might play vital roles in determin-
ing the infiltration of T cells and malignant cells,
which could be a therapeutic target. Our results
make it possible to devise precision therapeutic
approaches in the future.

The lung is the primary organ for the metastasis of osteosarcoma. Although the
application of neoadjuvant chemotherapy and surgery has remarkably improved
the survival rate of patients with osteosarcoma, prognosis is still poor for those
patients with metastasis. In this study, we performed further bioinformatics analysis
on single-cell RNA sequencing (scRNA-seq) data published before, containing
75,317 cells from two osteosarcoma lung metastasis and five normal lung tissues.
First, we classified 17 clusters, including macrophages, T cells, endothelial cells,
and so on, indicating highly intratumoral heterogeneity in osteosarcoma lung
metastasis. Next, we found macrophages in osteosarcoma lung metastasis did not
have significant M1 or M2 polarizations. Then, we identified that T cells occupied
the most abundant among all cell clusters, and found CD8* T cells exhibited a
low expression level of immune checkpoints in osteosarcoma lung metastasis.
What is more, we identified C2_Malignant cells, and found CD63 might play vital
roles in determining the infiltration of T cells and malignant cells in conventional-
type osteosarcoma lung metastasis. Finally, we unveiled C1_Therapeutic cluster,
a subcluster of malignant cells, was sensitive to oxfendazole and mevastatin, and
the potential hydrogen-bond position and binding energy of oxfendazole-KIAA0907
and mevastatin-KIAA0907 were unveiled, respectively. Our results highlighted the
power of scRNA-seq technique in identifying the complex tumor microenvironment
of osteosarcoma lung metastasis, making it possible to devise precision therapeutic
approaches.
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Introduction

Osteosarcoma is a highly aggressive malignant tumor of the
bone that frequently occurs in children and in young adults it
tends to metastasize.! Despite the remarkable progress expe-
rienced in surgical resection associated with neoadjuvant
and adjuvant chemotherapy for osteosarcoma over the past
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several decades, patients with metastatic disease still retain a
poor prognosis.? In cases of localized osteosarcoma, patients
can expect a 5-year survival rate of 60-70%, whereas those
with metastatic involvement have a dismal 5-year survival
rate of 20-30%.%#* The lungs are the primary metastatic sites
for osteosarcoma, and lung metastases are negatively cor-
related with clinical outcomes.> However, the pathogenesis
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of osteosarcoma lung metastasis remains poorly understood.
Therefore, the prognosis of patients should be improved
by seeking out efficient approaches to discover potential
metastatic-related molecules and identifying its underlying
mechanism of lung metastasis in osteosarcoma.

Tumor metastasis is driven by the accumulation of intrin-
sic alterations in malignant cells and requires the interaction
of malignant cells and their microenvironment.®” The tumor
microenvironment is a complex and continuously evolv-
ing entity,®? and is correlated to the induction of prolifera-
tion, inhibition of apoptosis and immune system, and drug
resistance.’? In addition to malignant cells, fibroblasts, and
endothelial cells, the tumor microenvironment comprises
immune cells, including macrophages and T cells. Increasing
lines of evidence suggest that cross-talk between malignant
cells and immune cells could facilitate tumor growth and
metastasis when present in the tumor microenvironment.®
Macrophages, one of the major components of the tumor
microenvironment, play a critical role in facilitating tumor
cell motility,"! and mediating the disease chemoresistance by
producing pro-tumorigenic cytokines and reducing the cyto-
lytic function of CD8" T cells.'>!3 Wei et al.'* demonstrated
that macrophages induce an epithelial-mesenchymal transi-
tion program to enhance colorectal cancer migration and
invasion. Yang et al.'® illustrated that macrophages in breast
cancer might induce drug resistance through IL-10/STAT3/
bcl-2 signaling pathway. In addition to macrophages, CD8*
T cells, critical members of the adaptive immune system, also
play key roles in tumor.!® Studies have revealed that CD8*
T cells can enhance antitumor outcomes in breast cancer,’
glioblastoma,!” and cervical cancer,'® but a state of CD8* T
cell dysfunction or exhaustion is also commonly observed
in melanoma and epithelial ovarian cancer.’?° However, the
exact mechanism of immune cells affecting the disease prog-
nosis and therapeutic outcomes in osteosarcoma, especially
in osteosarcoma lung metastasis remain to be elucidated.
Therefore, exploring the underlying interactions of immune
and malignant cells is important for further understanding
the metastatic process in osteosarcoma lung metastasis.

Previous studies widely used the population-level mRNA
profiling to reveal the transcriptome of tissues. However, the
traditional bulk RNA sequencing can only represent the aver-
age expression levels of all cells, and elucidating the hetero-
geneity among different subpopulations at a single-cell level
is not feasible. Nevertheless, single-cell RNA-sequencing
(scRNA-seq) could provide a new perspective into the het-
erogeneity of different subpopulations and unveil the dif-
ferentiation trajectory.?!?2

In this study, we have investigated the tumor microenvi-
ronments of conventional-type osteosarcoma lung metasta-
sis, chondroblastic-type osteosarcoma lung metastasis, and
normal lung tissues via scRNA-seq analysis and revealed
the heterogeneity of macrophages, T cells, and endothelial
cells. Next, we have exhibited the spatial information and
main connection target between malignant and T cells in the
tumor environment. Moreover, we have investigated the
presence of therapeutic clusters of malignant cells that are
sensitive to chemotherapy drugs and unveiled the potential
hydrogen-bond position and binding energy between drugs
and protein-binding sites. These results will contribute to the
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understanding of the intratumoral heterogeneity in osteo-
sarcoma lung metastasis and provide a novel therapeutic
strategy.

