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ABSTRACT
◥

8 Purpose: Sarcoma is the second most common solid tumor
9 type in children and adolescents. The high level of tumor
10 heterogeneity as well as aggressive behavior of sarcomas brings
11 serious difficulties to developing effective therapeutic strategies
12 for clinical application. Therefore, it is of great importance to
13 identify accurate biomarkers for early detection and prognostic
14 prediction of sarcomas.
15 Experimental Design: In this study, we characterized three
16 subtypes of sarcomas based on tumor immune infiltration levels
17 (TIIL), and constructed a prognosis-related competing endogenous
18 RNA (ceRNA) network to investigate molecular regulations in the
19 sarcoma tumor microenvironment (TME). We further built a
20 subnetwork consisting of mRNAs and lncRNAs that are targets of
21 key miRNAs and strongly correlated with each other in the ceRNA
22 network. After validation using public data and experiments in vivo

23and in vitro, we deeply dug the biological role of the miRNAs and
24lncRNAs in a subnetwork and their impact on TME.
25Results: Altogether, 5 miRNAs (hsa-mir-125b-2, hsa-mir-135a-
261, hsa-mir92a-2, hsa-mir-181a-2, and hsa-mir-214), 3 lncRNAs
27(LINC00641, LINC01146, and LINC00892), and 10mRNAs (AGO2,
28CXCL10, CD86, CASP1, IKZF1, CD27, CD247, CD69, CCR2, and
29CSF2RB) in the subnetwork were identified as vital regulators to
30shape the TME. On the basis of the systematic network, we
31identified that Trichostatin A, a pan-HDAC inhibitor, could poten-
32tially regulate the TME of sarcoma thereby inhibiting the tumor
33growth.
34Conclusion:Our study identifies a ceRNA network as promising
35biomarker for sarcoma. This system provides a more comprehen-
36sive understanding and a novel perspective of how ceRNAs are
37involving in shaping sarcoma TME.

38 Introduction
39 Sarcoma is a heterogeneous group of mesenchymal neoplasms,
40 which can arise from virtually any anatomic site. This gives sarcoma
41 intricate histological classifications. Typically, soft tissue and primary
42 bone sarcomas are the two main clinical types of sarcoma (1). Even
43 though sarcomas are relatively rare in adults, it accounts for 12%–15%
44 of overall pediatric tumor cases in Europe (2). In instances with high
45 histology grade and tumor lager than 5 cm2, the recurrence risk is
46 higher than 50% after surgery. For these reasons, it is typically
47 recommended that patients with high-risk localized tumors receive
48 a combination of surgery, radiotherapy, and chemotherapy (3). But
49 this strategy modestly affects the average survival of metastatic

51sarcoma that is 12–18 months (4). Chemotherapy was usually applied
52before surgery to reduce the tumor size in sarcomas that is called
53neoadjuvant therapy. The typical chemotherapy drugs for soft tissue
54sarcomas are doxorubicin and ifosfamide. However, the beneficial
55effect of combination of adjuvant chemotherapy and surgery to high-
56risks soft tissue sarcoma are still controversial. For example, one study
57fromUK did not find significant improvement in overall survival (OS)
58for resected STSs with neoadjuvant chemotherapy (5). Targeted drugs
59are also commonly used to control the development of STS. Presently,
60drugs targeting VEGF, platelet-derived growth factor, mTOR, IGF-1R,
61CDK4, c-Kit, and MET are either approved by FDA or undergoing
62clinical trials for STS treatment. However, the drug resistance and
63target missing in some types of STS limit the therapeutic effect of
64targeted drugs (6). In addition, although the application of immuno-
65therapy has received massive of benign outcome in cancer treatment,
66the therapeutic effect of immune checkpoint inhibitors is not ideal for
67treating sarcoma. Ipilimumab, an anti-CTLA4 mAb, can neither
68significantly improve clinical effect nor evoke serological antigen
69neutralization responses in advanced or metastatic synovial sarcoma
70even with high-expression level of CTLA-4 (7). The assessment for
71safety and activity of anti–PD-1 antibodies on patients with advanced
72STS and bone sarcoma showed that the primary endpoint of overall
73response was not ideal for either cohort (8). Hence, exploring new
74therapeutic targets is necessary and urgent for enriching therapeutic
75approach for sarcoma. It is also important to further understand the
76underlying regulatory mechanisms in sarcoma immune response.
77The difficulty of sarcoma treatment indicates that the interaction of
78the tumor components in sarcoma tissue is very intricate. Especially
79the failure of immunotherapy suggests that there might be some other
80elements regulating the interaction between tumor cells and immune
81cells, but not simply immune check point. Therefore, the determining
82factors of immunotherapy may hide in the complicate tumor
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85 microenvironment (TME) of sarcoma. Multiple factors, for example,
86 the inherent antigenicity of the tumor, “neoantigens” and other
87 protein mutations in the tumor cells, mutation burden of tumors,
88 and infiltration of immune effector cells in the tumor site, contribute to
89 the response of patients with sarcoma to immunotherapy. Among
90 these factors, the specific pattern of tumor-infiltrating lymphocytes in
91 the TME is closely related to better outcomes of patients with cancer,
92 regardless of the therapy regimen. TME itself is an independent factor
93 to participate in tumor immune response. Explicit evidence has
94 confirmed that recruitment, activation, and reprogramming of
95 immune and stromal cells are regulated by the TME on tumor sites (7).
96 The immunosuppressive TME further promote the immune escape of
97 tumor cells (3). Meanwhile, the regulatory effect of host immune
98 system to tumor is also achieved through TME. The host immune
99 system can alter the components of the TME to affect the cancer
100 development and progression (7). On the basis of these critical roles of
101 TME in tumorigenesis and immune response, researchers highlighted
102 the prognostic value of assessing the immune features of TME.
103 Especially, the immune histopathological and molecular biomarkers
104 of TME can be used to evaluate the patients’ treatment response. Zhu
105 andHou (8) described that themacrophages are the largest population
106 that infiltrated in theTMEof sarcoma among the 22 immune cell types.
107 In addition, a negative relationshipwas found amongCD8þT cells and
108 the M0/M2 macrophages, but there was a positive relationship
109 between the CD8þ T cells and the M1 macrophages in sarcomas. In
110 addition, the specific types of macrophages or mast cells in TME
111 promote the growth of the tumor by producing growth factors (9) and
112 maintain chronic inflammation (10). However, research on compo-
113 nents of TME in sarcomas is still relatively scant. Therefore, the study
114 in respect to the TME components and immune system biomarkers of
115 sarcoma may be conducive to predict the prognosis and therapeutic
116 responses.
117 The identification of competing endogenous RNA (ceRNA)
118 highlighted that various types of RNA participate in regulating gene
119 expression at the posttranscriptional level harmoniously. mRNAs, the
120 transcripts of pseudogenes, long non-coding RNAs (lncRNAs), and
121 circRNAs, can mediate the translation and stability of a target gene via
122 competitively binding to the miRNA. The malfunction of ceRNA
123 networks contribute to many cancer processes, such as epithelial-to-
124 mesenchymal transition, metastasis, immune infiltration (11), and so
125 on. As expected, dysregulation of ceRNA networks was commonly
126 observed in sarcoma. The characteristic of ceRNA networks in cancer
127 area is distinct from the normal tissue, thus the feature of ceRNA
128 networks can be used to distinguish tumors from normal tissues, and

130mesenchymal stem cells (12). ceRNA networks can even be used to
131identify recurrent tumors from primary tumor tissues (13), and to
132characterize different tumor subtypes nomatter base on the molecular
133component (14), or TME assessment (8).
134In this study, we downloaded the public transcriptomic data and
135corresponding clinical information of sarcomas from The Cancer
136Genome Atlas (TCGA). Forty-five immune-related signatures were
137collected to estimate the immune infiltration and classify subtypes of
138sarcomas. We grouped sarcoma cases into 3 subtypes according to
139their immune cell infiltration levels (TIILs, tumor immune infiltration
140levels). Subsequently, we constructed a dysregulated ceRNA network
141by comparing the sarcoma subtypes we defined and validated the
142expression of genes in vivo and in vitro. Eventually, we elucidated the
143roles of the ceRNA network in TME and successfully predicted that a
144drug could inhibit the tumor growth of sarcoma. This study will
145construct a systematic view of TME-related signatures in sarcoma and
146facilitate the development of therapeutic drug targeting TME for
147sarcoma.

