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Abstract: Understanding the specificity and complexity of the tumor microenvironment (TME) of Ewing sarcoma
(ES) is essential for identifying the immune characteristics of ES, improving the prediction of immunotherapeutic
response, and facilitating therapeutic target discovery. In this study, we not only evaluated the gene sets associated
with TME in ES using ESTIMATE and WGCNA algorithms based on the transcriptome data of ES, but also constructed
a prognostic model (ES Score) using univariate Cox regression and Lasso regression and assessed its predictive
ability on immune cell infiltration. Subsequently, we identified ARAP3 as a key gene affecting the TME of ES. In ad-
dition, bioinformatic analyses and in vitro experiments proved that the high expression of ARAP3 regulated ES cell
proliferation, migration, as well as apoptosis via the p53 signaling pathway and affected macrophage infiltration and
osteoclast differentiation through regulating IL1B and IL11 secretion of tumor cells.
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Introduction

Ewing Sarcoma (ES) is the second most com-
mon primary soft tissue and bone tumor of
mesenchymal stem cell (MSC) origin in children
and adolescents [1, 2]. With the advances in
the treatment strategy for early and local ES,
the 5-year survival rate of these patients is
more than 70%. However, about 20-30% ES
patients with distant metastasis at the time of
diagnosis are unresponsive to traditional treat-
ment or develop relapses, resulting in a 5-year
survival rate of less than 30% [2, 3]. As one of
the most significant features of ES, EWS-FLI1
chimeric protein has been proven to be crucial
for the initiation and progression of ES, and
thus may be used as a therapeutic target,
which is an important breakthrough to improve
the therapeutic effect for recurrent and meta-
static ES [4, 5]. In addition, EWS-FLI1 deletion
has been reported to inhibit the growth of ES
cells [6, 7]; however, no drug targeting EWS-

FLI1 has been reported so far [8]. Therefore, it
is necessary to explore novel therapeutic strat-
egies to improve the patient survival.

Although immunotherapies have achieved re-
markable therapeutic efficacy in hematologic
cancer, it is less impressive in other cancers,
especially in solid tumors. Complex factors pro-
duced from the tumor microenvironment (TME)
during the process of occurrence and progres-
sion of solid tumors may weaken or even under-
mine the effectiveness of immunotherapies [9,
10]. The composition of TME includes not only
tumor cells but also various immune cells and
stromal cells, which are heterogeneous in dif-
ferent tumor types. These cells form a complex
cellular communication network by secreting
various cytokines and chemokines, which fur-
ther regulate the tumor progression [11, 12].
Tumor infiltrating immune and stromal cells can
profoundly influence the efficacy of anti-tumor
therapy by playing pro-tumor and anti-tumor
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roles [13, 14]. A better understanding of TME
in specific tumors is imperative to improve the
targeting and immunotherapy strategies. In
addition, the functional coordination of the
characteristic osteoclasts (OCs) and osteo-
blasts (OBs) in the bone microenvironment of
ES is the premise to maintain the stability of
bone ecological niche, which affects tumor
development and progression. The activation
of OCs and the subsequent vertebral collapse
and spinal compression caused by bone resorp-
tion are important clinical features of bone
tumors. At the same time, ES has the charac-
teristics of “moth eaten” in clinical imaging,
namely multiple, fusion, and osteolytic lesions.
Subperiosteal bone growth can be described
by Codman triangle and “onion peel” appear-
ances, representing the new periosteal layers
on the tumors [2, 15]. Such clinical information
suggests the disturbance of OCs and OBs in
the ES-TME.

With the continuous development of sequenc-
ing and bioinformatics technology, the gene
profiles of specific diseases have been revealed
by bioinformatics analysis of big data [16, 17].
A variety of transcriptome analysis tools based
on TME has provided the theoretical and meth-
odological basis for evaluating the characteris-
tics of ES-TME and mining the key factors
affecting the occurrence and progression of ES
[18, 19]. Hence, the present study aimed to
identify key prognostic molecules through a
comprehensive analysis of the transcriptome
characteristics of ES-TME to shed light on the
clinical treatment of ES.

Materials and methods
Data source

The gene expression profiles of two indepen-
dent cohorts of clinically annotated ES tumors
(GSE63155 and GSE63156) from the NCBI
Gene Expression Omnibus (GEO) database we-
re used as the training cohort. The two datas-
ets, containing 46 and 39 samples, respec-
tively, were merged after removing the batch
effects by using the ComBat function from
“sva” R package. For the validation cohort, 57
ES samples with transcriptome and clinical
data from the International Cancer Genome
Consortium (ICGC) database were used.
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Screening of TME-related genes

An ESTIMATE algorithm, which is developed to
predict the TME phenotypes of tumor purity
and stromal and immune cell infiltration in ma-
lighant tumor tissues based on gene expres-
sion data, was applied to evaluate the TME sta-
tus in the ES samples. In addition, the WGCNA
algorithm, which can calculate the correlation
among genes from different samples and
aggregate the highly correlated genes into dif-
ferent modules, was used to construct the co-
expression network and identify different gene
modules. Furthermore, association analysis
was conducted between the modules and the
TME phenotypes to obtain the gene set with
the highest correlation with TME. The inclusion
criteria were |correlation coefficient| >0.4 and
p-value <0.05. R packages “ESTIMATE” and
“WGCNA” were used for relevant analyses in
the training cohort.

