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Abstract  Chondrosarcoma (CHS) is a malignant 
bone tumor resistant to adjuvant treatment, with 
high-grade patients suffering an unfavorable prog-
nosis. Therefore, a deeper insight into the tumor 
microenvironment is essential for developing effec-
tive treatments for advanced CHS. To decipher the 
cellular heterogeneity between CHS with differential 
malignancy and benign cartilage tumors, we per-
formed single-cell RNA sequencing (scRNA-seq) 
on clinical specimens of high- and low-grade CHS, 

endochondroma and paratumoral tissues. The find-
ings of transcriptional characteristics were vali-
dated by the bioinformatics analyses of public bulk 
datasets. The role of markers of interest was further 
explored by histological staining, in vitro and in vivo 
experiments. The results demonstrated that neoplas-
tic cells and stromal cells predominated in the CHS 
tumor microenvironment. High-grade CHS presented 
aggravated proliferation and angiogenesis character-
istics in neoplastic cells. The in silico analysis and 
functional experiments identified HMGA2 as a regu-
lator of these malignant phenotypes and an independ-
ent predictor of poor outcome. Tumor-associated 
endothelial cells (TA-ECs) in CHS demonstrated 
senescent yet aggressive phenotypes underpinned by 
HBEGF. Moreover, HCHS exhibited more prevalent 

Shenglin Wang, Shuting Lu, Xinwen Wang and Hongxiang 
Wei contributed equally to this work.

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10565-​026-​10188-x.

S. Wang · X. Shen (*) 
The School of Basic Medical Sciences, Fujian Medical 
University, 1 Xuefu North Road, Fuzhou 350122, China
e-mail: xshen@fjmu.edu.cn

S. Wang 
e-mail: shenglinwang0216@163.com

S. Wang · S. Lu · H. Zhang · W. Zhou · J. Lin · X. Shen · 
L. Ao (*) 
Department of Bioinformatics, Fujian Key Laboratory 
of Medical Bioinformatics, The School of Medical 
Technology and Engineering, Fujian Medical University, 1 
Xuefu North Road, Fuzhou 350122, China
e-mail: lukey@fjmu.edu.cn

S. Lu 
e-mail: l18760360829@163.com

H. Zhang 
e-mail: hr_zhang@fjmu.edu.cn

W. Zhou 
e-mail: zhouweixin_13@163.com

J. Lin 
e-mail: liner0203@163.com

S. Wang · H. Wei · F. Liang · Z. Wu · J. Lin (*) 
Department of Orthopaedics, Fujian Orthopaedics 
Research Institute, The First Affiliated Hospital of Fujian 
Medical University, 20 Chazhong Road, Fuzhou 350005, 
China
e-mail: jianhual123@126.com

H. Wei 
e-mail: whxfjmu@163.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s10565-026-10188-x&domain=pdf
https://doi.org/10.1007/s10565-026-10188-x
https://doi.org/10.1007/s10565-026-10188-x


	 Cell Biol Toxicol           (2026) 42:71    71   Page 2 of 24

Vol:. (1234567890)

cellular communications between neoplastic cells 
and TA-ECs mediated by SPP1 and EGF pathways, 
with SPP1 and HBEGF both predicting unfavorable 
prognosis. Mechanistically, HMGA2 induced neo-
plastic secretion of SPP1, which provoked endothelial 
senescence and HBEGF release. Our findings impli-
cate malignant characteristics in neoplastic cells and 
endothelial senescence associated with the histologi-
cal grade of CHS and underscore the potential value 
of HMGA2 and SPP1 as actionable therapeutic tar-
getes for advanced patients.

Keywords  Single-cell RNA sequencing · 
Chondrosarcoma · High Mobility Group AT-Hook 2 · 
Senescence · Secreted Phosphoprotein 1

Introduction

Chondrosarcoma (CHS), a highly heterogeneous 
tumor characterized by the production of cartilage 
matrix, constitutes the second most common malig-
nancy of bone after osteosarcoma (Chow 2018). CHS 
can be classified as primary and secondary subtypes, 
with the latter developing from existing benign carti-
laginous tumors such as osteochondroma or enchon-
droma (Chow 2018). Based on histological subtypes, 
CHS is further classified as conventional (grades 1–3) 
and rare (clear cell, mesenchymal, and dedifferen-
tiated) subtypes (Zając et  al. 2021). Based on com-
pletely surgical resection with wide margins with or 
without adjuvant therapy, the patient outcome varies 
according to the clinical, histological and pathologi-
cal grade. The long-term survival rate is over 53% for 
patients with low-grade CHS (conventional grades 
1–2), 29–55% for those with conventional high-grade 

CHS (grade 3), but only 7–28% for those with rare 
high-grade CHS (mesenchymal and dedifferentiated) 
(MacDonald et  al. 2019). Therefore, elucidating the 
molecular mechanisms underlying CHS aggressive-
ness is essential for improving patient outcomes.

The crosstalk between tumor cells and their micro-
environment constitutes a critical driver of tumor 
progression. In most tumors, CD8+T cells and proin-
flammatory M1 macrophages exert antitumor effects, 
whereas Treg cells and M2 macrophages may pro-
mote tumor progression (Gordon and Martinez 2010). 
Modulation of the immune microenvironment is also 
involved in CHS invasiveness. Low-grade non-inva-
sive CHS was found to be surrounded by a high level 
of CD8+T cells, whereas high-grade invasive cases 
were predominantly infiltrated by CD163+(M2) mac-
rophages (Simard et al. 2017). According to the CHS 
classification by immune-microenvironment pheno-
types, tumor subtypes with exhausted T cells and den-
dritic cells showed better response to PD-1 immune 
therapy (Li et  al. 2021). Fibroblasts and endothelial 
cells, among other components of the tumor micro-
environment, also contribute significantly to tumor 
malignancy (Tiwari et  al. 2022). However, the het-
erogeneity of mesenchymal composition and immune 
functions for CHS remain poorly understood.

Single-cell RNA sequencing (scRNA-seq) enables 
the dissection of transcriptional heterogeneity across 
cell types by capturing cellular gene expression pro-
files (Baslan and Hicks 2017). scRNA-seq has been 
applied to explore the microenvironment of tumors, 
such as breast cancer (Sun et  al. 2023), pancreatic 
ductal adenocarcinoma (Wang et al. 2023), and lung 
cancer (Hu et  al. 2023). Due to the low prevalence 
of CHS, there is a scant study on this disease by 
scRNA-seq. Recently, Su et al. mapped conventional 
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central CHS at single-cell resolution, demonstrating 
that endoplasmic reticulum stress critically promotes 
malignant transformation (Su et  al. 2024). However, 
the study focused on chondrocytes, leaving the fea-
tures of the tumor microenvironment in disease pro-
gression unclarified.

Here, we characterized the single-cell transcrip-
tomic landscapes of high-grade CHS, low-grade 
CHS, peritumoral tissues, and enchondroma. In high-
grade CHS, neoplastic cells exhibited aggravated 
malignant characteristics while decreased chondro-
genesis. HMGA2 in neoplastic cells was found to be 
an independent predictor for unfavorable outcome of 
patients and was validated to facilitate the malignant 
behaviors. TA-ECs in CHS demonstrated senescent 
yet aggressive phenotypes with the involvement of 
HBEGF. Additionally, high-grade CHS presented 
more intensive cellular communications between 
neoplastic cells and TA-ECs mediated by SPP1 and 
EGF pathways, with SPP1 and HBEGF both associ-
ated with adverse outcome. HMGA2 may release 
SPP1, inducing senescence in endothelial cells and 
HBEGF secretion. Our study reveals malignant fea-
tures in neoplastic cells and senescent conversion of 
tumor-associated endothelium in the CHS microen-
vironment, providing a clue for understanding tumor 
invasion and positioning HMGA2- and SPP1-targeted 
therapy for patients with advanced disease.