Materials and methods
scRNA-seq data

The scRNA-seq data of osteosarcoma lung metastasis tis-
sues?® were obtained from the GEO Database (https://
www.ncbi.nlm.nih.gov/geo/, accession code: GSE152048)
and the scRNA-seq data of normal lung tissues from the
Human Cell Atlas Data Coordination Platform and NCBI
BIOPROJECT (https://www.tissuestabilitycellatlas.org/,
accession code: PRJEB31843).24 It is worth noting that the
experiment of obtaining normal lung tissues was approved
by the NRES Committee of East of England-Cambridge
South (15/EE/0152) with informed consent from the donor
families. More detailed information about participants could
be obtained from these two previous studies. In addition,
the mRNA expression profiling dataset used to perform the
prognostic analysis of KIAA0907 was also acquired from the
GEO Database with an accession code GSE21257.

Quality control and cell type identification

A total of seven tissues, including five normal lung tissues
and two different types of osteosarcoma lung metastasis
tissues (conventional and chondroblastic types), were con-
tained in our study. The Seurat package (https://satijalab.
org/seurat/, version 3.2.1) in the R software (version 3.6.3)
was utilized in the process of quality control. Single cells
with the number of genes less than and more than 5000
and the percent of mitochondrion more than 10% were
regarded as low-quality cells and directly filtered out. The
Harmony function was applied to eliminate the batch effects
among all the patients. Cell clusters were recognized by
the FindClusters function (resolution=1.1) and visualized
using the uniform manifold approximation and projection
(UMAP) analysis.

Marker genes of cell types

The assignment of cell types was conducted according to the
canonical marker genes reported previously (Supplementary
Table 1).

Copy number variation analysis

The copy number variation (CNV) analysis was applied uti-
lizing the inferCNV package (https://github.com/broad-
institute/inferCNV), an R package (version 1.2.1), which
can be used to visualize CNV in cells.?>?” Parameters were
set as follows: cutoff=0.1, denoise=TRUE, cluster_by_
groups=TRUE, and HMM =TRUE. Unmentioned param-
eters are set to default values.

Pseudotime trajectory analysis

We performed the trajectory analysis to reveal the changes in
T cell subpopulations using the Monocle 2 package (version
2.14.0), an R package designed for single-cell trajectories.?®
In addition, six genes (i.e. GZMA, GZMB, GZMM, GZMK,
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Table 1. M1/M2 signature genes of macrophages.

Types of macrophages  Signature genes

M1 IL1B, IL1A, TNF, IL6, CXCL9, CXCL10, IL12A, IL12B, IL23A, FCGR1A, FCGR1B, FCGR1C, CCR7, IL8, CCL5, HLA-DRA,
IRF5, IRF1
M2 IL10, CD163, MARCO, MRC1, MSR1, ARG1, STAB1, TGM2, MMP7, MMP9, MMP19, TGFB1, TGFB2, TGFB3, VEGFA,

FN1, CCL4, CCL22, CCL17, CCL18, IL4R, IL7R, IRF4

and JUND) that played important roles during the matura-
tion of T cells were subjected to the pseudotime trajectory
analysis.

Functional annotation analysis

Differently expressed genes (DEGs) were screened by the
DESeq?2 package. The cutoff threshold values were used as
follows: adj. P value <0.05 and fold change (FC)>1.0. The
gene set variation analysis (GSVA) was utilized to identify
the gene sets enriched by DEGs.? These DEGs were also
loaded into the clusterProfiler for the gene ontology (GO)
analysis.*

Cellular spatial organization mapper analysis

The cellular spatial organization mapper (CSOmap) analysis
was applied to analyze the spatial information of cells as pre-
viously described.?*2 Briefly, we first generated the affinity
matrix among cells by integrating hundreds of ligand-recep-
tor pairs. The affinity matrix was subsequently embedded
into a three-dimensional (3D) space. Then, the contribu-
tions of ligand-receptor pairs were calculated. Finally, the
most contributions of receptor genes in malignant cells were
selected for computer overexpression and knockdown to
observe the changes in the spatial information.

M1 and M2 signature gene analyses

M1 and M2 signature gene analyses were conducted in
accordance with previous research.?® Briefly, the normalized
weighted mean expression of M1 and M2 signature genes
curated from the literature (Table 1) were determined using
the AddModuleScore of Seurat.

Beyondcell workflow and therapeutic clusters

The Beyondcell analysis was performed to identify the drug
vulnerabilities in scRNA-seq data in accordance with a pre-
vious report (https://doi.org/10.1101/2021.04.08.438954).
All codes and full documentation are available online at
https:/ /gitlab.com/bu_cnio/Beyondcell. All custom scripts
for processing and analyzing the data are available upon
reasonable request.

Molecular docking analysis

To unveil the potential hydrogen-bond position and binding
energy between drugs and protein-binding sites, we con-
ducted the molecular docking analysis.3* Briefly, we down-
loaded the 3D structures of proteins from the RCSBPDB
database (https://www.rcsb.org). Then, PyMol (version
2.4.1) was utilized to remove heteroatoms, water molecules
and small molecules of proteins. We further downloaded

the 3D structures of oxfendazole (sig_2649) and mevastatin
(sig_8633) from the ZINC database (https://zinc.docking.
org). Subsequently, sensitive proteins and drugs above-
mentioned were subjected to operations by applying the
AutoDock software (version 4.2.6), and the active docking
sites and calculate the grid point energy were identified by
AutoGrid. Finally, PyMol was applied for visual analysis.

Prognostic analysis

Based on the GSE21257 datasets, prognostic analysis of
KIAAQ0907 was performed. P <0.05 were used as the screen-
ing criterion.

Code availability

The R code used in the analysis of the scRNA-seq data is
available on “https:/ / github.com/hemingweigxnn/R-code-
used-for-single-cell-RNA-Seq-analysis-of-osteosarcoma-
lung-metastasis-data.”

Statistical analysis

Data were presented as mean * standard deviation (SD).
Statistical analysis and figures were generated via the
GraphPad Prism (version 8.0.2). We utilized t-test to analyze
the data if the data passed the normality test; otherwise, the
nonparametric Mann-Whitney test was applied. P <0.05
was considered as statistically significant.