148Materials and Methods
149Data downloading and pre-processing
150The mRNA, lncRNA, and miRNA expression profiles and related
151clinical information of human sarcoma cohort data were down-
152loaded from TCGA database (RRID: SCR_003193), fetched on May
15328, 2021. Totally, RNA-sequencing (RNA-seq) data of 259 patients
154with sarcoma (normalized FPKM data) were collected, and 257 of
155them had miRNA sequencing (normalized RPM data). The RNA-
156seq and miRNA sequence data were derived from Illumina HiSeq
157and miRNASeq platform, respectively. The comprehensive gene
158annotation file was downloaded from GENECODE (www.gencode
159genes.org) to identify the protein-coding RNA and lncRNA from
160the total RNA expression profile. The R package “miRBaseConver-
161ter” (RRID: SCR_023873) was used to convert mature miRNAs to
162hairpin miRNAs.

163Identification of immune cell infiltration subtypes
164To estimate the infiltration levels of different types of immune cells,
165immunogenomic pathways and the activity of immune-related bio-
166logical processes in patients with sarcoma, a total of 45 immune
167signatures were collected, including 28 immune cell types (15) and
16817 immune-related pathways and biological functions (16). The
169infiltration levels of 45 immune signatures were quantified using single
170sample gene set enrichment analysis (ssGSEA, RRID: SCR_003199)
171implemented in the R package “GSVA” (version 1.24.0, RRID:
172SCR_021058). According to the results of ssGSEA analysis, 259
173patients with sarcoma in the TCGA sarcoma cohort were grouped
174into three clusters andwe defined as high, low, andmoderate groups of
175immune infiltration using hierarchical clustering analysis. The pro-
176portion of 64 immune and stromal cell types among the subtypes was
177estimated using the function “deconvolute_xcell” in the R package
178“immunedeconv” (RRID: SCR_023869). Stromal score, immune
179score, ESTIMATE score, and tumor purity were calculated using the
180algorithm “CIBERSORT” (RRID: SCR_016955), which is based on 22
181stromal and immune cell types, to evaluate immune cell infiltration
182among sarcoma subgroups.

183Differential expression and functional enrichment analyses
184The R package “limma” (3.46.0, RRID: SCR_010943) was applied
185for the analysis of identifying differential expression genes with criteria
186of adjusted P value of <0.05 and |fold change| >2 among different

Translational Relevance

Wecharacterized and verified three subtypes of sarcoma accord-
ing to the levels of tumor infiltrating immune cells, which are of
critical importance in shaping the tumor microenvironment
(TME) to promote the development of tumor and affect the cancer
therapy. Furthermore, we constructed a prognosis-related ceRNA
netowrk containing the key miRNAs and their strongly correlated
target mRNAs and lncRNAs based on the subtypes identified.
Finally, we identified a sarcoma-targeting drug, a pan-HDCA
inhibitor Trichostatin A, which can regulate the TME of sarcoma
thereby inhibiting the tumor growth. Our results suggest that the
prognosis-related ceRNA could serve as potential biomarker and
therapeutic target of sarcoma in clinical situations.

Leng et al.

Clin Cancer Res; 2023 CLINICAL CANCER RESEARCH2

http://www.gencodegenes.org
http://www.gencodegenes.org
http://www.gencodegenes.org


189 sarcoma subtypes. The R package “clusterProfiler” (3.18.1, RRID:
190 SCR_016884) was used to perform gene ontology (GO) enrichment
191 and Kyoto encyclopedia of genes and genomes (KEGG) analysis. The
192 FDRwith BH adjusted<0.05was considered as significant enrichment.

193 Survival analysis and ceRNA network construction
194 First, the interactions between miRNAs and mRNAs were
195 acquired from three commonly used databases: miRDB (RRID:
196 SCR_010848), TargetScan (RRID: SCR_010845), and miRWalk
197 (RRID: SCR_016509). Moreover, the mRNA–miRNA interaction
198 pairs shared among three databases were selected for further
199 construction. The interactions between miRNAs and lncRNAs were
200 collected from miRCode (RRID: SCR_023870). Subsequently, the
201 identified differentially expressed (DE) miRNAs, DE mRNAs, and
202 DE lncRNAs, between high and low immune infiltration subgroups,
203 were filtered out to construct the global ceRNA network. The
204 Cytoscape (3.8.2, RRID: SCR_003032) was used for visualizing the
205 ceRNA network. FinallyQ5 , to build a prognosis-related ceRNA net-
206 work, we used the R package “survival” (RRID: SCR_021137) to
207 perform KM curve analysis of DE miRNAs in the global ceRNA
208 network. The results with a P value of <0.05 were retained as key
209 miRNAs for the construction of prognosis-related ceRNA network.
210 Besides, univariate and multivariate Cox regression analyses were
211 conducted to identify the independent prognostic indicators for OS.

212 Construction of PPI network
213 PPI network was built using the Search Tool for the Retrieval of
214 Interacting Genes (STRING; RRID: SCR_005223) to investigate the
215 interaction of DE mRNAs in the prognosis-related ceRNA network.
216 The protein interactions were filtered by the median confidence score
217 (0.4) and visualized byCytoscape (3.8.2, RRID: SCR_003032). The hub
218 genes in the PPI network were identified by the plugin cytoHubba
219 (RRID: SCR_017677) according to the degree of the connectivity and
220 top 30 hub genes were identified through the degree ranking method.
221 The PPI network were analyzed using MCODE (RRID: SCR_015828)
222 plugin and the top module was selected for further analysis.

223 Correlation analysis of lncRNA and mRNA
224 In the prognosis-related ceRNA network, the targets lncRNAs and
225 mRNA of individual key miRNA were selected to perform Pearson
226 correlation analysis. Pearson Correlation Coefficient (PCC) >0.4 and
227 P < 0.05 were used to yield the interaction pairs with high confidence,
228 and the candidate pairs were used to construct a ceRNA subnetwork to
229 investigate the potential mechanisms.

230 Validation of gene expression
231 The online database, Expression Atlas (RRID: SCR_007989), which
232 supports the gene and protein expression across species and bio-
233 logical conditions, was used to screen the candidate datasets
234 to validate the expression of genes in the ceRNA subnetwork.
235 Finally, GSE16779, GSE31019, GSE35493, GSE66354, GSE21050,
236 GSE41293, and GSE43045 from Gene Expression Omnibus (GEO,
237 RRID:SCR_005012) and PRJEB36314 from European Bioinformatics
238 Institute (RRID:SCR_004856) databases were selected to further verifi-
239 cation. In addition, a rat model of rhabdomyosarcoma induced by
240 military heavymetals was also used to further validation. Briefly, one of
241 eight pure metal pellets was surgically implanted individually into the
242 gastrocnemius muscle of 3-month-old male Sprague Dawley rats (n¼
243 8/group). Tantalum (Ta), which is inert both in vivo and in vitro, with
244 biocompatibility in devices, lants, and stents, was used as a control.
245 RNA-seq was performed according to the standard procedures. The

247data were deposited in GEO under the accession number of
248GSE157929. According to the results, the rats implanted cobalt (Co)
249and nickel (Ni) were identified rhabdomyosarcoma, therefore, we just
250collected the groups of Ta, Co, and Ni implant for further validation.

251Gene set enrichment analysis
252To investigate the biological pathways of miRNAs and lncRNAs in
253the subnetwork, GSEA was conducted on the basis of TCGA the
254sarcoma data. According to the cutoff value, the median value of the
255expression, the samples were divided into low- and high-expression
256groups. The permutations of the gene set were performed 1,000 times
257per analysis and gene sets with |normalized enrichment score | > 1 and
258P < 0.05 were considered as significant enrichment.