Materials and methods

Human specimens

A total of ten patients were included for single-cell 
sequencing in this study, of which eight were patho-
logically diagnosed with CHS and two with enchon-
droma (ECH). The histopathology of all cases was 
confirmed via hematoxylin–eosin staining. Tumor 
tissues were obtained by surgical resection from 
two benign ECH, three low-grade CHS (LCHS) and 
three high-grade CHS (HCHS). Peritumoral tissues 
(NCHS) were obtained from two additional LCHS. 
Patients had not received antitumor therapy before 
surgery. The study adhered to the Declaration of Hel-
sinki, and the Ethics Committee of the First Affiliated 
Hospital of Fujian Medical University approved the 
protocols involving human samples. Written informed 

consent was obtained from all participants. Clinical 
details are presented in Table S1.

Single‑cell sequencing

The single-cell solution was prepared and sequenced 
by the 10X Genomics Chromium Single-Cell 3′ Kit 
(V3) following a previously established protocol 
(Wang et al. 2024). The CellRanger software (version 
6.0.0, 10X Genomics) was used to generate gene-bar-
code matrices. Cells were filtered out if they exhib-
ited any of the following: < 200 detected genes, gene 
or UMI counts in the top 2%, or > 10% mitochondrial 
gene expression. Genes expressed in fewer than five 
cells were also filtered out. After log-normalization 
and scaling, principal component analysis (PCA) 
was performed on the filtered count matrix. Follow-
ing dimensionality reduction, unsupervised clustering 
was performed, with results visualized by Uniform 
Manifold Approximation and Projection (UMAP). 
Batch effects across samples were corrected with 
Harmony (version 1.0) (Korsunsky et al. 2019) prior 
to sample integration, with the exception of neoplas-
tic cells to retain genuine intertumoral heterogene-
ity. DoubletFinder was used to identify and remove 
potential multiplets from the dataset (McGinnis 
et al. 2019). Samples of fewer than 30 cells were not 
included in subsequent analyses.

RNA sequencing (RNA‑seq)

Total RNA extraction was performed with TRIzol 
reagent (Sangon Biotech, Shanghai, China), with the 
cDNA library constructed using the NEBNext Ultra 
II RNA Library Prep Kit for Illumina (New England 
Biolabs Inc., MA, USA). Transcriptome sequenc-
ing was conducted on the Illumina NovaSeq Xplus 
platform at Bioprofile Gene Technology (Shanghai, 
China).

Differentially expressed genes (DEGs)

Single-cell DEGs (min.pc > 0.10, logFC > 0.25, FDR-
adjusted P-value < 0.05, and only.pos = T) were ana-
lyzed using the FindAllMarkers() and FindMarkers() 
functions in the Seurat package (version 3.1.2) (But-
ler et  al. 2018). For RNA-seq analysis, DEGs were 
defined by DESeq2 using criteria of P < 0.05 and 
|log2FC|> 0.58 or 1.
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Mfuzz clustering analysis

Soft clustering analysis of gene expression patterns 
across multiple groups was performed using the 
Mfuzz algorithm. Optimal clusters were identified by 
minimum centroid distance and subsequently used for 
functional enrichment analysis and signature scoring.

Pseudotime analysis

The Monocle2 package (version 2.99.3) (Qiu et  al. 
2017) was utilized with default settings to infer the 
cell developmental trajectory.

Scoring of signature

Based on literature-reported marker genes associated 
with specific features, we estimated the potential bio-
logical functions of the cells of interest. For single-
cell data, the UCell software package (version 2.6.0) 
(Andreatta and Carmona 2021) was used to estimate 
the single-cell signature score or the average score 
for all cells per sample. For bulk sequencing data, the 
ssGSEA algorithm was applied to estimate the signa-
ture score for each sample.

Copy number variation analysis

We estimated chromosomal copy number varia-
tions (CNVs) in individual chondrocytes using the 
InferCNV package (version 1.8.1) (Patel et al. 2014) 
to distinguish neoplastic from non-neoplastic cells. 
The chondrocytes were used for the observations, 
with lymphocytes (T/NK cells) used as the reference. 
Genes expressed in > 20 cells were sorted by chromo-
somal location. Expression values were normalized 
(centered at 1, thresholded at 1.5 standard deviations) 
and smoothed using a 101-gene sliding window.

Identification of transcription factors

The gene regulatory networks and activated transcrip-
tion factors for neoplastic cells were inferred using 
the SCENIC package (version 1.1.3) (Aibar et  al. 
2017) based on the gene-barcode matrices. The co-
expression network was calculated using GRNBoost2 
and the regulons were then identified using RcisTar-
get. AUCell was used to score the activity of the reg-
ulons for each cell.

Pathway enrichment analysis

Using the clusterProfiler package (version 4.6.2) (Yu 
et  al. 2012), we performed enrichment analysis and 
considered pathways with P < 0.05 significant.

Cell–cell interaction analysis

The intercellular communications between different 
cell subtypes were estimated by the CellChat (version 
1.5.0) (Jin et al. 2021) package following a previously 
described protocol (Wang et al. 2024).

Analyses based on public bulk mRNA profiles

Bulk mRNA profiles were retrieved from The Can-
cer Genome Atlas (TCGA-SARC), EBML-EBI 
(E-MTAB-7264), the Gene Expression Omnibus 
(GSE12475, GSE202361) and the Cancer Cell Line 
Encyclopedia (CCLE) databases. Kaplan–Meier sur-
vival analysis and optimal expression cutoff deter-
mination for patient stratification were conducted 
with the “survival” (version 3.5–5) and “survminer” 
(version 0.4.9) packages, respectively, with the latter 
selecting the threshold that maximizes the log-rank 
test statistic.

Cell culture

The CHS cells SW1353 (low grade), HT1080 (high 
grade) and endothelial cells HUVEC were obtained 
from the Stem Cell Bank, Chinese Academy of Sci-
ences (Shanghai, China). Cells were maintained in 
DMEM with 10% fetal bovine serum (FBS, VivaCell, 
Shanghai, China) and 1% penicillin–streptomycin in a 
humidified atmosphere of 5% CO₂ at 37 °C.

Immunohistochemical staining

Archival FFPE specimens of primary tumor tissues 
were collected to perform immunohistochemistry by 
applying an Elivision™ plus Polyer HP Kit (Maixin 
Biotechnologies, Fuzhou, China). The Sects.  (4-μm 
thick) underwent deparaffinization, rehydration and 
blockage of endogenous peroxidase activity. Following 
heat-induced antigen retrieval, the sections were incu-
bated overnight at 4 ℃ with antibodies against CD45 
(60287–1-Ig; 1:5000; Proteintech, Wuhan, China), 
HMGA2 (ab207301; 1:200; Abcam, Cambridge, UK), 
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and HBEGF (ab218019; 1:200; Abcam). After treat-
ment with a polymer helper reagent for 20 min, sections 
were incubated with poly-peroxidase-anti-mouse/rabbit 
IgG for 30 min at room temperature. Finally, staining 
was performed with diaminobenzidine (Maixin Bio-
technologies), followed by dehydration and mounting. 
Staining was scored by multiplying the intensity grade 
(0–3: none, weak, moderate, strong) by the percentage 
grade (0–4: < 5%, 5–24%, 25–50%, 51–74%, ≥ 75%).

Multiplex immunofluorescence

Staining was performed using the Opal Multiplex 
IHC kit (Akoya Biosciences, NEL861001KT). Tissue 
slides underwent deparaffinization, rehydration and 
microwave antigen retrieval, followed by incubation 
with primary antibodies against CD31 (66,065–2-Ig; 
1:200; Proteintech), and P21 (82,669–2-RR; 1:100; 
Proteintech). After incubation with secondary anti-
bodies and Opal fluorophores, nuclei were stained 
with DAPI, and slides were imaged using the Vec-
tra Polaris multispectral Imaging System (Akoya 
Biosciences).

Lentivirus transfection

Lentiviral particles (Genechem, Shanghai, China) for 
HMGA2 overexpression (oe-HMGA2), knockdown 
(sh-HMGA2), or control were used to infect CHS 
cells as per the manufacturer’s protocol. Efficiency 
was evaluated by RT‑qPCR and Western blot.