Results
Cellular proportion analysis

scRNA-seq analysis was performed on scRNA-seq data of
the osteosarcoma lung metastasis tissues and normal lung
tissues to investigate the cellular components. After the
initial quality filtering, 75,317 cells, including 18,297 cells
originated from osteosarcoma lung metastasis and 57,020
from normal lungs (Figure 1(A) and (B)), were available for
further detection. We classified the samples into 17 clusters
by unsupervised clustering analysis (Figure 1(C)), indicat-
ing high intratumoral heterogeneity. The major cell types as
follows were annotated on the basis of the canonical cellular
markers cited from previous studies (Figure 1(D) and (E)).
C1_T cells, which accounted for 33.78% among all the cell
types with a number of 25,441, were shown to highly express
marker genes, including CD3D, CD3E, and CD3G. We further
annotated C2_Malignant cells, which accounted for 15.65%
among all the cell types with a number of 11,786, based on the
marker genes involved in chondrocytes and osteoblastic dif-
ferentiation, that is, SOX9, ALPL, and RUNX2. Interestingly,
we found that C5_Osteoclasts expressed the marker genes
of C9_Macrophages, that is, CD163, MRC, and MSR1, and
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Figure 1. Cellular atlas of osteosarcoma lung metastasis tissues and normal lung tissues. (A—C) UMAP plots for 75,317 cells showing the (A) sample origin, (B)
corresponding patients, and (C) major associated cell types. (D) Heat map of marker genes in each cell type. (E) Number and percentage of identified each cell type.
(F) Hierarchical heatmap showing large-scale CNVs in malignant cells.
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conversely C9_Macrophages also expressed the marker
genes of C5_Osteoclasts, that is, ACP5 and ATP6V0D2, indi-
cating that osteoclasts and macrophages share common pro-
genitor cells. This result was consistent with the previous
research.?® Furthermore, we defined a new cell type, named
the C14_Secretory cells according to the expression of secre-
tory mucins, that is, MUC5AC, MUC5B, and SCGB1A1. Of
note, there was a group of cells expressing no specific marker
genes, we therefore defined it as C16_Low quality cells. In
addition, a large-scale chromosomal CNV analysis was per-
formed to identify malignant cells (Figure 1(F)). Our results
showed that the genomic regions of chromosomes 1p, 2q, 7,
11q, 15, 19, and 21 were frequently increased in malignant
cells, and 3, 4, 6, 10p, 12p, 13, and 14 regions were frequently
decreased.

Heterogeneity of macrophages in osteosarcoma
lung metastasis

Macrophages have been widely implicated to be one of the
critical abundant components of the tumor microenviron-
ment, involving in tumor stimulating and suppressing.3¢37
Three subclusters of macrophages were identified on the
basis of the origin of tissues, named as C1_Mac_Normal,
C2_Mac_Conventional, and C3_Mac_Chondroblastic, indi-
cating the macrophages from these three types of lung tis-
sues (Figure 2(A) and (B)). In addition, four subclusters
of macrophages were further subdivided by their specific
markers, including C1_Mac, C2_MMP9* Mac, C3_CCL5*
Mac, and C4_SMIM25* Mac (Supplemental Figure S1A and
B). The DESeq2 package was conducted to screen DEGs
from expression profiles. A total of 2019 DEGs, including
30 upregulated and 1989 downregulated DEGs, in the C2_
Mac_Conventional were considered differentially expressed
compared with those in the C1_Mac_Normal (Figure 2(C)). A
total of 206 DEGs, including 72 upregulated and 134 down-
regulated DEGs, were differentially expressed between C3_
Mac_Chondroblastic and C1_Mac_Normal (Figure 2(D)). As
shown in Figure 2(C) and (D), the C3_Mac_Chondroblastic
versus C1_Mac_Normal had a lower number of downregu-
lated DEGs and a higher number of upregulated DEGs than
C2_Mac_Conventional versus C1_Mac_Normal.

To further understand the roles of the DEGs identified,
the upregulated and downregulated DEGs were annotated
GO terms based on biological process, cellular component,
and molecular function in this study, respectively. In C2_
Mac_Conventional versus C1_Mac_Normal, the GO analy-
sis of upregulated DEGs showed that the biological process
was enriched in mitochondrial membrane organization and
proton transmembrane transport; the cellular component
seemed to be enriched in the inner mitochondrial protein
complex, mitochondrial membrane part, mitochondrial
protein complex, and mitochondrial inner membrane; and
the molecular function was enriched in the proton trans-
membrane transporter activity (Supplemental Figure S2A).
The GO analysis of downregulated DEGs showed that the
biological process was enriched in neutrophil activation,
neutrophil-mediated immunity, neutrophil degranulation,
and neutrophil activation in immune response; the cellular
component was enriched in focal adhesion, cell-substrate
adherens junction, and cell-substrate junction; and the

molecular function seemed to be enriched in cell adhesion
molecule binding, cadherin binding, and structural constitu-
ent of ribosome (Supplemental Figure S2B).

In upregulated DEGs in C3_Mac_Chondroblastic versus
C1_Mac_Normal, the biological process was enriched in
leukocyte migration, response to lipopolysaccharide, and
response to molecule of bacterial origin; the main cellular
component seemed to be enriched in the cytoplasmic vesicle
lumen, inner mitochondrial membrane protein complex, and
mitochondrial proton-transporting ATP synthase complex;
and the molecular function was enriched in receptor-ligand
activity, G protein-coupled receptor binding, and proton
transmembrane transporter activity (Supplemental Figure
S2C). In terms of downregulated DEGs, the biological pro-
cess was enriched in mRNA catabolic process, RNA catabolic
process, and translational initiation; the cellular component
was enriched in cytosolic ribosome, ribosomal subunit, and
cytosolic part; and the molecular function was predomi-
nantly enriched in structural constituent of ribosome and
cytokine activity (Supplemental Figure S2D).