259Evaluation of immune cell infiltration
260The algorithm “CIBERSORT” (RRID: SCR_016955) was used to
261estimate the relative abundance of 22 immune cell types. The PCCs
262among the relative abundance of 22 immune cell types was calculated
263to identify the patterns of the immune cell infiltration. PCC was also
264calculated to evaluate the correlation between the expression of
265lncRNAs andmiRNAs, and immune cell infiltration. Besides, sarcoma
266samples from TCGA databases were divided into low- and high-
267expression groups, then theWilcoxon rank-sum test was performed to
268compare the differences in immune cell infiltration between the low-
269and high-expression groups.

270Identification of potential drug
271Connectivity Map (CMap) analysis, which uses a reference
272database containing drug-specific gene expression profiles and
273compares it with a disease-specific gene signatures, was adopted
274to identify the potential drugs. In this study, the R package “Dr.
275Insight” (RRID: SCR_023871) was applied to performing CMap
276analysis. The results of the t test statistic scores between low and
277high immune infiltration subtypes from the “limma” analysis were
278used as input data. The drugs with an FDR <0.1 were considered as
279key targets for the therapy of patients with sarcoma. Moreover,
280“oncoPredict” (RRID: SCR_023872) R package was used to predict
281the sensitivity of the drug.

282Methylation analysis
283The Human Disease Methylation Database Version 3.0 RRID:
284SCR_017488, which is an online website and supports the abnormal

285methylome of human diseases, was used to analyze the methylation of
286genes in the ceRNA subnetwork. The t test with P value of <0.05 was
287considered as significant difference methylation between healthy
288people and patients with sarcoma.

289Mouse model construction
290ICR mice were purchased from Silaike Experiment Animal Co.,
291Ltd. All animal experiment protocols were ethically approved by
292University of Macau Animal Experiment Ethics Committee
293(UMARE–041–2020). A total of 1�106 of S180 cells were planted
294in 4-week-old male ICR mice by subcutaneous injection to con-
295struct sarcoma mouse models. Supplements of TSA were start when
296the size of tumor reached 0.104 cm3. 18 ICR mice were divided into
2973 groups: The control, TSA high-dose, and TSA low-dose groups.
298Mice were intraperitoneally receiving 0.5 mg/kg of TSA and 2 mg/kg
299of TSA every day for 2 weeks in low-dose and high-dose group,
300respectively. Mice in the control group only received equal volumes
301of DMSO. The mice were sacrificed, and the tumor tissues were
302harvested for following experiment.

Prognostic ceRNA Network in Sarcoma
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305 3D microsphere cell culture
306 TheQ6 human liposarcoma cell line SW872, a gift from Dr. Henry
307 Hang Fai KWOK, was cultured in DMEM (Gibco Life Technologies,
308 11965–092) containing 10% FBS (Cell Bio, FSP500) with 100 IU/mL
309 penicillin, and 100 mg/mL streptomycin (PS; Gibco, 15140–122). For
310 three-dimensional (3D) culture, the SW872 cells were dissociated
311 using Trypsin-EDTA (Gibco, 25200–056) and seeded in the low-
312 attachment plate (Costar, 7007) at a total of 1�105 per well culturing
313 of 48 hours to allow aggregation to dense spheres, then formed spheres
314 were resuspended in Matrigel solution (50% DMEM medium, and
315 50%Matrigel matrix, Corning 354234), and seeded in pre-warmed 24-
316 well culture plates at 30 mL per drop. Once cell-Matrigel drops were
317 solidified at 37�C, 500 mL/well SW872 culturemediumwas added in to
318 initiate 3D culture (17).

319 TSA treatment and PBMC co-culture
320 The 3D cultures were divided into seven groups, high-level
321 peripheral blood mononuclear cell (PBMC high), low-level PBMC
322 (PBMC low), 1 or 0.2 mmol/L TSA-treated cells co-cultured with
323 high-level or low-level PBMC, and a control group without any
324 treatment. Each group contained 5-well plates. TSA treatment
325 groups were pretreated with RPMI-1640 medium (Gibco Life
326 Technologies, A4192301) containing Trichostatin A (TSA) 1 or
327 0.2 mmol/L, 10% FBS, and 1%PS for 2 days incubation at 37�C
328 before adding PBMCs. The stock TSA solution (1 mmol/LQ7 ) was
329 prepared with pure DMSO following the manufacturer’s instruc-
330 tions. Meanwhile, the control and PBMC-only groups were cultured
331 with the same medium but change the TSA solution to 1:1,000 pure
332 DMSO. The PBMCs were isolated from the whole blood provided
333 by donors as previously described. The PBMC high groups received
334 a total of 5�105 PBMC cells per well, and low-level groups received
335 a total of 1�105 PBMC cells per well. PBMCs and the SW872 sphere
336 were cocultured in RPMI-1640 medium containing 100 IU/ml of
337 IL2, 10% FBS, and 1%PS, at 37�C. After 2 days of incubation, the
338 supernatant was removed, and the cells were washed with PBS.
339 5-well plates in the same group were dissolved in TRizol solution
340 (Invitrogen Life Technologies) and mixed in one tube. The mixtures
341 were stored at �80�C for future experiments.

342 ELISA
343 ELISA assays were performedwith commercial kits according to the
344 individual manufacturer’s instructions. The following ELISA kit was
345 used: The Mouse HDAC ELISA kit fromML BIO (ml037192). Tumor
346 tissues were homogenized with PBS then centrifuged for 3,000 rpm, 20
347 minutes. 10 mL of supernatant were mixed with working buffer in 98-
348 well plate. Incubate the plate in 37�C, 15 minutes, following by adding
349 50 mL stop buffer. The plate was read at 450 nmby spectrophotometry.

350 RNA purification and RT-qPCR
351 Total RNA was extracted by TRizol-chloroform method as
352 previously described. RNA was reversely transcribed using the
353 iScript cDNA Synthesis Kit (1708890, Bio-Rad). The primers used
354 for 3D culture samples are shown in Supplementary Table S1. The
355 primers used for mice tissue were listed in Supplementary Table S2.
356 GAPDH gene was set as internal reference. All PCR reactions were
357 performed with iTaq Universal SYBR green supermix (1725124,
358 Bio-Rad) in a total volume of 10 mL, with the following condition:
359 Activated polymerase at 95�C for 30 seconds, then 42 cycles of
360 denaturation at 95�C for 5 seconds, annealing at 60�C for 45
361 seconds, and extension at 72�C for 30 seconds. Data were analyzed
362 using GraphPad Prism 6.

364Flow cytometry
365Mice tumor tissues were homogenized and filtrated by 200-mesh
366strainers. Then, isolated cells were collected by centrifugation at
367800 rpm for 10 minutes and resuspended in PBS. A total of 1�106

368cells in 400-mL PBS were incubated with antibodies at 4�C for 30
369minutes avoiding light. The following antibodies were used: Anti-
370mouse CD4 antibody (BioLegend 100509 0.25 mg/test), anti-mouse
371CD8 (BioLegend 100707 0.25 mg/test), anti-mouse CD3 (BioLegend
372100235 0.5 mg/test), anti-mouse CD206 (BioLegend 141705 0.5 mg/
373test), anti-mouse CD86 (BioLegend 105011 0.25 mg/test), anti-mouse
374F4/80 (BioLegend 123107 0.25 mg/test) to examinate the percentage of
375T cells. Flow cytometry was performed using Cytoflex 5 (Beckman)
376and analyzed using the Flowjo software (BD Biosciences)