Quantitative real‑time PCR (RT‑qPCR)

Total RNA was extracted using TRIzol (Sangon Bio-
tech, Shanghai, China), and reversed into cDNA with 
Maxima Reverse Transcriptase (Thermo Scientific, 
USA). qPCR was performed using the 2 × SG Fast 
qPCR Master Mix (High Rox) (Sangon Biotech) and 
analyzed on an ABI 7500 thermocycler (Waltham, 
MA, USA). Relative Ct values were normalized to 
β-actin. Relevant primer sequences are provided in 
Table S2.

Cell proliferation assay

Cell viability was measured by the CCK8 (New Cell 
& Molecular Biotech, Suzhou, China) assay per the 
manufacturer’s protocol.

Colony formation assay

CHS cells seeded in six-well plates were incubated 
for 6 days. After gentle rinsing with PBS, cells were 
fixed in 70% ethanol and stained with 0.1% crystal 
violet (Solarbio, Wuhan, China). Colonies exceeding 
50 cells were counted microscopically.

Wound healing assay

CHS cells seeded in six-well plates were wounded 
by scraping the monolayer with a 200-μL pipette tip. 
After 24 h, cells were fixed, stained with 0.1% crys-
tal violet (Solarbio), and migrating cells were counted 
microscopically.

Cell apoptosis assay

Apoptosis was assessed by flow cytometry using the 
Annexin V-FITC Apoptosis Detection Kit (Beyotime) 
on an Accuri C6 flow cytometer (BD Biosciences, 
Franklin Lakes, NJ, USA).

Western blot

Protein isolation and quantification were performed 
using the Membrane and Cytosol Protein Extrac-
tion Kit and the Bicinchoninic Acid (BCA) Protein 
Assay Kit (both from Beyotime). After separation on 
10% SDS-PAGE gels, proteins were transferred to 
PVDF membranes (Millipore, MA, USA), blocked for 
15  min with NcmBlot blocking buffer (New Cell & 
Molecular Biotech), and incubated overnight at 4  °C 
with primary antibodies against HMGA2 (ab207301, 
1:200; Abcam) and Tubulin (66,031–1-Ig, 1:10,000; 
Proteintech). After incubation with HRP-conjugated 
secondary antibodies (Proteintech) for 1  h at room 
temperature, signals were detected with Enhanced 
Chemiluminescent reagent (New Cell & Molecular 
Biotech) on a FluorChem R system (ProteinSimple, 
USA).

Oxidative stress and redox balance assessment

Intracellular ROS were visualized with the ROS 
Assay Kit (Beyotime) under a fluorescence micro-
scope. Lipid peroxidation was quantified by 
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malondialdehyde content using the MDA kit (Beyo-
time), and glutathione status was assessed with the 
GSH/GSSG Assay Kit (Beyotime).

Senescence‑associated β‑galactosidase staining

HUVEC cells seeded into 6-well plates were cul-
tured for 72 h in conditioned medium from SW1353 
or HT1080 cells. SA-β-Gal activity was detected 
using the Senescence β-Galactosidase Staining Kit 
(Beyotime).

Xenograft tumor growth assay

Female BALB/C nude mice (4  weeks old; Shang-
hai SLAC Laboratory Animal Co., Ltd., Shanghai, 
China) were housed in specific pathogen-free con-
ditions with free access to food and water. Animal 
experiments were authorized by the Animal Research 
Committee of the Fujian Medical University and per-
formed in line with the official guidelines. SW1353 
cells or HT1080 cells (100 μL, 1 × 106 cells) were 
combined with 300 µL Matrigel™ (BD Biosciences) 
and injected subcutaneously into the backs of mice. 
At 5 weeks, tumors were excised and volume calcu-
lated as (length × width2)/2.

Statistical analysis

Statistical analyses were performed using R software 
(version 4.2.3) or GraphPad Prism 8.0.1 (San Diego 
CA, USA). Differences between two groups were 
evaluated by unpaired Student’s t-test or Wilcoxon 
rank-sum test (with Benjamini–Hochberg adjust-
ment for multiple testing), while one-way ANOVA 
with Tukey’s HSD post-hoc test was used for multi-
ple pairwise comparisons among groups. Spearman’s 
correlation test was employed for correlation analy-
ses. Statistical significance was defined as a two-sided 
P < 0.05.

Results

Cellular heterogeneity of enchondroma and CHS at 
single‑cell resolution

To characterize the distinct microenvironmental 
landscapes of CHS across different malignancy 

grades, we performed single-cell RNA sequencing 
(scRNA-seq). An overview of the study workflow is 
outlined in Fig. 1A. A total of 81,943 cells remained, 
with a median of 2,950 genes and 8,818 UMIs per 
cell (Fig. 1B, Fig. S1A). Based on canonical marker 
gene expression, cells were separated into 11 cell 
types: chondrocytes, endothelial cells (ECs), fibro-
blasts, mural cells, myocytes, mononuclear  phago-
cytes (MPs), neutrophils, mast cells, B cells, plasma 
cells, and T/NK cells (Fig. 1B and C, Fig. S1B). Cel-
lular diversity was observed regarding the distribu-
tion of cell types across groups. Stromal cells includ-
ing endothelial cells, fibroblasts, and myocytes, 
consisted the majority of the NCHS samples. LCHS 
exhibited the highest chondrocytes infiltration along-
side the lowest proportion of immune cells (Fig. 1D-
F, Fig. S1C-F), a pattern that may reflect the sparse 
immune cell infiltration characteristic of cartilagi-
nous nodules (Simard et  al. 2017). Notably, HCHS 
showed an accumulation of MPs compared to LCHS 
(Fig.  1D and E, Fig.  S1C-F), which might contrib-
ute to tumor invasiveness, as previously suggested 
(Simard et  al. 2017). It should be noted, however, 
that the findings regarding HCHS are based on a 
relatively limited sample size with constrained histo-
logical heterogeneity. Further validation in expanded 
cohorts would be valuable to confirm these prelimi-
nary observations.

Malignant features of neoplastic cells associated with 
CHS aggressiveness

In this study, 34,645 chondrocytes were annotated 
into seven clusters (Fig. 2A), with their top differen-
tially expressed genes shown in Fig. S2A. All seven 
clusters exhibited elevated CNV scores, indicating 
their neoplastic nature (Fig. S2B and C). Based on 
canonical marker expression, clusters Chon1-Chon4 
were identified as well-differentiated neoplastic 
chondrocytes. These clusters were characterized by 
the expression of cartilage development-associated 
genes (COL2A1, ACAN, and COMP) (Fig.  2B, 
Fig.  S2E) and neoplastic markers (Fig.  S2D)(Kim 
et  al. 2020; Nakagawa et  al. 2025; Su et  al. 2024; 
Yin et  al. 2024). The High1 and High2 clusters 
were characterized as progenitors expressing pro-
liferative genes (CDH2, CCND1, and CCND2) 
(Fig. 2B, Fig. S2E) (Tanaka et al. 2023). The High3 
cluster represented fibrocartilage neoplastic cells, 
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Fig. 1   Single-cell transcriptomic atlas of cartilage tumors. A 
Schematic overview of the study workflow. Part of the image 
was adapted from the Figdraw platform. B Uniform Manifold 
Approximation and Projection (UMAP) plot showing 81,943 
cells from all samples annotated as 11 cell types. C Vio-
lin plot displaying the expression levels of canonical marker 
genes across cell types. D Density plot corresponding to (B) 

highlighting cell type distribution across groups. E Ro/e anal-
ysis showing the inferred relative enrichment of cell types. F 
Representative immunohistochemistry images (left) and corre-
sponding quantification (right) validating CD45+ cell infiltra-
tion across groups from our cohort. Scale bar: 100 μm (200 ×) 
and 20  μm (400 ×). *P < 0.05; ***P < 0.001; ****P < 0.0001 
by one-way ANOVA with post-hoc test
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displaying increased expression of fibroblast-associ-
ated genes (S100A4, COL6A1, and POSTN) along-
side decreased expression of cartilaginous matrix 
genes (Fig. 2B, Fig. S2E). Consistent with a recent 
study (Su et al. 2024), well-differentiated neoplastic 
chondrocytes were enriched in both ECH (Chon1) 
and LCHS (Chon2-Chon4). In contrast, HCHS was 
primarily composed of the High1, High2 and High3 
clusters (Fig.  2C, Fig.  S3A and B). These grade-
specific distribution patterns highlight the transcrip-
tional heterogeneity underlying CHS malignancy.