Prognostic analysis and construction of a TME-
related risk model (ES score)

Univariate Cox analysis was performed for all
TME-related gene sets to stratify genes that
were significantly associated with prognosis.
The Least Absolute Shrinkage and Selection
Operator (LASSO) regression analysis was
applied to further compress the gene variables
and construct the prognostic model, namely,
ES Score. Risk scores were calculated using
the formula: Risk score = Zcoefm x Exp,,, where
coef, and Exp, are the coefficient and the
expression level of each gene in the model,
respectively. Samples were divided into high-
and low-ES Score groups based on the optimal
cutoff value. Kaplan-Meier survival curves and
receiver operating characteristic time-depen-
dent (ROC) curves were employed to evaluate
the model performance in both training and
validation cohorts. R packages “glmnet”, “sur-
vival”, “survivalROC” and “timeROC” were used
for prognostic analyses.

Exploration of the potential biological function
of the ES score model

The single-sample Gene Set Enrichment An-
alysis (ssGSEA) algorithm implemented in R
package “GSVA” was utilized to calculate the
enrichment score of several biological process-
es and signaling pathways in each sample.
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Related gene sets were obtained from Mole-
cular Signatures Database (MsigDB). Correla-
tion analysis was performed between the ES
Score and other scores to explore the potential
biological functions. Gene ontology (GO) and
Kyoto encyclopedia of genes and genomes
(KEGG) analyses were applied based on differ-
entially expressed genes (DEGs), which were
determined by using R package “limma” be-
tween the high- and the low-ES Score groups.

Estimation of TME cells infiltration and im-
mune functions

The abundance of tumor infiltrating cells and
immune functions was evaluated by ssGSEA
algorithm. Related gene sets were obtained
from previous studies, which included 28 types
of immune cells and 13 types of immune func-
tions [20, 21]. Gene sets of OCs and OBs were
downloaded from CellMarker and PanglaoDB
databases. The gene list of osteoclastogenic
cytokines was obtained from the study of
Amarasekara et al. [22].

Cell lines and clinical samples

Human ES cell lines RD-ES, SK-ES-1, A673
and SK-NM-C and mouse cell line RAW264.7
(American Type Culture Collection (Manassas,
VA, US)) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS). Human bone
marrow-derived mesenchymal stem cells (hBM-
SCs; Cyagen Biosciences Inc., Suzhou, China)
were cultured in Minimum Essential Medium
alpha modification (a-MEM) supplemented with
10% FBS. Murine bone marrow-derived mono-
cytes (BMMs) were isolated from C57BL/6
mice as previous described [23]. A total of 31
ES tumor and 9 peri-tumor samples were
obtained from patients who underwent surger-
ies at Changzheng Hospital (Shanghai, China).
Informed consents were obtained from all par-
ticipants, and the research procedures involv-
ing human subjects were approved by the
ethical committee of Changzheng Hospital
(Shanghai, China).

RNA isolation and real-time quantitative PCR
(RT-gPCR)

Total RNA was isolated by TRIZOL (Takara, Otsu,

Shiga, Japan) methods. Reverse transcription
and RT-gPCR assays were respectively con-
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ducted using HiScript Il RT SuperMix and
SYBR gPCR Master Mix (Vazyme, Nanjing,
Jiangsu, China). Primer sequences are listed in
Table S1.

Western blot

Total protein was extracted by RIPA lysis con-
taining protease inhibitor cocktail (P1005;
Beyotime, Shanghai, China). Protein samples
were separated by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene fluoride
(PVDF) membranes. The membranes were then
blocked in PBST containing 5% bovine serum
albumin (BSA) for 1 h and incubated with the
indicated primary antibody at 4°C overnight.
After extensive washing, the membranes were
incubated with horse radish peroxidase (HRP)
conjugated secondary antibody (BS13278;
Bioworld, Bloomington, Indiana, USA) for 2 h,
and the protein signals were detected by ECL
and analyzed by ChemiDoc XRS+ Gel System
(Bio-Rad, Hercules, CA, USA). The primary anti-
bodies used in this study were as follows:
ARAP3 (HPA042887; ATLAS ANTIBODIES,
Stockholm, Sweden), IL1B (12703; Cell Sig-
naling Technology, Danvers, MA, USA), IL11
(A1902; ABclonal, Wuhan, China), and GA-
PDH (APO063; Bioworld, Bloomington, Indiana,
USA).