377IHC
378IHC staining was performed as per standard protocol. Briefly, the
379formalin-fixed, paraffin-embedded mice tumor tissues were cut into
3805-mm-thick sections. The sections were deparaffinized in xylene and
381rehydrated in a graded series of alcohols. The sections were washed
382with PBS and then boiled in R-Buffer-A (Electron Microscopy
383Sciences). Then, sections were washed with PBS followed by incu-
384bation with quenching solution (10 mL of 30% H2O2 to 90 mL of
385absolute methanol) for 20 minutes. Sections were incubated with
386blocking solution (50% 3% BSA and 50% Animal-Free Blocker,
387Vector Laboratories) for at 1 hour at room temperature (RT) and
388incubated with primary antibody against CD3, CD4, or CD8 at 4�C
389overnight. Sections were then incubated with Biotinylated goat anti-
390mouse and rabbit (Abcam) for 10 minutes at RT after washing with
391PBS for 3 times. Then Streptavidin peroxidase was added to incubate
392for 10 minutes at RT. DAB solution (DAB substrate kit peroxidase,
393Vector Laboratories) was prepared before use (1 drop reagent 1, 2
394drops reagent 2, and 1 drop reagent 3 in 2.5 mL ddH2O) and added to
395the sections. Once the color was changed, sections were washed with
396tap water immediately for 5 minutes and counterstained in hema-
397toxylin for 1 minute and washed with tap water for 5 minutes. Slides
398then were dehydrated in a graded series of alcohols and put into
399xylene for 5 minutes. Slides were placed to dry and DPX mounting
400was covered onto the tissues and a coverslip was placed on each slide.
401Images were taken using Carl Zeiss LSM 880 super-resolution
402microscopes. A 4-point scale was used to define the different positive
403rate of CD3þ, CD4þ, and CD8þ in tumor tissue of mice bearing with
404S180 according to the IHC results. þ, þþ, þþþ, and þþþþ
405indicated positive rate located in <30%, 30%�40%, 40%�50%,
406>50%, respectively.

407Statistical analysis
408All statistical analyses were conducted using R software (version
4094.2.0, RRID: SCR_001905). The R packages “ggplot2” (version 2.2.1,
410RRID: SCR_014601) and “pheatmap” (1.0.12, RRID: SCR_016418)
411were applied to plotting heat maps and other visualized graphs. The
412univariate and multivariate Cox regression analyses were used to
413identify the prognostic variables that were significantly correlated
414with OS and evaluate the hazard ratio (HR), 95% confident interval
415(CI) of HR and a P value. The OS curves were established by a KM
416survival curve function “ggsurvplot” (RRID: SCR_021094), as imple-
417mented in R package “survminer” (version 0.4.2, RRID: SCR_021094),
418and the difference in survival distributions between sarcoma sub-
419groups was estimated by the two-sided log-rank test. For comparisons
420between two groups, Wilcoxon analysis was performed, whereas for
421comparisons among three or more groups, Kruskal–Wallis analysis
422was applied.
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425 Data availability
426 The authors declare that all data supporting the findings of this
427 study are available from the corresponding authors on reasonable
428 request. The source code for main analysis is deposited at “https://
429 github.com/lva85/Prognostic_ceRNA_network_in_sarcoma.git.”

430 Results
431 Identification, validation, and characterization of sarcoma
432 subtypes
433 To assess the TME in patients with sarcoma, we collected the public
434 data of sarcomas from the TCGA database, including clinical infor-
435 mation, RNA-seq, and miRNA-seq data. As the pipeline (Fig. 1)
436 shows, first, we performed the TIILs analysis. The immune metagenes
437 for 28 immune cell types are determined using 37 microarray data
438 from a number of different studies (15). The 17 immune-related

440pathways and biological functions are generated by constructing
441network of a given systemandminingnetworkswith graph theory (18).
442On the basis of the infiltration levels of 45 immune-related gene
443signatures for each sample, we conducted hierarchical clustering and
444identified three apparent clusters (i.e., C1, C2, and C3 in Supplemen-
445tary Fig. S1A). The rationality and reliability of the clustering was
446further confirmed by investigating the expression of the immune-
447related cluster of differentiation (CD) and ILmolecules.We found that
448lots of the CD and IL family genes showed significantly different
449expression among the three clusters (Supplementary Fig. S1B and
450S1C). In addition, we estimated the proportion of 64 immune and
451stromal cell types. We found that the proportion of some myeloid cell
452types is distinct among the three clusters, including monocytes,
453neutrophils, macrophages, macrophage M1, macrophage M2, den-
454dritic cells (DC), activated DCs, conventional DCs, plasmacytoid DCs,
455immature DCs, and basophils. Meanwhile, lymphoid cells also showed
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458 significant difference among three subtypes, such as CD4þ memory
459 T cells, CD4þna€�veT cells, CD4þTcells, CD4þTcm (centralmemory)
460 cells, CD4þ Tem (effector memory) cells, CD8þ T cells, CD8þ na€�ve T
461 cells, CD8þ Tcm cells, CD8þ Tem cells, gamma delta T cells (Tgd
462 cells), natural killer cells (NK cells), NK T cells, B cells, class-switched
463 memory B cells, and plasma cells (Supplementary Fig. S1D). We
464 further found that there were 43 signatures that showed significant
465 differences between C1 andC2, 29 betweenC1 andC3, and 23 between
466 C2 andC3 (Supplementary Fig. S1E). The comparison betweenC1 and
467 C2 covered all different signatures that also appeared in the compar-
468 ison between C1 versus c3 and C2 versus C3. Finally, after removing
469 redundancy, we defined three subtypes of sarcoma: Low TIILs (Low,
470 represented by C1), high TIILs (High, represented by C2), and
471 moderate TIILs (Moderate, represented by C3), according to the
472 infiltration levels of the 43 signatures (Fig. 2A).
473 To validate the sarcoma subtypes, we reanalyzed the data using
474 Consensus Clustering approach (RRID: SCR_016954). From the
475 consensus cumulative distribution function plot (Supplementary
476 Fig. S2A), delta area plot (Supplementary Fig. S2B), and cluster-
477 consensus value plot (Supplementary Fig. S2C), we found when the
478 number of clusters was 3 (Fig. 2B), the clustering showedhigh stability.
479 Theheatmap visualization for the infiltration levels of immune-related
480 signatures is also obviously distinct among these three clusters and
481 presents low (C1), high (C2), and moderate (C3) TIILs pattern
482 (Supplementary Fig. S2D). The comparison for the clustering results
483 between these two approaches also showed high consistence, the
484 overlap of the samples highly reaches to over 80% for every corre-
485 sponding subtype (Fig. 2C). Furthermore, we developed an S180-
486 bearing mouse sarcoma model to validate the sarcoma subtypes
487 (Fig. 2D). On the basis of the flow cytometry analysis of CD4þ and
488 CD8þ T cells from a cohort of 10 mice, we found that three mice could
489 be classified into lowT cells infiltration, threemice infiltratedwith high
490 levels of T cells, and remaining four mice could be grouped into
491 moderate T cells infiltration (Fig. 2E and F).
492 We further investigated the characteristics of each subtype. We
493 found that stromal score, immune score, ESTIMATE score (Supple-
494 mentary Fig. S3A), tumor purity (Fig. 2G), and TME score (Fig. 2H)
495 were also stratified among three sarcoma subtypes and the scores were
496 consistent with the TIILs of subtypes. We then compared the 10-year
497 OS among the subtypes and the results came out with statistical
498 differences (log-rank P ¼ 0.035). Importantly, the OS rates increased
499 as the TIILs increased (Fig. 2I). The results of differential transcrip-
500 tomic expression analysis demonstrated that the most DE transcrip-
501 tome was identified in the comparison between C2 (High) and C1
502 (Low). Notably, 1,442 genes were downregulated fromC1 (Low) to C2
503 (High), and only 15 genes were downregulated from C1 (Low) to C3
504 (Moderate). Moreover, almost all of the upregulated genes from C3
505 (Moderate) toC2 (High; 378 out of 380)were also upregulated fromC1
506 (Low) to C2 (High; Supplementary Fig. S3B and S3C). The detailed DE
507 analysis results are organized in Supplementary Tables S3–S5. A lot of
508 immune-related GO terms and pathways were enriched using the DE
509 genes between C1 (Low) and C2 (High) subtypes (Supplementary
510 Tables S6 and S7). Besides, we found that the majority of niduses of
511 most patients were derived from the lower extremity and retroper-
512 itoneum/upper abdominal. However, the subtypes we defined almost
513 appear in all different nidus sites, implying the common characteristic
514 of soft tissue sarcoma (Fig. 2J).