Notably, HCHS exhibited higher CNV scores 
than LCHS and ECH (Fig.  2D). Functionally, 
HCHS presented the lowest signature scores regard-
ing ECM remodeling and chondrogenesis, yet the 
highest scores regarding angiogenesis, stemness, 
and proliferation (Fig.  2E). To delineate the tran-
scriptional programs related to CHS aggressive-
ness, we performed Mfuzz clustering analysis 
(Fig.  2F). Genes highly expressed in LCHS (clus-
ters 3–5) were enriched in pathways related to 
endochondral ossification, cartilage development, 

Fig. 2   Malignant characterization of neoplastic cells for CHS 
aggression. A UMAP plot showing 34,645 cells annotated as 7 
subtypes. B Dot plot displaying the scaled average expression 
of selected genes across cell subtypes. C Ro/e analysis show-
ing the inferred relative abundance of cell subtypes. D Violin-
box plot showing the inferred copy number variation (CNV) 
score across groups. Boxes represent the interquartile range, 
with horizontal lines indicating the median and whiskers repre-
senting the min–max range. Statistical significance was deter-
mined by Wilcoxon tests with Benjamini–Hochberg correction. 

E Heatmap illustrating the scaled score of interested signatures 
across groups. F Mfuzz clustering analysis identifying genes 
with dynamic expression patterns in neoplastic cells across 
groups. G-H Gene Ontology (GO) (G) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) (H) enrichment analysis 
of the genes associated with each Mfuzz cluster from (F). I 
Forest plot showing the association of the Mfuzz cluster-spe-
cific gene signatures with patient overall survival in independ-
ent CHS cohorts
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and extracellular matrix organization. While those 
upregulated in HCHS (clusters 6–9) were associ-
ated with cell cycle transition, DNA replication, 
ErbB pathway, and VEGF pathway (Fig. 2G and H). 
Additionally, gene signatures from clusters 1–4 
were associated with good prognosis, while those 
from clusters 7 and 8 were associated with an unfa-
vorable outcome (Fig.  2I). These findings suggest 
that CHS progression is characterized by the sup-
pression of chondrocyte differentiation, accompa-
nied by enhanced pro-angiogenetic, proliferative, 
and mesenchymal features.

HMGA2 is associated with malignant characteristics 
in CHS cells

To identify vital genes associated with CHS pro-
gression, we first screened for activated transcrip-
tion factors (TFs) in neoplastic cells and their 
targeted genes. The target genes were then inter-
sected with genes from clusters 7–8 identified by 
Mfuzz analysis, as well as with neoplastic-cell-
specific genes (Fig. 3A). This intersection yielded 
152 genes, regulated by 104 TFs (Fig. 3A). Nota-
bly, HMGA2, specifically expressed in neoplastic 
cells, displayed a stepwise increase in both expres-
sion level and transcriptional activity from ECH 
to HCHS (Fig.  3B and C, Fig.  S3C). Preferential 
HMGA2 upregulation in high-grade CHS was 
validated in public datasets (Fig. 3D) and further 
confirmed in our cohort by immunohistochemis-
try (Fig.  3E). Correlation analysis demonstrated 
a positive association between HMGA2 expres-
sion and malignancy-related features, including 
cell proliferation, stemness, and angiogenesis 
(Fig. 3F and G). Moreover, High HMGA2 expres-
sion independently predicted worse progression-
free and overall survival in CHS patients (Fig. 3H, 
Fig.  S3D and E). In low-grade (G1 + G2) CHS 
patients, elevated HMGA2 expression also corre-
lated with malignant characteristics and predicted 
unfavorable prognosis (Fig.  3I and J, Fig.  S3F). 
Given that HMGA2 has been implicated in regu-
lating cell cycle, DNA damage repair, epithe-
lial-mesenchymal transition, and chemotherapy 
resistance (Zhang et al. 2019), these findings indi-
cate HMGA2 as a potential contributor to CHS 
malignancy.

HMGA2 overexpression promotes proliferation and 
ferroptosis resistance in low‑grade CHS

According to the CCLE dataset, CHS cell lines pre-
sented elevated HMGA2 expression compared to 
normal chondrocytes, especially for HT1080 cells, 
which was validated by RT-qPCR and Western blot-
ting (Fig. 4A and B, Fig. S4A). To determine the role 
of HMGA2 in low-grade CHS progression, we over-
expressed it in SW1353 cells (Fig. 4C, Fig. S4B) and 
assessed the resulting phenotypic changes. HMGA2 
overexpression markedly enhanced cell proliferation, 
colony formation, and migratory capacity (Fig.  4D-
F). In vivo, HMGA2 overexpression promoted tumor 
growth and increased tumor weight in a subcutane-
ous xenograft model (Fig.  4G and H). To elucidate 
the underlying mechanisms, we performed transcrip-
tomic sequencing comparing oe-HMGA2 and oe-NC 
groups (Fig.  S4C and D). Upregulated genes in the 
oe-HMGA2 group were predominantly associated 
with mitochondrial metabolism, reactive oxygen spe-
cies, and peroxisome activity, while those upregu-
lated in the oe-NC group were mainly related to cell 
adhesion and immune cell differentiation (Fig. S4E). 
Notably, HMGA2-overexpressing cells presented 
reduced expression of genes involved in oxidative 
stress, iron metabolism, fatty acid metabolism, and 
lipid metabolism, alongside enhanced expression 
of glutathione metabolism genes (Fig.  4I). Further-
more, HMGA2 overexpression upregulated ferropto-
sis suppressor genes while downregulating genes that 
promote ferroptosis induction (Fig. 4I). To function-
ally validate ferroptotic engagement, we challenged 
SW1353 cells with the canonical ferroptosis inducer 
RSL3. Cells overexpressing HMGA2 tolerated RSL3-
triggered proliferation arrest and cell death (Fig.  4J 
and K). In line with these observations, HMGA2-
overexpressing cells displayed a ferroptosis-resistant 
metabolic profile upon RSL3 treatment, characterized 
by a higher GSH/GSSG ratio and reduced accumula-
tion of MDA and ROS (Fig. 4L-N). Functionally, the 
cytoprotection and reduced MDA accumulation con-
ferred by HMGA2 were both attenuated by the fer-
roptosis inhibitor Ferrostatin-1 (Fer-1), supporting 
the specificity of this phenotype (Fig. S4F and G). At 
the molecular level, HMGA2 overexpression upregu-
lated ferroptosis suppressors (HMOX1, GPX4) while 
repressing the ferroptosis driver ACSL4 (Fig.  4O). 
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Fig. 3   HMGA2 expression patterns and clinical associations 
in CHS. A Venn diagram showing overlapping genes across 
groups and the transcription factors predicted to regulate these 
genes. B Heatmap showing the expression (left) and inferred 
regulon activity (right) of transcription factors across groups. 
C UMAP plot showing HMGA2 expression across all 11 cell 
types. D Boxplots displaying HMGA2 expression in CHS 
from independent cohorts. Boxes represent the interquartile 
range, with horizontal lines indicating the median and whisk-
ers representing the min–max range. Statistical significance 
was determined by Wilcoxon tests with Benjamini–Hochberg 
correction. E Representative immunohistochemistry images 
(left) and quantification (right) showing HMGA2 expression in 