Immunohistochemistry (IHC) staining

Clinical samples were prepared for tissue
arrays and processed for IHC staining using
the standard procedures. Images were scann-
ed with a digital slide scanner PANNORAMIC
250 and analyzed with CaseViewer, Version
2.4.0 (3D HISTECH, Budapest, Hungary). IHC
scores were measured to assess the expres-
sion of the indicated proteins as previously
described [24].

Small interference RNA

RD-ES and SK-ES-1 cells were transfected with
small interfering RNA (siRNA) specifically tar-
geting ARAP3 (sil: 5-GCAGAAAUGUGCGGCU-
CUAAATT-3’; si2: 5-AGAGGCCUGGGUGAUGU-
UAAA-3’) or non-specific scramble siRNA as
negative control (siNC: 5-UUCUCCGAACGU-
GUCACGUTT-3’) for ARAP3 knockdown. si-
RNAs were purchased from Genomeditech Inc.
(Shanghai, China).
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Cell proliferation assays

The Cell Counting Kit-8 (CCK-8, C0042; Be-
yotime, Shanghai, China) and Colony formation
assays were carried out to examine the prolif-
eration of ES cells expressing ARAP3 siRNA or
control siRNA. For CCK-8 assay, the cells were
seeded into 96-well plates (1 x 10%/well) and
allowed to grow for 5 days. CCK-8 solution was
added to cells every two days for 2 h before the
optical density at a wavelength of 450 nm was
recorded. For colony formation assay, cells
were seeded into 6-well plates (1 x 10%/well)
and cultured for 7-10 days. Then, the cells were
fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet solution. The number of
colonies were counted under microscope.

Flow cytometry

Cell cycle and the apoptotic cells were analyz-
ed by flow cytometry (CyAnADP; BECKMAN,
Indianapolis, IN, USA). For cell cycle analysis,
cells were stained with propidium iodide (Pl)
using Cell cycle staining Kit (MULTI SCIENCES,
Hangzhou, Zhejiang, China). For apoptosis
assay, cells were stained with APC Annexin V
and 7-Aminoactinomycin D (7-AAD) using Anne-
xin V Apoptosis Detection Kit (BD Biosciences,
NJ, USA).

Transwell migration assay

The impact of ARAP3 silencing on ES cell migra-
tion and the recruitment of monocytes was
assessed by transwell migration assay. To
determine ES cell migration, cells (5 x 1041 x
10°) were seeded in the upper chamber in FBS-
free medium, while the bottom well was filled
with complete medium. The RD-ES cells were
cultured for 6 h (SK-ES-1 cells for 24 h), and
the cells migrated to the lower side of the filter
were fixed with 4% paraformaldehyde, stained
with 0.1% crystal violet solution, and counted
under microscope. To detect monocyte recruit-
ment, BMMs or RAW264.7 cells were seeded in
the upper chamber in complete medium, while
ES cells expressing either ARAP3 silencing or
control siRNA were seeded in the bottom well
in complete medium with 10 ng/mL M-CSF
(R&D, Minneapolis, MN, USA). After incuba-
tion with BMMs for 8 h or incubation with
RAW264.7 for 14 h, migrated cells were deter-
mined as described above.
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Osteoclastic differentiation assay

To induce osteoclastic differentiation, isolated
BMMs were seeded into 96-well plates (1.5 %
10*/well) and cultured in OC differentiation
medium containing 10 ng/ml M-CSF and 50
ng/ml RANKL (Novoprotein, Suzhou, Jiangsu,
China) for 7-10 days. Alternatively, RAW264.7
cells were seeded into 48-well plates (5 x 103/
well) and cultured in OC differentiation medium
containing 30 ng/ml RANKL for 3-5 days. The
medium was refreshed every two days. Then,
the cells were fixed with 4% paraformaldehyde
and stained with tartrate resistant acid phos-
phatase (TRAP) staining kit (Sigma-Aldrich, St.
Louis, MO, USA).

Statistical analysis

All statistics analyses were conducted by using
GraphPad Prism, version 8.0.1 (San Diego, CA,
USA) and R project version 4.1.1 (http://www.r-
project.org/). Student’s t-test, nonparametric
Mann-Whitney test, and two-way ANOVA were
performed accordingly. Error bar represented
standard error ofmean (SEM) or standard devi-
ation (SD). The relationship among variables
was evaluated via Pearson’s correlation
coefficients. Overall survival (0S) and event
free survival (EFS) were generated by Kaplan-
Meier method and compared using Log rank
tests. The optimal cutoff values were deter-
mined by “surv_cutpoint” function in R package
“survminer”. Area under the curve (AUC) was
quantified to assess the accuracy of the ROC
curves. P value (two-sided) of <0.05 was con-
sidered statistically significant.