515 Construction of prognosis-related ceRNA network
516 According to the characteristics of sarcoma subtypes, especially the
517 moderate TIILs of the C3 (Moderate) subtype, which appears to be

519close to C1 (Low), therefore, we focused on the C1 (Low) and C2
520(High). We annotated the biotypes of DE transcriptome between C1
521(Low) and C2(High) using the reference annotation file from GEN-
522CODE database and identified 127 lncRNAs and 1,645 mRNAs
523(Supplementary Fig. S4A; Supplementary Table S8). Next, we iden-
524tified 171 DE pre-miRNAs between C1(Low) and C2(High) using the
525limma package with the criteria of BH adjusted P value < 0.05
526(Supplementary Fig. S4B; Supplementary Table S9). 24 of DE pre-
527miRNAs were significantly related to patients’ prognosis according to
528the KM survival curves (Supplementary Table S10). Subsequently, 94
529out of 127DE lncRNAswere filtered to simulate the interactionwith 55
530out of 171 DE pre-miRNAs based on the miRcode database. Then we
531further identified 54 out of 55 pre-miRNAs targeted 993 out of 1,645
532DE mRNAs from miRDB, TargetScan, miRWalk databases. Conse-
533quently, we constructed a global ceRNA interaction network, includ-
534ing 5,407 edges, 993 mRNAs, 94 lncRNAs, and 54 pre-miRNAs
535(Supplementary Fig. S4C).
536The KM survival curves were applied to assessing the association of
53754 pre-miRNAs in the initial ceRNA network with patient prognosis.
538The results indicated that 9 pre-miRNAs were significantly negatively
539correlated with OS, that is, hsa-mir-125b-2, hsa-mir-130a, hsa-mir-
540135a-1, has-mir-181a-2, has-mir-214, has-mir-301a, has-mir-9–2,
541has-mir-92a-1, and has-mir-92a-2 (Fig. 3A). These 9 pre-miRNAs
542were considered as key miRNAs. Ultimately, we built a prognosis-
543related ceRNA network with nine key miRNAs targeting 74 DE
544lncRNAs, 493 DE mRNAs and containing 576 nodes and 957 edges,
545totally (Fig. 3B). The whole-miRNA recognition elements between
546miRNAs and lncRNAs, miRNAs and mRNAs were deposited in
547Supplementary Tables S11 and S12, respectively. All the nodes in the
548prognosis-related ceRNA network were included in the univariate
549Cox regression analysis. 6 miRNAs, 11 lncRNAs, and 83 mRNAs with
550a P value of <0.05 were subjected to multivariate Cox regression
551analysis. Finally, only 1 miRNA and 15 mRNA were identified as
552independent prognostic factors for OS in patients with sarcoma
553(Supplementary Table S13).
554To investigate the biological processes and pathways that the
555prognosis-related ceRNA network involved, we performed GO and
556KEGG enrichment analysis of 493 mRNAs with R package “cluster-
557Profiler.” GO functional enrichment analysis notably indicated that
558the biological function of ceRNAnetworkwas enriched under immune
559response groups, including “immune response-regulating signaling
560pathway,” “lymphocyte differentiation,” “mononuclear cell differen-
561tiation,” “positive regulation of IL2 production,” and “positive regu-
562lation of leukocyte cell–cell adhesion.” Surprisingly, besides immune
563response, the ceRNA network was also dominant in epigenetically
564related functions, such as “chromatin organization,” “histone modi-
565fication,” and “protein deacylation or deacetylation.” KEGG pathway
566analysis strongly demonstrated that ceRNA network was strongly
567related to cancer-related pathways, such as the “TNF signaling path-
568way” and “transcriptional misregulation in cancer.” The significant
569enrichment of “Herpes simplex virus 1 infection” and “Pertussis” in
570patients with sarcoma are similar to molecular response induced by
571virus infection (Fig. 3C).
572To further depict the biological functions of key miRNAs in
573the prognosis-related ceRNA network, we used GSEA analysis to
574predict the enriched KEGG pathways between key miRNAs’ high-
575and low-expression groups. The high expression of hsa-mir-135a-1
576and hsa-mir-181a-2 showed a similar positive correlation to axon
577guidance and regulation of the actin cytoskeleton. Besides, it was
578also found that hsa-mir-135a-1 was involved in the WNT signaling
579pathway and the leukocyte transendothelial migration pathway.
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582 hsa-mir-181a-2 participated in the pathways of spliceosome, NK cell-
583 mediated cytotoxicity and Fc gamma R-mediated phagocytosis. The
584 high expression of hsa-mir-214 was positively correlated with the T-
585 cell receptor signaling pathway but not very statistically convinced.

587The high expression of hsa-mir-92a-2was positively related toNKcell-
588mediated cytotoxicity and primary immunodeficiency but negatively
589related to autoimmune thyroid disease, complement and coagulation
590cascades, immune network for IgA production, allograft rejection,

Figure 2.

IdentificationQ9 , validation
Q10

, and characterization of subtypes of sarcoma. A, Definition of sarcoma subtypes: C1 represents low TIILs, C2 represents high TIILs, and C3
represents moderate TIILs. B, Clustering confirmation using Consensus Clustering Analysis. C1, C2, and C3 represent sarcoma subtypes with low, high, andmoderate
TIILs, respectively. C, Comparison for the clustering between methods of Hierarchical Clustering (HC) and Consensus Clustering (CC). D, Schemes of experiments
with tumor-bearing mice. E, Flow cytometry analysis of CD4þ T cells for tumor tissues of S180-bearing mice. F, Flow cytometry analysis of CD8þ T cells for tumor
tissues of S180-bearing mice. G, Comparison of tumor purity among subtypes. H, Comparison of tumor microenvironment score among subtypes. I,Overall survival
analysis for the subtypes. J,Distribution of the niduses of patientswith sarcoma. The P valueswere calculated using theWilcox rank-sum test; � , P <0.05; ��, P <0.01;
��� , P < 0.0001.
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Figure 3.

Construction of prognosis-related ceRNA network. A, The KM curves of the dysregulated miRNAs with significant association with OS in the global ceRNA network.
B, Prognosis-related ceRNA network construction. C, Bubble plot for the GO and KEGG enrichment analysis using the genes in prognosis-related ceRNA network.
D, The subnetwork construction using the pairs with strong co-expression between mRNAs and lncRNAs and targeting miRNAs. E, Heat map for the correlation
between nodes in the subnetwork and clinic features.
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593 leishmania infection, type Ⅰ diabetes mellitus, viral myocarditis, and
594 systemic lupus erythematosus. In addition, the high expression of
595 hsa-mir-125b-2 was positively related to apoptosis, neurotrophin
596 signaling pathway, p53 signaling pathway, and toll-like receptor
597 signaling (Supplementary Fig. S5A).
598 To access the cellular functions of the prognosis-related ceRNA
599 network, we further constructed a PPI network using themRNAs from
600 the network based on the STRING database. The PPI network was
601 visualized by Cytoscape and contained 394 nodes and 1,306 edges
602 (Supplementary Fig. S5B). The top 30 hub genes with the highest
603 degree were identified by cytoHubba plugin (Supplementary Fig. S5C;
604 Supplementary Table S14). Moreover, the top module containing 18
605 nodes and 121 edges (Supplementary Fig. S5D) was identified by the
606 MCODE plugin. GO enrichment analysis showed that mainly four
607 categories of biological processes were affected by the topmodule, that
608 is, positive regulation of leukocyte proliferation, positive regulation of
609 response to cytokine stimulus, positive regulation of NIK/NF-kappaB
610 signaling and morphogenesis of an endothelium (Supplementary
611 Fig. S5E). KEGG pathway enrichment analysis for the top module
612 demonstrated some concrete immune-related pathways, which were
613 more apparently associated with cancer, and some immunodeficiency
614 virus infection pathways (Supplementary Fig. S5F). Subsequently, we
615 evaluated the association of top 30 hub genes, and genes in the top
616 module with OS using KM analysis. We found that LY75, CD86,
617 TNFSF10, CSF2RB, CD69, CCR2, CASP1, CD27, IKZF1, IRF8, CD247,
618 and CXCL10were positively correlated with OS, whereasDMT3A and
619 AGO2 were negatively correlated with OS (Supplementary Fig. S6A).
620 Similarly, we performed the KM analysis for the lncRNAs in the
621 prognosis-related ceRNA network, and found that high expression of
622 LINC00641, PRKCZ-AS1, LINC01355, and KIZ-AS1 brings benefit to
623 OS. Although high expression of PIK3CD-AS1, LINC01678,
624 LINC00892, LINC01146, PSMB8-AS1, LINC01907, and CKMT2-AS1
625 reduced the OS (Supplementary Fig. S6B).
626 To validate the hypothesis that lncRNA positively regulates mRNA
627 expression through interacting with miRNA in the ceRNA network,
628 we calculated the PCC between the target lncRNAs and target mRNAs
629 of nine key miRNAs, individually (Supplementary Table S15). The
630 interaction pairs with |PCC| > 0.4 and a P value of <0.05 were
631 considered as co-expression pairs. Finally, we identified LINC00641
632 positively regulated AGO2 through hsa-mir-125b-2; LINC01146 pos-
633 itively regulated CD86, CXCL10, and CASP1 through hsa-mir-135a-1;
634 LINC00892 positively regulated CD69 through hsa-mir-181a-2 and
635 CD27 through hsa-mir-214; LINC00892 and LINC01146 simulta-
636 neously positively regulated CD247, CCR2, and CSF2RB through
637 hsa-mir-214; LINC01146 positively regulated IKZF1 through hsa-
638 mir-92a-2 (Supplementary Fig. S6C). The subnetwork was visualized
639 in Fig. 3D. In addition, the relationships among clinical variables and
640 the expression of nodes in the subnetwork were assessed to distinguish
641 the sarcoma by subtype, sex, histological diagnosis, residual tumor, and
642 tumor total necrosis (Fig. 3E).