Furthermore, we explored related antigen-presenting
genes in these three subpopulations of macrophages. The
Cl1_Mac_Normal expressed the most genes compared
with C2_Mac_Conventional and C3_Mac_Chondroblastic,
whereas the C2_Mac_Conventional expressed the least
genes (Figure 2(E)). In the present study, we also detected the
M1/M2 polarization of macrophages. The results showed
that macrophages in osteosarcoma lung metastasis and nor-
mal lung tissues showed no exclusive M1 or M2 signature
(Figure 2(F)).

Classification of T cells in osteosarcoma lung
metastasis

T cells are one of the major immune cells that play an essen-
tial role in regulating the response to chemotherapy and
improving clinical outcomes of various cancers, including
liver,® ovarian,® and breast cancers.*’ Three subclusters of
T cells were defined on the basis of the origin of tissues and
named as C1_T_Normal, C2_T_Conventional, and C3_T_
Chondroblastic to distinguish T cells in osteosarcoma lung
metastasis tissues and normal lung tissues (Figure 3(A) and
(B)). Also, three subclusters of T cells, including C1_NKT
cells, C2_T cells, and C3_CD8* T cells, were further sub-
divided according to their specific markers (Supplemental
Figure S1C-D). The cell trajectory analysis T cells showed
that the T cells in BC10 and BC17 were located in the ter-
minal position of the developmental trajectory (Figure 3(C)
and (D)). It indicated that partial C1_T_Normal might differ-
entiate into C2_T_Conventional and C3_T_Chondroblastic.
The cell trajectory analyses of marker genes that play an
important role in T cells were also performed in this study.
Our results showed that JUND was found to be predomi-
nantly expressed in BC17, which was located at the terminal
position of pseudotime trajectory with a significantly high
expression level. The expression levels of GZMA, GZMB,
GZMM, and GZMK were nearly equal along the pseudotime
trajectory (Figure 3(E)).

The DESeq2 package was also conducted to screen
DEGs from expression profiles. A total of 127 DEGs in
C2_T_Conventional, including seven upregulated and



A ® 343B B @ C3_Mac_Chondroblastic
5| @ 356C 5| ® C2_Mac_Conventional
367C ® C1_Mac_Normal
® 368C
~ ® 390C ~
g ol L85 g
s |° 3 =
- 3 -
-5 § o -5
] '
-10 0 -10
UMAP_1 UMAP_1
C - D -
C2_Mac_Conventional vs C1_Mac_Normal C3_Mac_Chondroblastic vs C1_Mac_Normal
® Down © Not-significant ® Up ® Down © Not-significant ® Up
CD52 C1QB CTSS ATPSMFATPOMCS |
S “RACK1 . oo K1
300 cig o ATPSF1E i’ 300 L e\ gpoLes
ciac ATP5MC ATPSME ! ! AP 2e5e5 3
—_ I AJRSMPLSPP1~ 1 1 :
g 1 couar § 1 1
§ 200 | . (_>u 200 1 1
| | | _ 1 1 .
3 | [ L
= s = GF%Z((:EEMTPSRLPSW ! b
o o 2100 < *RPL31 1 1
£ 100 7 Ao L
b "y ce | [P
| g, . R0
0 I | 0 T "a-d‘ g‘_
r-------------§+--=-53------- YtZ-—---=-=----- e Dl
-6 -4 -2 0 2 -3 0 3
log2FoldChange log2FoldChange
E F @ C1_Mac_Normal

HLA-DOB I 1 @ C2_Mac_Conventional ,

I . ’
P HA-E Y05 @ C3_Mac_Chondroblastic ,
B L0

—

I
I HLA-DQB2
I [ HLA-G
e I HLA-DRB5
HLA-A
HLA-DMA

[ ] I -.~A-DVvB
I HLA-DOA
B HLA-DQAT
"I HLA-DQBM1
B HLA-DQA2
] HLA-DPA1
B B HLA-DPB1

HLA-DRA
I

M2_gene_score
o
(6]

o
o

HLA-DRBH1 . ' ' . .
O O O -0.25 0.00 0.25 0.50 0.75
M1_gene_score
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Figure 3. Comparison of T cells in different types of osteosarcoma lung metastatic tissues and normal lung tissues. UMAP plots showing (A) the sample origin and
(B) histopathology classification of T cells. (C,D) The Monocle 2 trajectory plot showing the pseudotime curve (up) and dynamics (down) of T cells. (E) Pseudotime
trajectories of marker genes expression (i.e. JUND, GZMA, GZMB, GZMK, and GZMM). (F) Volcano plot showing DEGs between C2_T_Conventional and C1_T_
Normal. (G) Volcano plot showing DEGs between C3_T_Chondroblastic and C1_T_Normal.
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120 downregulated DEGs, were considered differentially
expressed compared with those in C1_T_Normal (Figure
3(F)). A total of 1653 DEGs, including 1564 upregulated
and 89 downregulated DEGs, were differentially expressed
between C3_T_Chondroblastic and C1_T_Normal (Figure
3(G)). These results indicated that the number of upregulated
DEGs in C2_T_Conventional versus C1_T_Normal were less
than that in C3_T_Chondroblastic versus C1_T_Normal.

To further understand the different roles of DEGs in T
cells, the upregulated and downregulated DEGs were also
annotated GO terms based on biological process, molecu-
lar function, and cellular component. In upregulated DEGs
of C2_T_Conventional versus C1_T_Normal, the biological
process was enriched in response to antibiotic, response to
acid chemical, and ossification; the cellular component was
predominantly enriched in collagen-containing extracellular
matrix; and the molecular function was enriched in extra-
cellular matrix structural consistent and platelet-derived
growth factor binding (Supplemental Figure S2E). In down-
regulated DEGs, the biological process was in phagocytosis,
mRNA catabolic process, and response to interferon-gamma;
the cellular component was in focal adhesion, cell-substrate
adherens junction, and cell-substrate junction; and the
molecular function was antigen binding and structural con-
sistent of ribosome (Supplemental Figure S2F).