Results

Identification of TME-related gene sets in ES
patients

Batch effects of gene expression data from
GSE63155 and GSE63156 were removed. The
gene expression profile and principal compo-
nent analysis (PCA) were visualized to evaluate
the removal of batch effects. The expression
and distribution of these two datasets were
similar after data correction (Figure S1A-D). The
data were further filtered according to the crite-
rion that the average expression level of each
gene was greater than 2, and a total of 17,133
genes were finally obtained.
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The TME score (immune score and stromal
score) of each sample was calculated using
the ESTIMATE algorithm. Subsequently, Ka-
plan-Meier curves were used to analyze the
impact of the TME scores on patients’ progno-
sis. We found that both immune and stromal
scores were prognostic factors and negatively
associated with OS (Figure 1A, 1B).

Combined with TME score, the WGCNA algo-
rithm was used to conduct cluster analysis of
genes with immune score, stromal score, and
tumor purity as sample phenotypes. According
to the distribution evaluation criteria of Scale-
free Topology Model, R?=0.89 was determined
when the soft threshold weight parameter
was set to 22 (Figure S1E-G). Seventeen gene
modules were then obtained, among which the
genes in gray module had no co-expression
characteristics. By comparing the correlation
coefficients between the TME score and the
gene modules, we found that yellow and red
modules had the highest correlation with the
immune score, stromal score and tumor purity.
A total of 598 genes in yellow and red modules
were selected for subsequent analysis (Figure
1C, 1D).

Construction and validation of ES score

Univariate Cox analysis was performed on the
598 genes, and 119 TME-related genes were
identified to be associated with the prognosis
of ES patients. Lasso regression was used to
further compress the variables, and A.1se was
selected to construct the model using the opti-
mal variables. Finally, a set of 4 genes, ARAP3,
PODXL, CTSC and CCL18, were identified as
the ES-TME genes and were used to construct
the TME-related risk model (Figure 1E, 1F).

Kaplan-Meier analysis showed that ES score
had a significant effect on the OS and EFS of ES
patients (Figures 1G, S2). In terms of distribu-
tion, mortality events were relatively concen-
trated in patients in the high-ES Score group
(Figure 1H, 1l). Also, the 4 ES-TME-related
genes showed a consistent degree of clustering
and were highly expressed in patients in the
high-ES Score group (Figure 1J). Given that the
TME scores had good prognostic discrimina-
tion, we analyzed their predictive efficacy
together with ES Score. ROC results suggested
that ES Score had a stronger OS prediction abil-
ity, and the AUC of predicting the 3-year survival
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was 80.1% (Figure 1K, 1L). Although both the
immune and stromal scores were correlated
with survival, the immune or stromal score
alone could not predict the prognosis of ES
patients.

Similarly, ES Score also showed a significant
predictive effect on the OS and EFS of ES
patients in the validation cohort (Figure S2).
Since several studies have reported the prog-
nostic model for ES, and some of them provid-
ed formulas for their models, we compared the
prognostic prediction efficacy between our ES
Score and these models and found that ES
Score had the best performance in predicting
OS (Figure 1M) [25-27]. Kaplan-Meier analysis
also demonstrated that ES Score had a more
significant predictive value on the OS and EFS
of ES patients than other models did (Figure
S2).

Functional annotations and immune traits of
ES score

To determine the differences in functional phe-
notypes between the high- and low-ES Score
groups, we identified DEGs between the two
groups and performed GO and KEGG functional
annotations. KEGG analysis identified several
significantly enriched pathways that were relat-
ed to tumor progression, stromal and immune
activation (Figure 2A). For example, the classi-
cal PI3K-Akt signaling pathway played an impor-
tant role in tumors. Relaxin signaling pathway
exhibited pleiotropic functions of cell growth,
angiogenesis, cell migration and extracellular
matrix remodeling in the context of cancer pro-
gression [28-30]. Also, antigen processing and
presentation, leukocyte transendothelial migra-
tion and ECM-receptor interaction were directly
related to TME. Consistently, Go analysis also
showed the enrichment of many biological
functions that were related to stromal and
immune regulation (Figure 2B, 2C).

Next, we explored the role of ES Score in ES
progression and found that ES Score was highly
correlated with a variety of tumor biological
processes and signaling pathways, including
cell cycle, angiogenesis, EMT, PI3K and NOTCH
signaling pathways (Figure 2D). Notably, the
bone tumor characteristics of ES suggested
that ES score may correlated with OB and OC
differentiation, as well as the activation of the
RANKL-RANK signaling pathway (Figure 2D).
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Figure 1. Construction and validation of ES Score. A, B. Kaplan-Meier curves showed the overall survival between
high and low immune or stromal scores of ES patients in GEO cohort. C. Gene modules identified by WGCNA. D.
Heatmap of correlation between TME score phenotypes and gene modules. E, F. Lasso regression for variables
compression and model construction. A.1se was selected for further analysis. G. Kaplan-Meier curves showed the
overall survival between high and low ES Score of ES patients in GEO cohort. H, I. The distribution diagram of risk
score and survival status for each ES patient. J. Heatmap of the four candidate genes of ES patients in GEO co-
hort. Patients were arranged by ES Score from low risk to high risk. K, L. ROC and time-dependent ROC curves of
ES Score, immune score and stromal score in GEO cohort. M. Time-dependent ROC curves of ES Score and other
published prognostic models in ICGC cohort.
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Figure 2. Functional annotations and immune traits of ES Score. A-C. KEGG and GO enrichment between high- and
low-ES Score groups. D. Correlations between ES Score and other biological processes and signaling pathways in
both cohorts. Negative correlation is marked in blue and positive correlation in orange. E, F. Immune cell infiltration
characteristics of high- and low-ES Score groups in both cohorts. G, H. Expression of checkpoints and cytokines of
high- and low-ES Score groups in GEO cohort. ***P<0.001, **P<0.01, *P<0.05 by Mann-Whitney U test.