643 Validation of gene expression in vivo and in vitro
644 We screened the Expression Atlas database to verify differences in
645 gene expression between sarcoma andnormal samples both in vivo and
646 in vitro (Table 1). Specifically, in the soft tissue sarcoma cell line
647 HT1080, we found that both CXCL10 and CASP1 were upregulated
648 in the cell treated with IFNa and/or U0126, a MEK pathway inhibitor,
649 for 6 and 12 hours, respectively (19). Furthermore, CXCL10 was also
650 found to be upregulated in atypical teratoid/rhabdoid tumor (20, 21).
651 CSF2RB was found to be downregulated in myxosarcoma (22).
652 However, when the 93T449 cell line, a well-differentiated liposarcoma

654from the retroperitoneum, was exposed by hypoxia, CXCL10 and
655CASP1 were found to be downregulated comparing with normoxia
656condition (23). In addition, in a mouse model with undifferentiated
657pleomorphic sarcoma induced by Kras and p53 mutations, Cd86,
658Cxcl10, Casp1, Ccr2, and Csf2rb were found to be upregulated except
659Cd27 was downregulated (24). Furthermore, in mouse model with
660clear cell sarcoma induced by TAT-Cre, Cxcl10, Ccr2, and Csf2rb
661were identified to be upregulated, but Cd69, Cd27, and Ikzf1 were
662downregulated (25). Similar results were also found in clear cell
663sarcoma mouse model induced by Rosa26CreER, except Ccr2 was
664reversely dysregulated (25). In addition, Cxcl10 and Csf2rb were also
665upregulated in synovial sarcoma, whereas Cd69, Cd27, and Ikzf1
666were downregulated (25).
667In addition, we applied RNA-seq data from rhabdomyosarcoma rat
668model for further validation. In this study, all rats in the 12-month Ni
669(nickel)-implanted group and two of the 12-month Co (cobalt)-
670embedded rats developed tumors, commonly rhabdomyosarcoma,
671whereas the other 12-month Co-embedded rats only developed spin-
672dle cellmesenchymal tumor (26).Cd247 andCd27were identified to be
673upregulated in the first and thirdmonth, whereasCasp1,Cd86,Cxcl10,
674and Ikzf1 were only found to be upregulated in third month after Co-
675embedded compared with Ta (Tantalum)-embedded rats. In addition,
676in the first month,Csf2rbwas upregulated after Co-embedded whereas
677Cxcl10 was downregulated after Ni-embedded. However, mRNA level
678of Ago2 was constant at any time points and in all metal-embedded
679groups included in split of the rest genes were also not significantly
680dysregulated in the sixth and twelfth month in the rats with metal
681implants (Fig. 4A).
682To further verify the expression of the genes in the subnetwork, we
683sacrificed 10 mice bearing S180 tumor cells. And on the basis of the
684subtype’s confirmation, we found that CXCL10, IKZF1, CD27, CD69,
685CCR2, and CSF2RB showed significant upregulation from low to high
686TIILs subtypes. Though the expression of the remaining four genes has
687no statistical significance, the direction of their dysregulation is
688consistent with our analysis (Fig. 4B). In addition, we also designed
689experiments in vitro to further confirmation the expression of the
690genes (Fig. 4C). As the experiment designed, we co-cultured SW872
691cell lines with low and high PBMC infiltration, respectively (Fig. 4D).
692The RT-qPCR results also consistently demonstrated the dysregula-
693tion of the genes in the subnetwork except for AGO2, but the
694expression of AGO2 also showed decreased from low to high TIILs
695subtypes (Fig. 4E).

696Exploration of potential drug targets
697Next, CMap analysis was applied to identifying potentially effective
698drugs on patients with sarcoma. The results indicated that TSA, a
699histone deacetylases (HDAC) inhibitor, was a critical drug that might
700have therapeutic value (Fig. 5A), and the IC50 value of TSA varied from
701subtypes (Fig. 5B). In addition, the IC50 value of TSAwas significantly
702affected by high or low expression of nodes in the subnetwork. Higher
703IC50 value was associated with high-expression levels ofCASP1,CCR2,
704CD247, CD27, CD69, CD86, CSF2RB, CXCL10, IKZF1, LINC00892,
705and LINC01146. Meanwhile, it is also related to low expression of
706AGO2,LINC00641, hsa-mir-135a-1, andhsa-mir-181a-2 (Supplemen-
707tary Fig. S7A and S7B). Because TSA is a pan-HDAC inhibitor, we tried
708to find some reasonable epigenetic modification evidence of TSA by
709analyzing the methylation levels of the genes in the subnetwork in
710healthy people and patients with sarcoma. There was a significant
711difference in the methylation levels of AGO2, CCR2, CD247, CD86,
712CD69, IKZF1, and CSF2RB between healthy people and patients
713with sarcoma. But CASP1, CXCL10, LINC00641, and CD27 showed
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716 no significant difference between these two groups (Supplementary
717 Fig. S7C).
718 To validate the therapeutic value of TSA, subcutaneous tumor
719 models were first constructed by injecting S180 cells. When the tumor
720 volume reached about 100 mm3, the inoculated mice were then
721 randomly allocated to the following groups: DMSO, TSA 0.5 mg/kg,
722 TSA 2 mg/kg (Fig. 5C). After two weeks administration, we detected
723 the HDAC activity in tumor tissues. We found that TSA significantly
724 reduced the HDAC activity and high-dose administration of TSA
725 contributed to stronger inhibition of HDAC (Fig. 5D). We further
726 found that TSA could obviously inhibit the growth of tumor (Fig. 5E;
727 Supplementary Fig. S7D and S7E) without significant effects on the
728 body weight (Supplementary Fig. S7F).
729 In addition, the IC50 value of TSA was identified to be positively
730 correlated with the expression of mRNAs and lncRNAs in the
731 subnetwork except for AGO2 and LINC00641. All miRNAs in the
732 subnetwork were weakly and negatively correlated with the IC50 value
733 of TSA (Fig. 5F). We further identified the co-expression patterns
734 among 22 tumor-infiltrating immune cell types through correlation