CHS from our cohort. Scale bar: 100 μm (200 ×) and 20 μm 
(400 ×). *P < 0.05; ***P < 0.001; ****P < 0.0001 by one-way 
ANOVA with post-hoc test. F Lollipop plots showing Spear-
man correlation between HMGA2 expression and the signa-
ture scores in neoplastic cells at the single-cell level (left) and 
pseudobulk level (right). G Spearman correlation between 
HMGA2 expression and indicated signature scores in an inde-
pendent CHS cohort. H Forest plot showing the independent 
value of HMGA2 for patient prognosis based on independent 
CHS cohorts. I-J Kaplan–Meier curves for progression-free 
survival (PFS) (I) and overall survival (OS) (J) in low-grade 
CHS patients stratified by HMGA2 expression in independent 
cohorts. DED, dedifferentiated
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Fig. 4   HMGA2 overexpression drives malignant progression 
in SW1353 cells. A HMGA2 expression in cell lines from the 
Cancer Cell Line Encyclopedia (CCLE) database. B Repre-
sentative blots (left) and densitometric quantification (right) 
of HMGA2 levels in the indicated cell lines. C Representative 
blots (left) and densitometric quantification (right) confirming 
HMGA2 overexpression efficiency. D Cell viability detected 
by CCK8 assay. E Representative colony images (left) and 
quantification (right). F Representative wound healing images 
(left) and quantification (right). Scale bar: 200  μm (200 ×). 
G Representative photograph (left) and tumor volume curves 
(right) of subcutaneous xenograft tumors. H Tumor weight 
difference at endpoint between groups. I Heatmap illustrat-

ing scaled signature scores (left) and ferroptosis-related gene 
expression (right) in groups. J Cell viability assessed by CCK8 
assay and half-maximal inhibitory concentration (IC50) values 
in groups. K Flow-cytometry analysis (left) and quantifica-
tion (right) of apoptotic cells. (L-M) GSH/GSSG ratio L and 
malondialdehyde (MDA) levels M across groups. N Represent-
ative ROS images (left) and quantified fluorescence intensities 
(right) across groups. Scale bar: 50  μm (200 ×). O Ferropto-
sis-related gene expression by RT-qPCR in groups. All error 
bars represent the standard deviation. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001 by Student’s t-test (two groups) 
or one-way ANOVA with post-hoc test (multiple groups)
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These findings suggest that HMGA2 may render low-
grade CHS cells resistant to ferroptosis, thereby pro-
moting tumor progression.

HMGA2 knockdown inhibits proliferation and 
sensitizes CHS cells to ferroptosis

To further elucidate the role of HMGA2 in CHS 
aggressiveness, we knocked it down in CHS 
cells (Fig.  5A, Fig.  S4H and I), and assessed the 

consequent phenotypic changes. HMGA2 silencing 
significantly attenuated cell proliferation, colony-
forming capacity, and migratory potential (Fig.  5B-
D, Fig.  S4J). In subcutaneous xenograft models, 
HMGA2 knockdown markedly suppressed tumor 
growth and reduced tumor weight (Fig.  5E and F). 
Notably, cells with HMGA2 knockdown were more 
vulnerable to RSL3-induced proliferation arrest and 
cell death (Fig. 5G and H, Fig. S4K). Concordantly, 
HMGA2-depleted cells exhibited a sharper drop in 

Fig. 5   HMGA2 knockdown suppresses malignant progres-
sion in HT1080 cells. A Representative blots (left) and den-
sitometric quantification (right) confirming HMGA2 knock-
down efficiency. B Cell viability detected by CCK8 assay. C 
Representative colony images (left) and quantification (right). 
D Representative wound healing images (left) and quantifica-
tion (right). Scale bar: 200 μm (200 ×). E Representative pho-
tograph (left) and tumor volume curves (right) of subcutane-
ous xenograft tumors. F Tumor weight difference at endpoint 
between groups. G Cell viability assessed by CCK8 assay. H 

Flow-cytometry histograms (left) and quantification (right) of 
apoptotic cells. I-J GSH/GSSG ratio (I) and malondialdehyde 
(MDA) levels (J) across groups. K Representative fluorescence 
images (left) and quantification (right) of reactive oxygen spe-
cies (ROS) levels across groups. Scale bar: 50 μm (200 ×). L 
Ferroptosis-related gene expression by RT-qPCR in groups. 
All error bars represent the standard deviation. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001 by Student’s t-test 
(two groups) or one-way ANOVA with post-hoc test (multiple 
groups)
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the GSH/GSSG ratio, along with greater accumula-
tion of MDA and ROS upon RSL3 exposure, under-
scoring heightened ferroptosis sensitivity (Fig. 5I-K). 
The ferroptosis inhibitor Fer-1 partially abrogated the 
vulnerability conferred by HMGA2 knockdown, con-
firming ferroptosis specificity (Fig.  S4L and M). At 
the molecular level, HMGA2 knockdown repressed 
ferroptosis suppressors (HMOX1, GPX4) while 
upregulating the ferroptosis driver ACSL4 (Fig. 5L). 
Collectively, these findings demonstrate that HMGA2 
knockdown sensitizes CHS cells to ferroptosis, 
thereby curbing tumor progression.

Transcriptional features of endothelial cells (ECs) in 
CHS

Given that angiogenesis is crucial for tumor invasion 
in CHS (Schoedel et al. 2021), we explored the angio-
genetic diversity within cartilage tumors. ECs were 
annotated into 6 subtypes based on canonical marker 
expression, namely artery ECs (AECs), capillary ECs 
(CapECs), vein ECs (VECs), lymphatic ECs (LECs), 
TipCells, and proliferating ECs (ProECs), (Fig.  6A 
and B, Fig. S5A-C). Among the vascular endothelial 
cells (VasECs), AECs, CapECs, and TipCells were 
categorized into tumor-associated endothelial cells 
(TA-ECs), while VECs were classified as tumor-asso-
ciated high endothelial cells (TA-HECs) (Fig. 6C), a 
specialized subset implicated in immune cell traffick-
ing within the tumor microcirculation. Enrichment 
analysis revealed that TA-EC-specific genes were 
enriched for endothelial cell migration, epithelial-
mesenchymal transition, and ErbB pathway (Fig. 6D). 
Regarding tissue distribution, TA-ECs, exhibiting 
higher scores for malignant properties, were mainly 
enriched in HCHS (Fig. 6E and G, Fig. S5D). In con-
trast, VECs, which favored prognosis in CHS patients, 
were significantly enriched in NCHS (Fig.  6F and 
G, Fig.  S5D). Additionally, TA-ECs derived from 
CHS displayed higher malignant signature scores 
(Fig. 6H). Collectively, these findings suggest that the 
transcriptional characteristics of TA-ECs in CHS may 
contribute to tumor aggressiveness.

Senescent phenotypes in TA‑ECs of CHS

According to Mfuzz analysis in TA-ECs, genes highly 
expressed in CHS (clusters 1–4) were enriched for 
hypoxic response, oxidative stress response, and 

aging (Fig.  7A-B, Fig.  S6A). These findings sug-
gested that TA-ECs in CHS may acquire a senes-
cence phenotype, which was further supported by 
elevated scores of multiple senescence signatures, 
including EC_SENESCENCE.SIG (Wu et al. 2023b), 
SenMayo (Saul et  al. 2022), and Fridman_up (Frid-
man and Tainsky 2008) (Fig.  7C, Fig.  S6B and 
C). CHS also exhibited upregulation of canoni-
cal genes linked to DNA damage response (TP53, 
CDKN1A, H2AFX) and the anti-apoptotic factor 
BCL2 (Fig.  7D). Furthermore, immunofluorescence 
staining confirmed robust P21 (CDKN1A) protein 
expression in endothelial cells within CHS tissues 
(Fig. 7E). Intriguingly, the senescence signature was 
associated with malignant characteristics (angio-
genesis, extracellular matrix remodeling, and EMT) 
(Fig.  7F) as well as with the EGFR pathway which 
was elevated in CHS (Fig. 7G, Fig. S6D). EGFR acti-
vation has been reported to induce endothelial cell 
senescence, potentially accompanied by the secretion 
of senescence-associated secretory phenotype factors 
(Shang et al. 2020). These observations raise the pos-
sibility that cellular senescence may contribute to the 
malignant phenotypes of endothelial cells in CHS. 
Pseudotime analysis of VasECs indicated a differen-
tiation trajectory from VECs toward Tip Cells and 
AECs (Fig. S7A-C), characterized by downregulation 
of genes associated with cell adhesion and immune 
cell activation (Cluster 2), alongside upregulation 
of genes associated with angiogenesis, hypoxia, the 
ErbB pathway (HBEGF), and transforming growth 
factor-beta response (Cluster 1) (Fig.  7H). Interest-
ingly, we observed a positive correlation of senes-
cence signature (EC_SENESCENCE.SIG) score 
with the expression of immunosuppressive genes in 
TA-ECs, including the cell adhesion molecule NEC-
TIN2 (Fig. 7I), a ligand for TIGIT. Collectively, these 
findings indicate that endothelial cell senescence may 
contribute to the malignant and immunosuppressive 
microenvironment in CHS.