Importantly, these functional phenotypes of ES mune functions, we predicted that there were
Score showed good consistency in both train- differences in immune characteristics between
ing and validation cohorts. the high- and the low-ES Score groups. Indeed,

immune cell infiltration analysis showed that
Since the ES Score was derived from immune high-ES Score group was prominently enriched
and stromal scores and associated with im- with various immune cells including macro-
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phages, mast cells, MDSCs, natural killer cells,
neutrophils, and regulatory-T cells in both train-
ing and validation cohorts (Figure 2E, 2F). Due
to the significant clinical application of immune
checkpoint inhibitors, we examined the expres-
sion of several immune checkpoint proteins
including PD-L1 (CD274) and revealed an
upregulation of these immune checkpoint pro-
teins in the high-ES Score group (Figures 2G,
S3A). Furthermore, since cytokines are one of
the main components of the TME and often act
as the mediators of different cells in the micro-
environment, thereby promoting or inhibiting
the recruitment and the proliferation of these
cells, we analyzed the expression of several
important cytokines and found that IL6, CCL5,
CXCL12, TGFB3, CSF1 and RANKL (TNFSF11)
were highly expressed in the high-ES Score
group (Figures 2H, S3B).

ARAP3 was a key ES-TME gene

To further explore the independent predictive
value of these four ES-TME genes on patient
survival, the OS and EFS of patients in both
training and validation cohorts were analyzed
by Kaplan-Meier curves. Our results illustrated
that these four genes were associated with the
OS and EFS of patients in the training cohort
(Figures 3A, S4A); nevertheless, only ARAP3
showed its predictive value on both OS and EFS
in the validation cohort, while ARAP3 and
PODXL were associated with OS only (Figures
3B, S4B). Univariate analysis further showed
that among the four genes, ARAP3 was the
most influential factor on OS and EFS, with the
largest HR value of 4.836 and 2.871, respec-
tively (Figure S4C, S4D). These results suggest-
ed ARAP3 as the key ES-TME gene; therefore,
we focused our experimental validation on
ARAP3.

We first assessed the expression of ARAP3 in
normal hBMSCs and four human ES cell lines
by RT-gPCR as well as western blot and discov-
ered that ARAP3 was upregulated in all ES cell
lines examined (Figure 3C, 3D). Furthermore,
the expression of ARAP3 in ES tumor and nor-
mal peri-tumor samples was detected by IHC
and western blot, and the results demonstrat-
ed that ARAP3 was highly expressed in tumor
tissues with heterogeneity (Figure 3E-H). Sub-
sequently, RD-ES and SK-ES-1 cell lines were
selected for ARAP3 knockdown experiments to
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evaluate the effect of altered ARAP3 expres-
sion on cell behavior (Figure 3I-N).

ARAP3 knockdown inhibited the malignant
behavior of ES cells via activating p53 signal-
ing pathway

First, we discovered that the colony formation
ability of ES cells was attenuated by ARAP3
knockdown (Figure 4A, 4B). Next, CCK-8 assay
showed the proliferation of ES cells was signifi-
cantly decreased in both ARAP3 knockdown
cell lines (Figure 4C, 4D). Flow cytometry fur-
ther showed that there was a significant
increase in the S phase of ARAP3-knockdown
RD-ES cells, while cells in G1/GO phase were
significantly decreased; nevertheless, there
was no difference in the cell cycle distribution
of SK-ES-1 cells (Figures 4E, 4F and S5A).
Accordingly, ARAP3 knockdown significantly
promoted early apoptosis in both ES cell lines
and promoted the late apoptosis in RD-ES cells
(Figure 4G, 4H). Moreover, transwell assay
demonstrated that ARAP3 knockdown signifi-
cantly inhibited ES cell migration (Figure 41, 4)).

To further explore the functional mechanism of
ARAP3 in ES progression, we collected three
pairs of ARAP3 knockdown and control RD-ES
cells for RNA sequencing. KEGG analysis of the
RNA-sequencing data showed that PI3K-Akt
signaling pathway, cytokine-cytokine receptor
interaction, cell adhesion molecules, and p53
signaling pathway were significantly enriched
(Figure S5B), consistent with previous reports
that ARAP3 plays an important role in PI3K sig-
naling pathway [31, 32].