In upregulated DEGs in C3_T_Chondroblastic versus
C1_T_Normal, the biological process was enriched in RNA
catabolic process, mRNA catabolic process, and transla-
tional initiation; the cellular component was enriched in
mitochondrial inner membrane, mitochondrial protein
complex, and ribosome; and the molecular function was in
the structural constituent of ribosome and cadherin binding
(Supplemental Figure S2G). In downregulated DEGs, the
biological process was in the positive regulation of leuko-
cyte activation, positive regulation of cell activation, T cell
activation, and regulation of lymphocyte activation; the cel-
lular component was predominantly enriched in external
side of plasma membrane; and the cellular component was
in cytokine activity, antigen binding, and cytokine receptor
binding (Supplemental Figure S2H).

Endothelial cells in osteosarcoma lung metastasis

It has been demonstrated that endothelial cells promote
tumor progression and chemo-resistance.*! Thus, to iden-
tify the function of endothelial cells in our study, we
detected 3092 endothelial cells. We re-clustered three sub-
clusters of endothelial cells on the basis of the origin of tis-
sues, named as C1_EC_Normal, C2_EC_Conventional, and
C3_EC_Chondroblastic (Figure 4(A) and (B)). Meanwhile,
endothelial cells were also subdivided into three subclusters
according to their specific markers, including C1_ZFEP36*
ECs, C1_TMEM™ ECs, and C1_RACK1* ECs (Supplemental
Figure S1E-F). The DESeq?2 package was conducted to screen
DEGs from expression profiles. A total of 333 DEGs, includ-
ing 30 upregulated and 303 downregulated DEGs, were
considered differentially expressed in C2_EC_Conventional
versus C1_EC_Normal (Figure 4(C)). A total of 511 DEGs,
including 421 upregulated and 90 downregulated DEGs,
were differentially expressed in C3_EC_Chondroblastic
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versus C1_EC_Normal (Figure 4(D)). Our results showed
that the C2_EC_Conventional versus C1_EC_Normal had
lower number of upregulated DEGs and higher number
of downregulated DEGs than C3_EC_Chondroblastic ver-
sus C1_EC_Normal. GSVA was conducted to distinguish
different cell types (Figure 4(E)). Results revealed that the
C2_EC_Conventional was associated with the positive regu-
lation of vascular permeability. The C2_EC_Conventional
was abundantly associated with differentiation, prolifera-
tion, migration, and chemotaxis. The C1_EC_Normal was
associated with the negative regulation of vascular perme-
ability, which was the opposite of the main function of C2_
EC_Conventional. Notably, the function of C1_EC_Normal
was hardly the same as that of C3_EC_Chondroblastic. These
results confirmed various functions with endothelial cells of
different types of osteosarcoma lung metastasis.

The GO analysis was conducted to further explore the
biological functions of the upregulated/downregulated
DEGs in endothelial cells. In the GO analysis of upregulated
DEGs in the C2_EC_Conventional versus C1_EC_Normal,
the enrichment of GO functional significance was covered.
For the biological process, the GO term of most DEGs was
mitochondrial membrane organization. For the cellular com-
ponent, the GO terms of most DEGs were mitochondrial
proton-transporting ATP synthase complex, inner mitochon-
drial membrane protein complex, mitochondrial membrane
part, mitochondrial protein complex, and mitochondrial
inner membrane. For the molecular function, the GO terms
of most DEGs were proton transmembrane transporter activ-
ity and ATPase activity (Supplemental Figure S3A). In terms
of the downregulated DEGs in the C2_EC_Conventional ver-
sus C1_EC_Normal, the biological process was enriched in
mRNA and RNA catabolic processes; the cellular component
was enriched in focal adhesion, cell-substrate adherens junc-
tion, and cell-substrate junction; and the molecular function
was enriched in cell adhesion molecule binding and cad-
herin binding (Supplemental Figure S3B).

In upregulated DEGs of C3_EC_Chondroblastic versus
C1_EC_Normal, the biological process was enriched in extra-
cellular matrix organization, extracellular structure organi-
zation, and cell-substrate adhesion; the cellular component
was enriched in focal adhesion, cell-substrate adhesion junc-
tion, and cell-substrate junction; and the molecular function
was enriched in cell adhesion molecule binding, cadherin
binding, and actin binding (Supplemental Figure S3C). In
terms of downregulated DEGs, the biological process was
enriched in response to molecules of bacterial origin and
response to lipopolysaccharide; the cellular component was
enriched in cytosolic ribosome, clathrin-coated vesicle, and
ribosomal subunit; and the molecular function was enriched
in receptor-ligand and cytokine activities (Supplemental
Figure S3D).

CD8' T cells in osteosarcoma lung metastasis

CD8* T cells constitute an important branch of adap-
tive immunity, contribute to the clearance of intracellular
pathogens, and provide long-term protection.*? Herein, we
extracted and analyzed the proportion of CD8* T cells in
each case (Figure 5(A)). The proportion of CD8" T cells in
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Figure 5. Overview of CD8* T cells derived from osteosarcoma metastatic lung tissues and normal lung tissues. (A) Pie chart showing the proportion of CD8* T cells

in different patients. (B) Bar chart demonstrating the expression levels of exhaustion (i.e. PDCD1, CTLA4, LAG3, TIGIT, and HAVCR2) and cytotoxicity-related (i.e.
GZMA, GZMB, GZMK, and GZMM) genes of CD8* T cells.

normal lung tissues was significantly higher than that in
lung tissue with metastatic osteosarcoma. Furthermore, we
measured the expression of genes related to the function of

HAVCR2),447 which were associated with the

T cells in different types of lung tissues (Figure 5(B)). The
immune checkpoints (i.e. PDCD1, CTLA4, LAG3,

TIGIT, and
exhaustion
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of T cells, were highly expressed in CD8* C1_T_Normal
but hardly expressed in CD8* C2_T_Conventional and
CD8* C3_T_Chondroblastic. Moreover, the expression
levels of cytotoxicity-related genes (i.e. GZMA, GZMB,
GZMK, and GZMM) of T cells in CD8* C1_T_Normal were
higher than those in CD8* C2_T_Conventional and CD8*
C3_T_Chondroblastic.