736analysis (Supplementary Fig. S8A). In addition, five miRNAs and
737three lncRNAs in the subnetwork were significantly correlated with
738infiltration levels of 19 immune cells except activated DCs, gamma
739delta T cells and regulatory T cells (Supplementary Fig. S8B). We also
740found that the infiltration of many immune cells was significantly
741different between low- and high-expression groups of miRNAs and
742lncRNAs (Supplementary Fig. S8C). These results gave us some clues
743that TSA might regulate TME through targeting the nodes in the
744subnetwork. We then downloaded scRNA-seq data from metastatic
745lung of mice bearing M3–9-M rhabdomyosarcoma tumor cells for
746further confirmation.After determining the parameters of the features:
747Cell barcodes with >500 and <4,500 genes detected and <20% mito-
748chondrial gene expression (Supplementary Fig. S8D), we detected 17
749cell clusters (Supplementary Fig. S8E) and the DE genes in each cluster
750(Supplementary Table S16). Cell types were annotated with the
751reference of MCA3.0 (27), CellMarker2.0 (RRID: SCR_018503), Sin-
752gleR.MouseRNAseqData (28), and SingleR.ImmGenData (ref. 29;
753Supplementary Table S16). Finally, we determined the final cell types
754and visualized in UMAP plot (Fig. 5G). The expression of specific

Table 1. Validation of the expression of genes in the subnetwork through Expression Atlas database.Q11

Gene Padj Log2(FC) Control/Case Species GEO PMID

Cd86 9.547e�10 2.3 4/17 Mus musculus GSE16779 19956606
CXCL10 2.213e�6 4.4 3/3 Homo sapiens GSE31019 22970192

1.132e�7 5.5 3/3
4.611e�4 1.7 3/3
6.742e�3 1.2 3/3
4.489e�6 2.5 3/3
6.136e�3 1.5 7/20 GSE35493 23382118
5.142e�4 1.1 13/17 GSE66354 25968456
9.474e�3 �1.7 3/3 GSE21050 29423096

Cxcl10 6.920e�3 2.2 6/4 Mus musculus GSE41293 & GSE43045 23410975
8.102e�5 2.1 6/6
1.722e�5 4.1 4/17 GSE16779 19956606

CASP1 4.295e�3 1.1 3/3 Homo sapiens GSE31019 22970192
5.871e�4 1.3 3/3
1.318e�2 1.2 3/3
7.113e�4 1.3 3/3
4.054e�2 �1.3 3/3 GSE21050 29423096

Casp1 6.832e�7 1.9 4/17 Mus musculus GSE16779 19956606
Cd69 3.674e�3 �2.6 6/4 Mus musculus GSE41293 & GSE43045 23410975

2.914e�3 �2.5 6/6
1.628e�6 �3.9 6/5

CD27 3.549e�2 1.6 3/3 Homo sapiens GSE21050 29423096
Cd27 4.781e�5 �3.2 6/6 Mus musculus GSE41293 & GSE43045 23410975

1.863e�7 �4.6 6/5
4.494e�5 �3.7 6/4
3.137e�6 �1.4 4/17 GSE16779 19956606

Cd247 2.764e�9 �5.3 6/5 Mus musculus GSE41293 & GSE43045 23410975
5.487e�3 �3.1 6/4
3.316e�4 �2.9 6/6

Ccr2 7.983e�10 4.6 4/17 Mus musculus GSE16779 19956606
8.511e�3 1.1 6/4 GSE41293 & GSE43045 23410975
1.386e�2 �1.1 6/5

CSF2RB 6.559e�9 �3.1 9/6 Homo sapiens PRJEB36314 32330934
Csf2rb 1.434e�10 2.4 6/4 Mus musculus GSE41293 & GSE43045 23410975

1.025e�5 1.2 6/5
2.238e�2 1 6/6
3.808e�6 1.9 4/17 GSE16779 19956606

Ikzf1 1.490e�3 �2 6/4 Mus musculus GSE41293 & GSE43045 23410975
1.610e�3 �2 6/6
2.347e�3 �1.8 6/5
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Figure 4.

Validation for the expression of genes in the subnetwork. A, Expression of the genes in the subnetwork using RNA-seq data from rhabdomyosarcoma (n ¼ 8 per
group). The P values were calculated by theWilcox rank-sum test. Ta, Co, and Ni represent the rats embedded with Ta (Tantalum, control group), Co (cobalt), and Ni
(nickel), respectively.B,Expressionof the genes in the subnetwork using S180-bearingmicemodel (n¼ 3 per group).C,Schematic representation of the experiments
in vitro examining the expression of the genes between low and high TIILs subtypes using the SW872 cell line. D, Expression of marker genes of T cells (n ¼ 3 per
group). E, Expression of genes in low and high TIILs subtypes (n ¼ 3 per group). The P values were calculated by the t test; �, P < 0.05; �� , P < 0.01; ��� , P < 0.0001.
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Figure 5.

Key drugs that had potential therapeutic effects on patients with sarcoma. A, Identification of key drugs through CMap analysis. B, Comparison of drug sensitivity
among subtypes of sarcoma. The P values were calculated by the Wilcox rank-sum test. C, Schematic diagram showing the schedule of treatment of S180-bearing
mice. D, TSA treatment reduced HDAC activity changes among mice bearing with S180. E, Tumor size among different groups. F, Visualization for the correlation
between the nodes in the subnetwork and IC50 value of TSA. G, UMAP visualizations of single-cell RNA-seq from metastatic lung samples of mice bearing M3–9-M
rhabdomyosarcoma tumor cells colored by cell types. H, UMAP plots showing expression of the genes in the subnetwork. (Continued on the following page.)
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Figure 5.

(Continued. ) I, Schematic diagram showing the schedule of treatment of the SW872 cell line. J, The expression of markers of CD4þ/CD8þ T cells. K, The expression
comparison of the genes in the subnetwork between low TIILs SW872 cells with and without TSA treatment. L, The expression comparison of the genes in the
subnetwork between high TIILs SW872 cellswith andwithout TSA treatment. TSA0.2 and TSA1mean the concentration of TSA is 0.2 and 1.0mmol/L, respectively. The
P values were calculated by the t test; � , P < 0.05; �� , P < 0.01; ��� , P < 0.0001.
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757 marker genes was visualized in bubble plot (Supplementary Fig. S8F).
758 Subsequently, to figure out whether the genes are expressed specifically
759 in any cell type, we investigated the expression the genes in the
760 subnetwork via this scRNA-seq data. We found that Cd27, Cd247,
761 and Cd69 showed specific expression in B cells and/or Cd8þ T cells,
762 Ccr2was specifically expressed amongmonocytes, NK cells, and Cd8þ

763 T cells, Cd86 was overexpressed in B cells and monocytes, Csf2rb
764 showed relatively high expression in neutrophil, eosinophil, and
765 monocytes. In contrary to Ago2, Casp1, Ikzf1, those were almost high
766 expressed among all cell types, Cxcl10 showed relatively conservative
767 expression among all cell types (Fig. 5H).
768 We further demonstrated that TME was altered within S180-
769 bearing mice injected with different dose of TSA. We found that the
770 infiltration of CD4þ/CD8þ T cells was enhanced by TSA (Supple-
771 mentary Fig. S9; Supplementary Table S17). Meanwhile, we investi-
772 gated the therapeutic effects of TSA in the SW872 cell line (Fig. 5I), we
773 found that for high TILLs sarcoma subtype, TSA could significantly
774 increase the infiltration of CD4þ/CD8þT cells. However, for lowTIILs
775 sarcoma subtype, TSA slightly changed the infiltration of CD4þ/CD8þ

776 T cells without significance (Fig. 5J). Furthermore, we found that
777 AGO2, CASP1, CXCL10, CD86, and CSF2RB showed significant
778 dysregulation after adding TSA (1 mmol/L) to low TIILs SW872 cells
779 with upregulation for first two genes and downregulation for the rest
780 three genes (Fig. 5K). For high TIILs SW872 cells, the expressions of
781 CXCL10, CD86, CASP1, and CD69 were significantly inhibited after
782 adding TSA (1 mmol/L), but CD27 and CSF2RB were significantly
783 enhanced (Fig. 5L).