It has been well known that p53 signaling
affects various tumor phenotypes such as cell
cycle and apoptosis. Our analysis showed the
enrichment of p53 signaling pathway by ARAP3
knockdown, suggesting that it may be an impor-
tant mediator of ARAP3 in regulating ES pro-
gression. In the p53 signal transduction cas-
cade, MDM2 plays a major negative role in
regulating p53 level, while p53 controls cell
cycle and apoptosis mainly through the activa-
tion of downstream target genes. Hence, we
examined the expression of MDM2, p21 and
Bax in ARAP3 knockdown and control cells and
found that ARAP3 knockdown downregulated
the expression of MDM2 and significantly
upregulated the expression of p53 as well as
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Figure 3. ARAP3 was a key ES-TME gene. A, B. Kaplan-Meier curves showed the overall survival between high- and
low-expressed groups of the four candidate genes of ES patients in both cohorts. C, D. Expression of ARAP3 in hBM-
SCs and ES cell lines detecting by RT-gPCR and WB. E-H. Expression of ARAP3 in normal and tumor tissues detecting
by IHC and WB. The IHC images were captured and magnified at 10x and 40x. ***P<0.001 by Mann-Whitney U
test for IHC. Mean + SEM. *P<0.05 by unpaired t test for WB. Mean + SD. I-N. Knockdown of ARAP3 in RD-ES and
SK-ES-1 cell lines. ***P<0.001 by unpaired t test. Mean * SD. Experiments were performed in triplicate.
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its downstream target genes p21 and Bax, indi-
cating the activation of p53 signaling (Figure
S5C). Moreover, we examined the proliferation,
migration, and apoptosis of RD-ES cells that
were co-transfected with si-ARAP3 and si-TP53.
The results revealed that, compared to ARAP3
knockdown alone, double knockdown of ARAP3
and TP53 enhanced cell proliferation and
migration, along with a decreased cell apopto-
sis, demonstrating that combined ARAP3 and
TP53 knockdown could partially reversed the
anti-tumor effect by ARAP3 knockdown (Figure
S6).

ARAP3 regulated macrophage infiltration and
osteoclast differentiation

Our above bioinformatics analysis on immune
cell infiltration showed a correlation between
ARAP3 expression and the composition of
immune infiltrating cell in both training and
validation cohorts. Specifically, macrophages,
MDSCs, dendritic cells, natural killer cells, and
regulatory-T cells were enriched in ARAP3-high
expression group (Figures 5A, STA, S7B). To fur-
ther confirm the immune cell types that were
highly correlated with ARAP3 level, we extract-
ed immune cells that had a correlation coeffi-
cient greater than 0.4 with ARAP3 in both
cohorts and found that macrophages had the
highest correlation with ARAP3 (Figure 5B-D).
Then, IHC was performed to assess the expres-
sion of CD68, a main marker of monocyte-
derived macrophages, in ES samples. Com-
bined with the IHC score of ARAP3, we found
that CD68 expression was highly correlated
with ARAP3 level (Figure 5E, 5F). In addition,
we also compared the expression of cytokines
and checkpoint proteins between the low- and
the high-ARAP3 expression groups (Figures 5G,
5H, S7C, S7D). Notably, the differences in the
expression of a large number of cytokines and
checkpoint proteins suggested the potential
role of ARAP3 in immune cell activation and
immunotherapeutic monitoring.

Furthermore, we found a strong correlation of
ARAP3 with OCs and OBs, further demonstrat-
ing the role of ARAP3 in the ES microenviron-
ment, in line with the ES Score result above
(Figures 6A, S8A, S8E, S8F). In addition, previ-
ous studies have shown that macrophages and
MDSCs are closely related to OCs, which is con-
sistent with the findings in our study (Figures
6B-D, S8B-D). In fact, the expression of osteo-
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clastogenic cytokines was higher in the ARAP3-
high expression group (Figures 6E, S8Q). It is
known that monocytes are often recruited by
tumor cells in TME where they are induced into
mature macrophages or OCs by a variety of
cytokines secreted by tumor cells. Similar to
the findings in the monocyte recruitment exper-
iments, we also observed that ARAP3 knock-
down decreased the recruitment of BMMs and
Raw264.7 cells (Figure 6F, 6G). Moreover, we
used the conditioned medium (CM) from tumor
cells to induce the OC differentiation of BMMs
and Raw264.7 cells and found that ARAP3
knockdown attenuated the CM-induced osteo-
clastdifferentiation (Figure 6H, 61). Consistently,
the CM-induced expression of OC markers in
Raw264.7 cells was also decreased by ARAP3
knockdown (Figure S8H-J).