HBEGF is associated with VasEC senescence in CHS

The aforementioned results implicated EGFR path-
way signaling in endothelial senescence (Fig.  7G). 
Given that HBEGF, an EGFR-activating ligand, has 
been reported to be involved in cellular senescence 
(Kim et al. 2021), we further explored its role in the 
malignant features of VasECs in CHS. HBEGF was 
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preferentially expressed in TA-ECs (AECs, CapECs, 
and Tip Cells), with the highest expression observed 
in HCHS compared to other groups (Fig.  8A, 
Fig. S8A). This elevated endothelial HBEGF expres-
sion was further validated by immunohistochemical 
staining (Fig. 8B). We then stratified endothelial cells 
into HBEGF + and HBEGF- cells based on HBEGF 

expression (Fig. 8C). Notably, HBEGF + cells exhib-
ited higher scores for malignancy-related signatures, 
and constituted a larger proportion in LCHS and 
HCHS (Fig. S8B and C). Differential gene expres-
sion analysis indicated that HBEGF + cells highly 
expressed TA-EC-related genes (EDNRB, TSC22D1, 
INSR, HSPG2, GSN) (Fig.  S8D). Enrichment 

Fig. 6   Transcriptional diversity of endothelial cells in carti-
lage tumors. A UMAP plot showing the 12,605 cells annotated 
into 6 cell subtypes. B Density plot corresponding to (A) high-
lighting the distribution of cell subtypes across groups. C Dot 
plot showing the scaled expression of canonical marker genes 
in cell subtypes. D Bar plot showing GO enrichment analysis 
of differentially expressed genes between tumor-associated 

endothelial cells (TA-ECs) and vascular endothelial cells 
(VECs). E Heatmap displaying signature scores across vascu-
lar endothelial cells (VasECs). F Kaplan–Meier plots for over-
all survival (OS) in CHS patients stratified by VECs-signature 
score in independent cohorts. G Ro/e analysis showing the 
inferred relative abundance of cell subtypes. H Heatmap show-
ing signature scores in TA-ECs across groups
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Fig. 7   Senescence characteristics of tumor-associated 
endothelial cells in CHS. A Mfuzz clustering analysis iden-
tifying genes with dynamic expression patterns in endothe-
lial cells across groups. B Heatmap showing GO enrichment 
analysis of genes from each Mfuzz cluster identified in (A). C 
Violin-box plot displaying senescence-related signature score 
across groups. Boxes represent the interquartile range, with 
horizontal lines indicating the median and whiskers represent-
ing the min–max range. Statistical significance was determined 
by Wilcoxon tests with Benjamini–Hochberg correction. D 
Violin plots showing expression levels of senescence-related 
genes across groups. E Representative immunofluorescence 
images (left) and quantification (right) of p21 expression 

across groups. Scale bar: 100 μm (200 ×) and 20 μm (400 ×). 
*P < 0.05; ***P < 0.001; ****P < 0.0001 by one-way ANOVA 
with post-hoc test. F Spearman correlation between signa-
ture scores in tumor-associated endothelial cells (TA-ECs) at 
the single-cell level (upper) and pseudobulk level (lower). G 
Spearman correlation between EC_SENESCENCE.SIG and 
EGFR pathway signature scores in TA-ECs at the single-cell 
level (upper) and pseudobulk level (lower). H Expression 
dynamics of representative genes (left) along the inferred pseu-
dotime trajectory and the GO enrichment (right). I Lollipop 
plots showing Spearman correlation between EC_SENES-
CENCE.SIG and immunosuppressive markers at the single-
cell level (left) and pseudobulk level (right) in TA-ECs
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analysis further revealed that genes upregulated in 
HBEGF + cells were related to angiogenesis and 
aging, while the downregulated ones were associ-
ated with immune activation (Fig.  8D). The senes-
cence phenotype of HBEGF + cells was supported by 
elevated senescence-signature scores and increased 
expression of canonical senescence markers (Fig. 8E 

and F). The correlation between HBEGF expression 
and malignant or senescent features was confirmed in 
an independent public CHS cohort (Fig. S8E). Pseu-
dotime trajectory analysis positioned HBEGF + cells 
predominantly at the terminal ends, suggesting their 
transition toward cellular senescence during CHS 
progression (Fig.  S8F and G). Accordingly, the 

Fig. 8   HBEGF association with endothelial cell senescence in 
CHS. A Violin plot showing HBEGF expression across groups 
in tumor-associated endothelial cells (TA-ECs). B Representa-
tive immunohistochemistry images (left) and quantification 
of HBEGF staining scores (right) in endothelial cells (black 
arrows) across groups. Scale bar: 100 μm (200 ×) and 20 μm 
(400 ×). ****P < 0.0001 by one-way ANOVA with post-hoc 
test. C UMAP plot of endothelial cells colored by HBEGF 
expression status. D Lollipop plot showing GO enrichment 
analysis of differentially expressed genes between HBEGF-
positive and -negative cells. E Violin-box plots comparing 
senescence-signature scores between HBEGF-positive and 
HBEGF-negative cells. F Violin plots showing senescence-
related gene expression in HBEGF-positive and -negative 

cells, with horizontal lines indicating median values. G Lol-
lipop plots illustrating Spearman correlation between HBEGF 
and immunosuppressive markers in endothelial cells at the 
single-cell level (left) and pseudobulk level (right). H Spear-
man correlation between HBEGF and NECTIN2 expression in 
CHS from an independent cohort. I Boxplot showing HBEGF 
expression in an independent sarcoma cohort receiving immu-
notherapy. PR: partial response; SD: stable disease; PD: pro-
gressive disease. Boxes represent the interquartile range, with 
horizontal lines indicating the median and whiskers represent-
ing the min–max range. Statistical significance (E, F and I) was 
determined by Wilcoxon tests with Benjamini–Hochberg cor-
rection
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EGFR pathway, known to be linked to senescence, 
was found to be activated in HBEGF + cells (Fig. 
S8H). Notably, HBEGF expression showed a signifi-
cant correlation with NECTIN2, a molecule specifi-
cally expressed in endothelial cells (Fig.  8G and H, 
Fig. S8I). Furthermore, HBEGF expression was ele-
vated in sarcoma patients exhibiting disease progres-
sion following immunotherapy (Fig. 8I). Collectively, 
these findings indicated that HBEGF may serve as a 
critical factor in VasECs within CHS, potentially pro-
moting cellular senescence and immunosuppression, 
thereby contributing to tumor progression.