Critical role of TIMP1-CD63 interaction in
osteosarcoma lung metastasis revealed by the
CSOmap analysis

To obtain the spatial information of infiltrating cells and
explore the infiltration of T cells in the tumor environment,
we performed the CSOmap analysis on conventional-type
osteosarcoma lung metastasis (Figure 6(A)). We identified
the interactions between TIMP1 and CD63 which contrib-
uted 69.68% to the spatial reconstruction of malignant cells
(Figure 6(B)). CD63, a type of membrane glycoprotein, has
been reported to be involved in cell proliferation and metas-
tasis in melanoma.*® Through the computer simulation of
upregulation of CD63 in conventional-type osteosarcoma
lung metastasis, malignant cells were found to have a closer
spatial structure, suggesting that malignant cells were in a
state of aggregation at that situation (Figure 6(C)). When the
CD63 was downregulated, malignant cells had a loose spatial
structure (Figure 6(D)), suggesting that malignant cells were
in a state of dispersion. Our results showed that the recep-
tor gene CD63 might play a vital role in determining the
spatial information of malignant cells in conventional-type
osteosarcoma lung metastasis and act as one of the important
targets for the treatment of conventional-type osteosarcoma
lung metastasis. However, no significant difference was
observed between malignant and T cells in chondroblastic-
type osteosarcoma lung metastasis in our data (Figure 6(E)).

Characterization of single-cell variability in drug
response in malignant cells by Beyondcell analysis

In this part, we performed the Beyondcell analysis to iden-
tify the drug-sensitive cellular populations of malignant
cells that exhibited high drug resistance in osteosarcoma.
Drug-sensitive cellular populations were divided into three
subpopulations: C1_Therapeutic, C2_Therapeutic, and
C3_Therapeutic clusters (Figure 7(A)). We obtained genes
previously reported to be associated with survival of osteo-
sarcoma (Supplementary Table 2), and then we performed
a survival analysis combined with TARGET-OS dataset to
obtain 18 genes with poor prognosis (Supplemental Figure
54) and 49 genes with good prognosis (Supplemental Figure
S5_1-3). We then calculated the malignant gene scores of
these three subpopulations in accordance with the genes
associated with prognosis based on AddMouduleScore func-
tion (Figure 7(B)). Among these three subpopulations, the
C1_Therapeutic cluster had the highest score. To estimate
the sensitivity of traditional chemotherapy drugs to the
three subpopulations, we further utilized the Beyondcell
analysis and found that traditional chemotherapy drugs
(i.e. methotrexate, cisplatin, ifosfamide, and doxorubicin)
were sensitive to part C1_Therapeutic and C3_Therapeutic

clusters, instead of the C2_Therapeutic cluster (Figure 7(C)).
In addition, to determine novel drugs that were sensitive to
the C1_Therapeutic cluster, we performed the Beyondcell
score analysis of drugs and found five drugs with the high-
est sensitivity, including RHC-80267 (sig_1339), oxfendazole
(sig_2649), bromhexine (sig_7064), mevastatin (sig_8633),
and sulpiride (sig_20574, Figure 7(D)).

In addition, we determined the drug sensitivity signature
collection scores of these five novel drugs to C1_Therapeutic,
C2_Therapeutic, and C3_Therapeutic clusters and found that
oxfendazole (sig_2649) and mevastatin (sig_8633) targeted
the C1_Therapeutic cluster well (Figure 8(A)). Moreover,
we explored the target genes of oxfendazole (sig_2649) and
mevastatin (sig_8633) in these three therapeutic clusters and
found that the target genes of these two drugs were enriched
in the C1_Therapeutic cluster (Figure 8(B) and (C)).

Molecular docking analysis

After identifying the target genes of oxfendazole (sig_2649)
and mevastatin (sig_8633), a total of 21 shared genes were
found, including “ARL2,” “ATP5],” “FAM216A,” “HDAC2,”
“HDDC2,” “KIAA0907,” “MGST2,” “MRPL42,” “RPL19,”
“RPL23A,” “RPL27,” “RPL32,” “RPL37A,” “RPL7,”
“RPS14,” “RPS16,” “RPS19,” “SDHB,” “TXN,” “UBL4A,”
“ZNHIT3.” Survival analysis was then applied to screen out
shared genes with prognostic value in the GSE21257 dataset.
Eventually, KIAA0907 were considered to be the significant
prognostic gene (Supplemental Figure S6A), indicating that
high expression of KIAA0907 was strongly related to worse
prognosis.

Subsequently, we performed the molecular docking
analysis to detect the hydrogen-bond position and bind-
ing energy between oxfendazole (sig_2649) and KIAA0907,
and between mevastatin (sig_8633) and KIAA0907, respec-
tively. Our results showed that oxfendazole (sig_2649) could
regulate the activities of KIAA0907 by forming a relatively
stable conformation via hydrogen bonding (SER-39, HIS-
43; Supplemental Figure S6B). Meanwhile, mevastatin
(sig_8633) could regulate the activities of KIAA0907 by
forming a relatively stable conformation through hydrogen
bonding (SER-59, LEU-54, Supplemental Figure S6C). More
details are listed in Table 2.