Based on the results above, we concluded that
cytokines may play a major role in ARAP3 regu-
lation of TME, which was confirmed by RNA
sequencing. In addition, KEGG and GO analy-
ses showed the enrichment in the interaction
between cytokine and cytokine receptor, as
well as the functions of receptor ligand, cyto-
kine binding and types of channel activity
(Figures 7A, S5B). Moreover, the function of
extracellular matrix remodeling, cell cycle and
immune response were also enriched, consis-
tent with the phenotype analysis discussed
above (Figure 7B-D). We also analyzed the dif-
ferential expression of cytokines and found
that IL1B and IL11 were significantly downregu-
lated by ARAP3 knockdown, which was further
verified by RT-qPCR and western blot (Figure
7E-H). Therefore, we proposed that ARAP3 may
affect TME, especially macrophage infiltration
and osteoclast differentiation, by regulating
IL1B and IL11 secretion of tumor cells.

Discussion

During tumorigenesis, the co-evolution of
malignant cells and their microenvironment
facilitates tumor progression. The composition
and the alteration of the microenvironment
vary among different tumor types, but in gen-
eral the TME consists of immune cells, stromal
cells, and non-cellular components including
blood vessels and extracellular matrix [33]. In
addition, the crosstalk between malignant tu-
mors and the bone microenvironment has been
extensively studied, especially in the bone
metastasis of breast and prostate cancers,
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Figure 7. ARAP3 affected TME by regulating IL1B and IL11 secretion of tumor cells. A-D. GO and REACTOME en-
richment between ARAP3 knockdown and control cells. E, F. Volcano plot and heatmap of DEGs between ARAP3
knockdown and control cells. The location of IL1B and IL11 were marked. G, H. Expression of IL1B and IL11 in
ARAP3 knockdown and control cells as detected by RT-gPCR and WB. ***P<0.001, **P<0.01 by unpaired t test.

Experiments were performed in triplicate. Mean + SD.

based on the “seed and soil” theory proposed
by Paget [34] which is also applicable to pri-
mary bone tumors such as osteosarcoma and
chondrosarcoma, but is rarely studied in ES
[35, 36]. In this study, we not only assessed the
TME properties of ES, but also included OCs
and OBs in our assessment.

ES Score is a TME-related prognostic signature
based on the clinical and transcriptome data
from the GEO cohort, which was used to evalu-
ate the TME characteristics of ES patients as
well as to predict prognosis and guide immu-
notherapy strategies. We further compared the
functions and pathways associated with the
DEGs between the low- and high-ES Score
groups and found an enrichment of immune
cell-related functions, including antigen pre-
sentation, of immune system regulation and
cytokine production, functions involving bone
stromal cells such as ossification and cartilage
development, and regulation of angiogenesis
and ECM function. In addition, we analyzed the
effect of ES Score on the differentiation of OCs
and OBs and discovered a highly positive cor-
relation between them.

Recent studies on tumor progression and ther-
apies have also paid attention to TME central
models, such as immune checkpoint blockade
which targets T cell activation in TME by block-
ing receptor/ligand interactions (e.g., CTLA-4
and PD-1) [37, 38]. However, the outcomes of
therapeutic strategies targeting TME, especial-
ly targeting specific cells or pathways of TME,
remain unsatisfactory [39, 40]. Different TME
phenotypes may represent different survival
outcomes and beneficial effect from immuno-
therapy. Our results showed that patients in
high-ES Score group presented more immune
cell infiltration, including more immunosup-
pressive cells such as MDSCs, macrophages,
Treg, and Th17. Immune checkpoint protein
analysis showed that the expression of multiple
checkpoint proteins, including PD-1, was ele-
vated in patients with high ES Score. Previous
studies have shown that PD-1/PD-L1 treat-
ment does not produce a satisfactory thera-
peutic efficacy in ES; hence, further in vivo
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experiments and clinical trials are necessary to
explore the benefits of checkpoint blockade in
ES. Cytokines are the main mediators by which
tumor cells shape their microenvironment, thus
leading to the reprogramming of surrounding
cells and tumor survival and progression [41].
In this study, we found that multiple cytokines
were enriched in patients with high ES Score,
thereby promoting directional cell migration
and homing of the immune system. Specifically,
pro-inflammatory cytokines such as IL1B, IL6,
CXCL9 and CXCL10 are chemoattractant for T
cells [42]. Among the cytokines, CXCL12 has
been reported to play a key role in tumor pro-
gression by promoting tumor cell proliferation,
survival, metastatic processes and angiogene-
sis [43], while IL1B, IL11, CSF1 and TNFSF11
can promote OC differentiation [22].

We identified four genes that can be used to
generate ES Score, among which, CCL18 can
promote cancer cell proliferation, invasion,
EMT and angiogenesis, and may serve as a
marker for M2-type macrophages that recruit
regulatory T cells, CAFs and tumor-associated
dendritic cells, thereby promoting the forma-
tion of tumor immunosuppressive microenvi-
ronment [44]. On the other hand, CTSC is ma-
inly associated with inflammatory diseases.
Notable, tumor derived CTSC can promote the
lung metastasis of breast cancer by regulating
neutrophil infiltration and the formation of neu-
trophil extracellular traps in early metastatic
niche [45]. The third gene, PODXL, a membrane
protein involved in tumor progression, is aber-
rantly expressed in several cancer types and is
an indicator of poor prognosis. Notably, a novel
and specific monoclonal antibody (POD0447)
against PODXL, combined with a unique tumor-
restricted glycan epitope, has been manufac-
tured [46].