784 Discussion
785 Although sarcoma constitutes only approximately 1% of all
786 human malignancies cases, it presents the second most common
787 solid tumor in children and adolescents (30). Currently, there are
788 more than 100 histological subtypes characterized, and the number
789 of subtypes is continuously increasing due to newly identified
790 molecular profiling. Therefore, the novelty with more precise
791 classification of sarcoma is still imperative. Clues from the previous
792 study showed the significant immunogenic response occurred in
793 rhabdomyosarcoma rats with early stages (26). Furthermore, the
794 infiltration of immune cells in pleomorphic sarcoma is associated
795 with the tumor morphology and anatomical location, and closely
796 associated with OS of patients with sarcoma (31). All the evidence
797 contributes to our focus on the immune infiltration of TME. In our
798 study, we integrated the 45 immune-related signatures with more
799 classical immune cells and curated immunogenetic pathways, and
800 performed ssGSVA analysis to estimate the infiltration for every
801 single patient. The results are obviously, significantly, and robustly
802 showed there are three subtypes among patients with sarcoma, that
803 is, C1 (Low), C2 (High), and C3 (Moderate). Differing from the
804 general classification based on the different estimated scores of 22
805 popular immune cell types (8, 32), we collected more comprehen-
806 sive signatures, which can depict the complete status of the immune
807 infiltration. The approach to scoring each signature for each
808 sarcoma patient using more original algorithm, that is, ssGSVA
809 benefits for the more precise classification of sarcoma and promotes
810 to the complete description of the characteristics of patients with
811 sarcoma, such as the higher the levels of immune infiltration, the
812 smaller the proportion of tumor cells and the more complicated the
813 TME in the patient. And the consistent classification was also
814 identified using Consensus Clustering analysis. Besides, from the
815 number of patients with different tumor sites, we realized that the

817TME stratification was a common characteristic for soft tissue
818sarcoma. These results were further confirmed through a small
819cohort of S180-bearing mice model. Moreover, we infer that a large
820difference exists between C1 (Low) and C2 (High), and slight
821difference between C1 (Low) and C3 (Moderate) from the OS of
822subtypes and DE genes among subtypes.
823With the classification of sarcoma, our study further revealed that
824dysregulated ceRNA network was involved in the progression of
825sarcoma and identified the potential prognosis biomarker. In our
826study, we first developed an S180-bearing mouse model to validate the
827sarcoma subtypes, and further validated the expression of the genes in
828the subnetwork in vivo and in vitro. Moreover Q12, according to the OS of
829three subtypes, we found that the lower the TIILs, the lower survival
830rates in patients with sarcoma. Consistently, the five key miRNAs in
831the subnetwork are all dangerous factors according to the univariate
832Cox regression analysis (HR > 1) and upregulated in patients with
833sarcoma with low TIILs (C1 subtype) compared with patients with
834sarcoma with high TIILs (C2 subtype). Meanwhile, the individual KM
835analysis of these five miRNAs also demonstrated the poor survival
836rates in their high expression group of them. Accordingly, in the
837subnetwork, the targetmRNAs, includingCASP1,CCR2,CSF2RB, and
838IKZF1, and target lncRNAs, including LINC01146 and LINC00892, are
839found to be protective factors, downregulated in C1 subtype, and lower
840survival rates in their low expression groups. Only target lncRNA
841LINC00641 in the subnetwork is found to be a dangerous factor,
842upregulated in C1 subtype and lower survival rates in its high-
843expression group. Besides, AGO2 is upregulated in C1 subtype and
844shows lower survival rates in its high-expression group. However,
845CD86, CXCL10, CD69, CD27, and CD247 are identified to be down-
846regulated in C1 subtype and show lower survival rates in their low
847expression groups in spite of no statistical difference identified in their
848univariate Cox regression analysis. Actually, studies have revealed the
849important role of these molecules in sarcoma. MiR-125b was found to
850inhibit cell biological progression of Ewing’s sarcoma by suppressing
851the PI3K/Akt signaling pathway (33), and develop chemoresistance in
852Ewing’s sarcoma/primitive neuroectodermal (34). Upregulation of
853miR-181a/miR-212 were found to improve myogenic commitment
854in murine fusion-negative rhabdomyosarcoma (35). MiR-214–3p was
855also found to be commonly downregulated by EWSFI1 and by CD99
856and its restoration limits Ewing sarcoma aggressiveness (36). MiR-92a
857was also identified tomodulate proliferation, apoptosis,migration, and
858invasion of osteosarcoma cell lines by targeting Dickkopf-related
859protein 3 (37). These studies experimentally demonstrated the medi-
860ated regulatory mechanism of these five key miRNAs in the occur-
861rence, development, and metastasis of sarcoma. Furthermore, AGO2
862has been proved to be a key effector of miRNA-induced silencing
863complexes and assembles with miRNA to form the complexes (38). It
864has been verified that the expression of costimulatory molecules CD80
865and/orCD86 by a Kaposi’s sarcoma tumor cell line induces differential
866T-cell activation and proliferation (39). In the tumor-inflammatory
867microenvironment, CASP1 and its processed cytokines, such as IL1b,
868play an important role in the occurrence and development of can-
869cer (40). Besides, reduced CCR2 is identified to improve the prognosis
870of sarcomaby remodeling theTME (41).Genomic alterations of IKZF1
871could negatively affect immunogenicity and tumor response to
872immune checkpoint blockade (42). All of these studies are the evidence

873that the construction of the ceRNA in our research is of reliability and
874robustness. Moreover, the molecules in the subnetwork are full of
875potential to be prognosis biomarkers.
876Notably, our study also identified that epigenetic modification
877is closely associated with sarcoma development, though a lot of
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880 immune-related pathways are significantly enriched through the DE
881 genes between C1 and C2 subtypes, genes in the prognosis-related
882 ceRNA network, and parent genes of proteins in the PPI network,
883 respectively. Concretely, histone modification, especially deacetylation,
884 was enriched for the genes in the prognosis-related ceRNA network.
885 HDACs can promote deacetylation of histones and tighten their
886 interaction with DNA, resulting in a closed chromatin structure and
887 the inhibition of gene transcription (43). Studies have shown that
888 HDACs influence diverse cellular processes and contribute to sarcoma
889 growth and progression bymultiple mechanisms (44). Consistently, we
890 identified TSA, which is pan-HDAC inhibitor of class I and II HDACs,
891 had a potential therapeutic effect on the sarcoma subtypes in our study.
892 In various cancer cells, the shift to an increased acetylation/deacetyla-
893 tion ratio by HDAC inhibitors (HDI) was found to have a substantial
894 effect on their fate (45). HDIs are found to inhibit the proliferation of a
895 variety of transformed cells in vitro and tumor progression in several
896 solid tumors and hematological malignancies (46), induce cell-cycle
897 arrest, differentiation, cell death, and modulate the immune response
898 and decrease angiogenesis (47). Therefore, HDIs seem to be promising
899 anticancer drugs particularly in the combination with other anticancer
900 drugs and/or radiotherapy.HDIs have been found to upregulate tumor-
901 suppressor genes, downregulate oncogenes, induce apoptosis and cell-
902 cycle arrest, decrease invasion, metastasis and angiogenesis, inhibit
903 tumor growth through regulating autophagy, induce reactive oxygen
904 species generation, and induce tumor cell differentiation in sarco-
905 mas (48). In our study, TSA was identified to be therapeutic potential
906 to the subtypes of sarcoma, and potentially reverse the low immune
907 infiltration in patients with sarcoma thereby improving the survival of
908 patients. In our in vivo experiments, we confirmed the therapeutic value
909 of TSA, and further found that higher dose of TSA could significantly
910 inhibit the growthof tumors. Except for the dysregulationof the genes in
911 the subnetwork demonstrated in vivo and in vitro, we further demon-
912 strated that some of them showed inconsistent regulation between low
913 and high TIILs subtypes after adding TSA, such as CASP1, CD27,
914 CD247, CCR2, and CSF2RB. This result may imply the complicated
915 regulation of these effectors or the complicated therapeutic effects of
916 TSA. However, this study offers new insights into the relationship
917 between HDI and sarcoma.
918 Nevertheless, there are still some limitations in this study. First, the
919 main results are analyzed on the basis of TCGAdata, which is relatively
920 small and lack of large number of paired samples. Second, the
921 validation experiments are relatively simple, the more exact molecular
922 mechanisms involved the nodes and their corresponding interactions
923 in the subnetwork are worth of deeper investigation.
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