Discussion

The lungs are the primary metastatic sites for osteosarcoma,
and lung metastases are thought to be associated with poor
patient outcomes.5 Even with improvements in therapy over
the past 40 years, reducing the high mortality rate of osteo-
sarcoma, especially osteosarcoma lung metastasis, remains
a challenge. Understanding the cell composition and molec-
ular characteristics of osteosarcoma lung metastasis can
contribute to solving this problem. Exploring the cell compo-
sition and molecular characteristics in detail has become pos-
sible with the first scRNA-seq method developed by Tang
et al.?! in 2009. Thus, we dissected the cellular heterogeneity
of the osteosarcoma lung metastasis using the scRNA-seq
data, making an important step toward understanding the
intratumoral heterogeneity of osteosarcoma lung metastasis.
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Figure 6. CSOmap revealing the spatial information of malignant cells and T cells, endothelial cells, macrophages, and other cells. (A) Coordinate figure (left) and
cross-section views (middle) showing the spatial information of malignant cells in conventional-type osteosarcoma lung metastasis, and histogram (right) showing
the distance of cells-selected to the center of the three-dimensional axes. (B) The contribution of all ligand—receptor pairs to interactions between malignant cells

and T cells, endothelial cells, macrophages, and other cells. (C) After upregulating the expression of CD63, the coordinate figure (left) and cross-section views (right)
showing the spatial information of malignant cells, and the histogram (right) showing the distance of cells-selected to the center of the three-dimensional axes. (D)
Coordinate figure (left) showing the global and cross-section (middle) views of spatial information of malignant cells after the downregulation of CD63, and histogram
(right) showing the distance of cells-selected to the center of the three-dimensional axes. (E) Coordinate figure (left) showing the spatial information and cross-section
views (middle) of malignant cells in chondroblastic-type osteosarcoma lung metastasis, and histogram (right) showing the distance of cells selected to the center of
the three-dimensional axes (*P <0.05, **P <0.01, ***P <0.001).
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cells in response to traditional chemotherapy drugs (i.e. methotrexate, cisplatin, ifosfamide, and doxorubicin). (D) Square plots showing the differential sensitivity of
Beyondcell score of drugs to C1_Therapeutic cluster.
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Table 2. The hydrogen-bond position and binding energy.

Drugs PDB entry Binding energy H-bond Target gene
Oxfendazole 2YQR(KIAA0907) —6.2 kcal/mol SER39; HIS43 KIAA0907
Mevastatin 2YQR(KIAA0907) -5.9 kcal/mol SER59; LEU54 KIAA0907

PDB: protein data bank; 2YQR is the solution structure of the KH domain in KIAA0907 protein, namely 2YQR = KIAA0907.

Macrophages, one of the main kinds of immune cells
that are widely present in the body, are used to maintain
homeostasis and resist pathogen invasion,* and commonly
act as potent immune effector cells that can lead to anti- and
pro-tumor functions in different settings.5%5! Macrophages
are simplified into two categories (i.e. M1 classically acti-
vated macrophages and M2 alternatively activated mac-
rophages) depending on the stimulus.5? M1 macrophages
may promote a proinflammatory Thl response and partici-
pate in antitumor immunity, whereas M2 macrophages play
a critical role in stimulating Th2 responses and promoting
tumor progression.> It has been reported that macrophages
in tumors are phenotypically similar to anti-inflammatory
M2-polarized macrophages.>* To understand the polariza-
tion of macrophages in osteosarcoma lung metastasis, we
normalized the weighted mean expression of M1 and M2
signature genes. Results showed that the macrophages in
osteosarcoma lung metastasis did not have significant dis-
tinct M1 or M2 polarizations, indicating that macrophages
possess no polarized features and have various intermediate
polarized states between the M1 and M2 states.

T cells are key mediators of tumor destruction, and
their specificity for tumor-expressed antigens is important.
However, other T cell-intrinsic qualities, such as durability,
longevity, and functionality, also play important roles in
determining the efficacy of immunotherapy.® In our data,
CI1_T cells, which had the highest proportion (33.78%)
among all cells, were further re-clustered into three subtypes,
including C1_T_Normal, C2_T_Conventional, and C3_T_
Chondroblastic. These three subtypes of T cells followed a dif-
ferentiation trajectory starting from partial of C1_T_Normal
and ending with C2_T_Conventional, C3_T_Chondroblastic,
and another partial of C1_T_Normal. Interestingly, we found
that the expression levels of GZMA, GZMB, GZMK, and
GZMM hardly increased along the pseudotime trajectory,
but JUND showed relatively high expression levels in C2_T_
Conventional and C3_T_Chondroblastic. GZMA, GZMB,
GZMK, and GZMM are members of the protease family in
the cytosolic granules of cytotoxic T and NK cells, which acti-
vate caspase-independent pyroptosis when delivered into
the target cell through the immunological synapse. JUND
is a core component of activator protein-1 family, involving
in a substantial number of cell activities, such as prolifer-
ation, survival, and tumorigenesis.?*” These results sug-
gested that the T cells of osteosarcoma lung metastasis had a
poor function of tumor destruction. To confirm this hypoth-
esis, we further performed GO analysis on upregulated/
downregulated DEGs in the T cells of C2_T_Conventional
versus C1_T_Normal and C3_T_Chondroblastic versus
C1_T_Normal. Our results showed that upregulated DEGs
in C2_T_Conventional versus C1_T_Normal were predomi-
nantly enriched in response to antibiotic and acid chemical
that were hardly associated with the function of T cells, the

upregulated DEGs in C3_T_Chondroblastic versus C1_T_
Normal, either. However, downregulated DEGs in C2_T_
Conventional versus C1_T_Normal were predominantly
enriched in phagocytosis and cell killing, and downregu-
lated DEGs in C3_T_Chondroblastic versus C1_T_Normal
were predominantly enriched in T cell activation, leukocyte
chemotaxis, and cell killing. These results suggested that
T cells in osteosarcoma lung metastasis exhibited a low func-
tion in killing tumor cells.