ARAP3 has been less studied in tumors and
exhibits different properties in different tu-
mors. Yagi et al. revealed that ARAP3 inhibited
peritoneal dissemination of scirrhous gastric
carcinoma cells. In contrast, ARAP3 was report-
ed to promote tumor progression in both breast
and thyroid cancers [47-50]. Our study suggest-
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ed that ARAP3 depletion might activate p53
signaling pathway, thereby inhibiting the prolif-
eration, migration, and invasion, as well as pro-
moting the apoptosis of ES cells. The functional
heterogeneity of ARAP3 in tumor progression
may result from its specific structural features.
ARAP3 is characterized by the existence of 5
unique domains: two GAP domains (Arf GAP
and Rho GAP domains), one RA domain, one
SAM domain and five PH domains. Accumulat-
ing evidence has indicated that ARAP3 plays
an important role in PI3K signaling. Upon PI3K
activation, ARAP3 can be recruited to the plas-
ma membrane, where its main substrates
RhoA-GTP and Arf6-GTP are located after PIP3
binding to the PH domains of ARAP3 [32, 51,
52]. Thus, ARAP3 regulates not only the activa-
tion of p53 signaling pathway but also the
activities of PI3K and GTPase signaling path-
ways. In consistent with these studies, our
analysis also revealed the co-enrichment of
PI3K-Akt pathway and p53 pathway; neverthe-
less, further validation is required.

In this study, ARAP3 also showed strong poten-
tial to regulate TME. On one hand, high expres-
sion of ARAP3 can affect the infiltration of
immune cells, especially macrophages, as well
as the expression of a large number of check-
point proteins and cytokines; on the other
hand, ARAP3 can regulate ES cells to induce OC
differentiation. Our GO and KEGG enrichment
analyses and in vitro experiments suggest that
ARAP3 modulated microenvironment through
cytokine secretion. Indeed, we found that the
expression of IL1B and IL11 was significantly
decreased by ARAP3 knockdown. Previous
studies have demonstrated that IL1B regu-
lates tumor progression and TME crosstalk.
Specifically, IL1B secreted by tumor cells can
induce chemotaxis of macrophages, while in
the modified bone microenvironment, IL1B can
promote the induction of OCs and regulate the
expression of RANKL/OPG in OBs [53, 54]. As
for IL-11, a member of the IL-6 family, IL-11 can
stimulate hematopoiesis and platelet produc-
tion, regulate macrophage differentiation, and
induce osteoclast formation [55, 56]. However,
the specific signaling pathway by which ARAP3
regulates the expression of IL1B and IL11
remains to be elucidated.

In conclusion, we constructed a TME-related
prognostic model to predict the prognosis of
ES patients and guide immunotherapy stra-
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tegy. ARAP3 could regulate tumor progression
via p53 signaling pathway and inducing macro-
phage infiltration and OC differentiation.
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Table S1. Primer sequences used in this study

Gene Forward primer (5'—3’) Reverse primer (5'—3’)
Human ARAP3 AGTATGCAGACACGTTCCGAC AGGCGTAGAATGCGTTTCCG
Human TP53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC
Human CDKN1A CGATGGAACTTCGACTTTGTCA GCACAAGGGTACAAGACAGTG
Human BAX CCCGAGAGGTCTTTTTCCGAG CCAGCCCATGATGGTTCTGAT
Human MDM2 GAATCATCGGACTCAGGTACATC TCTGTCTCACTAATTGCTCTCCT
Human GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG
Human IL1B GGACAGGATATGGAGCAACAAG TTCAACACGCAGGACAGGTA
Human IL11 ACTGCTGCTGCTGAAGACTC CCACCCCTGCTCCTGAAATA
Mouse Top2a ATGGCTATGGAGCTAAACTGTGT CTTTGTCCAGGCTTTGCATTTT
Mouse Acp5 CACTCCCACCCTGAGATTTGT CATCGTCTGCACGGTTCTG
Mouse Nfatc1 GACCCGGAGTTCGACTTCG TGACACTAGGGGACACATAACTG
Mouse Gapdh TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA
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Figure S1. Correction of batch effects and determination of soft threshold.
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Figure S2. Kaplan-Meier curves for OS and EFS of ES Score and other published models.
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Figure S6. The ability of proliferation, migration, and apoptosis of ES cells co-transfected with si-ARAP3 and si-TP53.
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Figure S7. Immune cell infiltration analysis of high- and low-expressed ARAP3 groups in both GEO and ICGC cohorts.
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Figure S8. Role of ARAP3 in regulation of osteoclast differentiation.
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