Cellular interactions between neoplastic cells and 
TA‑ECs in CHS

To decipher the intercellular crosstalk within the CHS 
microenvironment, we utilized CellChat to infer inter-
actions between neoplastic cells and TA-ECs. Over-
all communication intensity was higher in HCHS than 
in LCHS (Fig. 9A). Notably, neoplastic cells in HCHS 
engaged in both more numerous and stronger interac-
tions with all three TA-EC clusters compared to those in 
LCHS (Fig. 9B). LCHS was characterized by abundant 
THBS and APP signaling, along with a uniquely promi-
nent CCL signal. In contrast, HCHS exhibited intense 
COLLAGEN and LAMININ signaling, with SPP1 
emerging as the most distinctive pathway (Fig.  9C). 
Ligand-receptor pair analysis revealed that HCHS dis-
played robust interactions with TA-ECs via SPP1 paired 
with ITGA5_ITGB1, ITGA8_ITGB1, and ITGA9_
ITGB1, which were absent in LCHS (Fig. 9D). Inferred 
signaling flow suggested that SPP1 originated from 
neoplastic cells (senders) and primarily targeted AECs, 
CapECs, and TipCells (receivers) (Fig. 9E). Among the 
identified pairs, SPP1-ITGA5_ITGB1 emerged as the 
dominant mediator of SPP1 signaling from neoplastic 
cells to TA-ECs, with both ligand and receptors demon-
strating elevated expressions in HCHS (Fig. 9F and G). 
Additionally, high SPP1 expression was associated with 
unfavorable prognosis in patients with CHS or sarcoma 
(Fig.  9H). Intriguingly, communications from TA-ECs 
to neoplastic cells through the HBEGF-EGFR pair, a 
representative component of the EGF pathway, were 
also more frequent in HCHS (Fig. 9D). In this pathway, 
TA-ECs functioned as senders, while neoplastic cells 
acted as receivers (Fig.  9I). Both HBEGF and EGFR, 
key components of EGF signaling, exhibited elevated 
expression levels in HCHS (Fig. 9J and K). Moreover, 

elevated HBEGF expression correlated with shorter sur-
vival in patients with CHS or sarcoma (Fig. 9L). Collec-
tively, these findings suggest that SPP1- and EGF-medi-
ated crosstalk between neoplastic cells and TA-ECs may 
contribute to the invasive phenotype of CHS.

HMGA2 promotes endothelial senescence via 
SPP1‑ITGA5_ITGB1 signaling in CHS

To investigate whether HMGA2 contributes to endothe-
lial cell senescence by regulating SPP1, we examined 
the effect of HMGA2 modulation on SPP1 levels in 
CHS cells. HMGA2 overexpression in SW1353 cells 
markedly upregulated SPP1 transcription and secretion, 
whereas its knockdown in HT1080 cells suppressed 
both intracellular and secreted SPP1 levels (Fig. 10A-
B). We then treated HUVEC cells with conditioned 
medium from CHS cells (Fig.  10C). Exposure to 
medium from oe-HMGA2 SW1353 cells increased the 
fraction of SA-β-gal-positive HUVEC cells, whereas 
medium from sh-HMGA2 HT1080 cells decreased it, 
compared to the respective controls (Fig. 10D). These 
HMGA2-driven effects were dependent on SPP1, as an 
SPP1 inhibitor abolished the increase induced by oe-
HMGA2 medium, and recombinant SPP1 restored the 
decrease caused by sh-HMGA2 medium (Fig. 10D). To 
functionally validate ITGA5_ITGB1 as a key media-
tor of SPP1-driven senescence, we employed ATN-
161, a selective α5β1 integrin inhibitor. In SW1353 
cells, ATN-161 treatment significantly reduced the 
SA-β-gal-positive fraction of HUVECs cultured with 
oe-HMGA2 conditioned medium, while exerting 
minimal effect on the oe-NC group (Fig. S9A). Simi-
larly, in HT1080 cells, ATN-161 markedly decreased 
endothelial senescence in the sh-NC group, but showed 
negligible impact in the sh-HMGA2 group (Fig. S9B). 
Collectively, these results demonstrate that the SPP1-
ITGA5_ITGB1 signaling axis mediates HMGA2-
induced endothelial senescence. Interestingly, HMGA2 
and HBEGF expression showed a positive correlation 
in CHS and sarcoma cohorts (Fig. 10E), which was val-
idated by immunohistochemical staining in our cohort 
(Fig.  10F). Additionally, HUVEC cells secreted more 
HBEGF when exposed to conditioned medium from 
oe-HMGA2 SW1353 cells and less when exposed to 
medium from sh-HMGA2 HT1080 cells, relative to 
their respective controls (Fig.  10G). Therefore, these 
findings uncovered that HMGA2 in CHS cells may 
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promote endothelial senescence through the SPP1-
ITGA5_ITGB1 signaling axis.

Discussion

Chondrosarcoma (CHS) is an uncommon mesen-
chymal neoplasm. Considering the scant benefit of 

adjuvant therapy for high-grade CHS (Tlemsani et al. 
2023), alternative treatment targets are required to 
improve the clinical outcome of these patients. Here, 
we deciphered the profile variety of neoplastic and 
endothelial cells in ECH, LCHS and HCHS. Neo-
plastic cells demonstrated aggravated proliferation 
and angiogenesis characteristics in CHS progres-
sion, with HMGA2 promoting tumor malignancy and 



Cell Biol Toxicol           (2026) 42:71 	 Page 19 of 24     71 

Vol.: (0123456789)

predicting unfavorable outcome of CHS patients. The 
TA-ECs presented senescent characteristics in CHS, 
which were related to HBEGF. Additionally, HCHS 
presented more prevalent cellular communications 
between neoplastic cells and TA-ECs mediated by 
SPP1 and EGF pathways. HMGA2-SPP1 axis in neo-
plastic cells induced senescence in endothelial cells, 
accompanied by HBEGF secretion (Fig. 11).

A recent study linked endoplasmic reticulum stress 
to malignant transformation from benign tumor to 
CHS (Su et  al. 2024). Our single-cell atlas identi-
fied higher proliferative and angiogenetic abilities in 
neoplastic cells along the malignant progression of 
CHS, with the pro-proliferation signatures predict-
ing poor patient outcome. The study by Chirico et al. 
demonstrated that elevated HMGA2 immunostaining 
was associated with invasive tumor growth, advanced 
stage and metastasis (Chirico et al. 2025). In malig-
nant peripheral nerve sheath tumors, HMGA2-posi-
tive patients were also found to suffer shorter survival 
than HMGA2-negative patients (Yang et  al. 2019). 
According to a meta-analysis, high HMGA2 level 
was associated with poor overall survival in patients 
with several carcinomas (Huang et  al. 2018). How-
ever, HMGA2 implication in CHS remains unclear. 
Our study observed progressively more intensive 
HMGA2 expression in LCHS and HCHS. Moreover, 

HMGA2 expression in neoplastic cells was associated 
with proliferation and angiogenesis, and indicated 
unfavorable prognosis for CHS patients. Activation 
of antiapoptotic pathways, ROS catabolism-related 
DNA damage protection contribute to the chemo- 
and radio-resistance in CHS (Gilbert et al. 2023). Wu 
et al. observed highly activated glutamine metabolism 
and low ROS accumulation in cisplatin-resistant CHS 
cells, indicating ferroptosis involvement (Wu et  al. 
2023a). Our study revealed that HMGA2 promoted 
cell proliferation, cell migration, tumor growth, 
accompanied by ferroptosis defense in CHS cells. 
Similarly, Luo et  al. reported HMGA2 contribution 
to ferroptosis defense in pancreatic cancer cells (Luo 
et  al. 2024). Therefore, therapy targeting HMGA2 
may aid in disease control in CHS.