To detect the reason for these phenomena, we further ana-
lyzed the CD8* T cells, one main component of T cells that
play the antitumor function.®> The high infiltration of CD8*
T cells is reported to be associated with favorable prognoses.
However, it is suggested that the proportion of CD8" T cells
in patients with osteosarcoma lung metastasis were far lower
than that in normal people in our study. Notably, the propor-
tion of CD8* T cells was evidently distinct across different
patients, suggesting the tissue heterogeneity of the immune
microenvironment. Moreover, the immune checkpoints (i.e.
PDCD1, CTLA4, LAGS3, TIGIT, and HAVCR?2) and cytotox-
icity-related genes (i.e. GZMA, GZMB, GZMK, and GZMM)
were highly expressed in C1_T_Normal but hardly expressed
in CD8* C2_T_Conventional or CD8* C3_T_Chondroblastic.
Therefore, CD8" T cells of osteosarcoma lung metastasis had
low numbers and were not suitable for immune checkpoint
inhibitors due to the low expression genes of immune check-
points, and this finding was in accordance with a previous
study.®0

C2_Malignant cells, which were predominantly derived
from the patient who was diagnosed with chondroblastic-
type osteosarcoma lung metastasis (BC10), highly expressed
SOX9, ALPL, and RUNX2. SOX9 and RUNX2, members of
the transcription factor family, encoded the specific markers
for chondrocyte differentiation and osteoblast maturation,
respectively. ALPL is reported to be an important factor for
bone homeostasis and skeletal mineralization.t! Therefore,
these cluster cells were named as C2_Malignant cells in our
study.

It has been reported that the tumors infiltrated with abun-
dant T cells usually showed significantly better prognosis
than those not.®> Thus, we detected the spatial information
between C2_Malignant cells and T cells in conventional-type
osteosarcoma lung metastasis through the CSOmap analysis.
Our results showed that T cells had poor infiltration into
C2_Malignant cells. This result might explain the reason why
outcomes were limited when treating conventional-type
osteosarcoma lung metastasis by using the chimeric anti-
gen receptor T cell therapy. We further analyzed the ligand-
receptor pairs that contributed to the spatial organization,
finding the TIMP1-CD63 pair which contributed 69.68%.
We also simulated the distance between C1_T cells and C2_
Malignant cells after upregulating or downregulating the
expression of CD63, respectively. We found that the distance
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between CI1_T cells and C2_Malignant cells increased after
upregulating the expression of CD63 (P <0.001), whereas
the distance between the two cells narrowed (P > 0.05) when
the expression of CD63 was downregulated. These findings
might suggest that CD63 might act as a therapeutic target
for conventional-type osteosarcoma lung metastasis, which
should be further addressed in our next study.

In addition to exploring the infiltration between C2_
Malignant cells and T cells, we re-clustered C2_Malignant
cells into three subtypes on the basis of the drug sensitivity
by using the Beyondcell analysis. Among these three sub-
groups, we found that unlike the C2_Therapeutic cluster,
the partial of C1_Therapeutic cluster and the majority of
C3_Therapeutic cluster showed a relatively high drug sen-
sitivity to traditional chemotherapy drugs (i.e. methotrex-
ate, cisplatin, ifosfamide, and doxorubicin). These findings
might explain the reason why drug resistance occurred in the
treatment of osteosarcoma lung metastasis.

Furthermore, we performed the Beyondcell analysis to
the current scRNA-seq data combined with drug database
and found five new drugs sensitive to all three therapeutic
clusters, including RHC-80267, oxfendazole, bromhexine,
mevastatin, and sulpiride. We performed the Beyondcell
analysis scoring and found that the C1_Therapeutic cluster
showed a significant drug sensitivity to oxfendazole and
mevastatin, which aroused our interest in further research.
Therefore, we listed the target genes related to the effect of
oxfendazole and mevastatin on the C1_Therapeutic cluster.
Results showed that the most downregulated genes were
found in the C1_Therapeutic cluster and suggested that the
treatment of lung metastatic osteosarcoma with oxfendazole
and mevastatin might be effective.

Finally, after identifying KIAA(0907, a gene considered
to have significant prognostic value in osteosarcoma, as the
shared target gene of oxfendazole (sig_2649) and mevastatin
(sig_8633), we performed molecular docking analysis and
analyzed the hydrogen-bond position and binding energy
between oxfendazole-KIA A0907 and mevastatin-KIAA0907,
respectively. Our results indicated that oxfendazole and
mevastatin could bind well to KIAAQ0907.

However, there were some limitations to our study. First,
the number of patient samples was quite low, only two
samples. Second, findings were not validated by experi-
ments in vivo or in vitro. On one hand, the data we analyzed
were mined from the online database, leading to the lack of
matched tissues for further validation. On the other hand,
we were unable to obtain appropriate clinical samples for
validation due to the lack of clinical cases. Although these
obstacles existed actually, our study provided brand-new
and reliable strategies for disease analyses. The mainstream
methods, such as inferCNV analysis for visualizing CNVs in
cells, CSOmap analysis for analyzing the spatial information
of cells, Beyondcell analysis for recognizing the drug sensi-
tivity of malignant cells, and molecular docking analysis for
predicting the molecular interactions were integrated for
the first time in our study. It is of great importance to future
analysis of other tumors and diseases, not only osteosar-
coma. And once the number of patient samples increase in
the publicly available genomic data, one day these methods
will prove to be more valuable.
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Collectively, we found the changes in the cytotoxicity
and immune checkpoint gene expression of CD8" T cells
in osteosarcoma lung metastasis based on the scRNA-seq
algorithm-based analysis in our study. In addition, we suc-
cessfully recapitulated the cellular spatial organization of
malignant and T cells in the tumor microenvironment, and
revealed the molecular determinants of cellular interactions.
Moreover, we identified the presence of therapeutic clus-
ters of malignant cells that were sensitive to chemotherapy
drugs and unveiled the potential hydrogen-bond position
and binding energy between drugs and protein binding
site by molecular docking analysis. Our results highlighted
the power of scRNA-seq in identifying the complex tumor
microenvironment of osteosarcoma lung metastasis, making
it possible to devise precision therapeutic approaches.
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