Despite the origin from avascular cartilage, emerg-
ing evidence has shown microvascularity in CHS 
tissues, which contributes to aggressive clinical 
behavior and an increased potential for metastasis 
(Tlemsani et  al. 2023). Pazopanib, a multitargeted 
tyrosine kinase inhibitor with antiangiogenic activity 
represents positive effects for patients with surgically 
unresectable or metastatic CHS in a clinical study 
(Chow et al. 2020). Combined approaches of chemo-
therapy with antiangiogenic agents for advanced CHS 
are also in development in clinical trials (Ingangi 
et al. 2024). However, the endothelial microenviron-
ment in CHS has not been fully elucidated, limiting 
more options for antiangiogenic agents. We exploited 
the endothelial cells in CHS at single-cell resolution, 
revealing a senescent feature in the tumor-infiltrated 
endothelial cells, with HBEGF as a responsible tar-
get. Additionally, we found an association of cel-
lular senescence with aggravated angiogenesis and 
endothelial-mesenchymal transition, which were 
consistent with our recent study (Wang et  al. 2024) 
as well as the study by Benadjaoud et  al. (Benad-
jaoud et  al. 2022). Mechanistically, senescent cells 
may promote tumor angiogenesis by secreting high 
levels of SASP factors, including VEGF, PDGF, 
and FGF (Xiong et  al. 2024). HBEGF was recently 
regarded as a senescence associated gene (Li et  al. 
2024). In TNBC, HBEGF activates the tube forma-
tion of endothelial cells to support tumor aggressive-
ness (Yotsumoto et  al. 2013). Additionally, cellular 
senescence in the tumor microenvironment is able 
to induce immunosuppression (Takasugi et al. 2022; 
Wang et  al. 2024). We observed higher expression 

Fig. 9   Cellular interactions between neoplastic cells and 
tumor-associated endothelial cells (TA-ECs) inferred by Cell-
chat. A Bar plots showing the number (left) and interaction 
strength (right) of inferred cell–cell communications between 
neoplastic cells and TA-ECs. B Interaction number (left) and 
strength (right) in HCHS versus LCHS groups. C Bar plots 
showing the relative (left) and overall (right) information flow 
of signaling pathways mediating communication between neo-
plastic cells and TA-ECs. D Dot plot displaying significant 
ligand-receptor pairs inducing interactions between neoplastic 
cells and TA-ECs. E Functional roles of cell clusters within the 
SPP1 pathway. F Bar plot showing the relative contributions of 
individual ligand-receptor pairs to the overall SPP1 signaling 
pathway. G Violin plots showing the expression levels of SPP1 
ligand and its cognate receptors. H Kaplan–Meier plots com-
paring overall survival (OS) between patients with high ver-
sus low SPP1 expression in independent cohorts. I Functional 
roles of cell clusters within the EGF pathway. J Bar plot show-
ing the relative contributions of individual ligand-receptor 
pairs to the overall EGF pathway. K Violin plots showing the 
expression levels of EGF ligand and its receptors. L Kaplan–
Meier plots comparing overall survival (OS) between patients 
with high versus low HBEGF expression in independent 
cohorts. Statistical significance was determined by Wilcoxon 
tests with Benjamini–Hochberg correction

◂
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of HBEGF in the dedifferentiated sarcoma patients 
with poor response to immune checkpoint blockade. 
Specifically, HBEGF was associated with NECTIN2, 
an exclusively expressed gene in endothelial cells in 
CHS. NECTIN2_TIGIT pair has been characterized 

as inactivators of T and NK cell activity (Xu et  al. 
2024). According to a recent study by Agorku et al., 
NECTIN2 expressed by CAF was a crucial regula-
tor of CD8+T cell exhaustion (Agorku et  al. 2024). 
Therefore, HBEGF may serve as a critical target to 

Fig. 10   HMGA2 drives endothelial senescence through the 
SPP1 pathway in CHS. A SPP1 mRNA levels determined by 
RT-qPCR in CHS cells. B SPP1 protein levels secreted by 
CHS cells determined by ELISA. C Schematic diagram depict-
ing HUVEC cells cultured in conditioned medium collected 
from CHS cells. D Representative images (left) and quantifi-
cation (right) of SA-β-gal-positive (black arrow) HUVECs 
cultured in conditioned medium from CHS cells. Scale bar: 
50 μm (200 ×). E Spearman correlation between HBEGF and 

HMGA2 expressions from independent cohorts. F Representa-
tive immunohistochemistry images showing co-expression 
of HBEGF and HMGA2 in a single CHS specimen (left) and 
Spearman correlation analysis of their staining scores (right). 
Scale bar: 100 μm (200 ×) and 20 μm (400 ×). G HBEGF pro-
tein levels secreted by HUVEC cells determined by ELISA. 
CM, conditioned medium. All error bars represent the stand-
ard deviation. ns, not significant; **P < 0.01; ***P < 0.001; 
****P < 0.0001 by one-way ANOVA with post-hoc test
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reserve endothelial senescence and to improve the 
efficacy for anti-angiogenesis in CHS.

In this study, cellular communications between 
tumor cells and TA-ECs was uncovered. In HCHS, 
we found that tumor cells signal to TA-ECs through 
SPP1 signaling, and TA-ECs signal back to tumor 
cells through EGF signaling, forging a paracrine loop. 
Several studies have shown that CHS cells promote 
angiogenesis in a vascular endothelial growth factor-
dependent manner (Chen et al. 2019; Lin et al. 2014; 
Wu et  al. 2014). However, whether the HMGA2-
SPP1 axis regulates endothelial senescence in CHS 
has not been explored. According to a recent study, 
SPP1 is markedly up-regulated in late-stage pan-
creatic cancer. Genetic ablation of SPP1 postpones 
tumor initiation and prevents metastatic spread (Li 
et al. 2025). A recent study by Gu et al. reported that 
SPP1 induces nucleus pulposus cell senescence via 
inhibiting mitophagy (Gu et  al. 2025). In osteoar-
thritic cartilage, SPP1-positive chondrocytes display 
heightened angiogenesis capacity and pronounced 
senescent characteristics (Qu et  al. 2023). SPP1 is 
also identified as a senescence marker for vascular 
cells (Mazan-Mamczarz et  al. 2025). SPP1 knock-
down suppresses the senescence-associated secre-
tory phenotype via reducing p53 activation (Yuan 
et al. 2025). As a secreted signaling molecule, SPP1 
also orchestrates intercellular communication that 
fuels tumor evolution. In colorectal cancer, tumor 
cell-derived SPP1 stimulates CXCL12 production 

from cancer-associated fibroblasts to support immu-
notherapeutic resistance and liver metastasis (Liu 
et  al. 2025). In endometrial carcinoma, tumor cells 
release SPP1 to promote the proliferation, invasion 
and migration of tumor cells and angiogenesis of 
endothelial cells (Ma et  al. 2024). Our recent study 
demonstrated that SPP1 derived from malignant cells 
contributes to the senescence of vascular endothe-
lial cells and a pro‐angiogenic microenvironment 
that favors lung cancer bone metastasis (Wang et al. 
2024). In CHS, elevated SPP1 levels have been found 
to correlate with high tumor grade and metastasis 
(Nazarizadeh et al. 2021). In this study, we observed 
that SPP1 secreted by HMGA2-overexpressing CHS 
cells activates the ITGA5_ITGB1 axis in endothe-
lial cells, driving endothelial senescence and subse-
quent HBEGF secretion. This establishes SPP1 as an 
upstream regulator of HBEGF via endothelial senes-
cence. Thus, the HMGA2-SPP1 axis may contribute 
to endothelial senescence in CHS, representing a 
potential therapeutic target.

Several limitations should be noted in this study. 
Since the sample size of HCHS cases was small with 
histologically heterogeneity, our transcriptomic find-
ings warrant validation in larger multi-center cohorts. 
Additionally, while CellChat analysis identified 
potential HBEGF-EGFR crosstalk between tumor-
associated endothelial cells and neoplastic cells, the 
downstream oncogenic mechanisms remain to be 
fully elucidated.

Fig. 11   Schematic diagram depicting the transcriptional het-
erogeneity in neoplastic and endothelial cells across ECH, 
LCHS, and LCHS, and their intercellular crosstalk. ECH, 

enchondroma; LCHS, low-grade chondrosarcoma; HCHS, 
high-grade chondrosarcoma. This figure was created by Fig-
draw platform
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Conclusions

In conclusion, this study deciphered the transcrip-
tional characteristics of neoplastic and endothelial 
cells in CHS by scRNA-seq. HMGA2 in neoplastic 
cells was identified as a vital regulator for the malig-
nant properties in CHS. TA-ECs in CHS underwent 
senescence phenotypes which were associated with 
HBEGF. Additionally, our findings revealed the intra-
tumoral interactions between neoplastic cells and TA-
ECs induced by HMGA2-mediated SPP1 pathway, 
offering new insights into the mechanisms underlying 
the senescent endothelial microenvironment in CHS. 
While further functional validation is warranted, this 
study contributes to a deeper understanding of fea-
tures of CHS progression and provides potential tar-
gets for the precise treatment of advanced disease.
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