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Abstract: Chondrosarcoma (CS) often resists standard radiotherapy and
chemotherapy. Our study explores ferroptosis as a novel tactic to counter this
resistance, investigating molecular mechanisms in CS and identifying core
genes impacting patient survival rates. The database was screened for 2,821
DEGs and 471 ferroptosis-related genes. Further analysis by Gene-miRNA and
PPI networks identified nine core genes (IL6, TP53, MAPKI, CAVI, GJAI,
SMAD7, TXNIP, MAP3KS5, and DUSP]I) related to ferroptosis in CS. Lower
expression of /L6, TP53, MAPK1, and SMAD?7, alongside higher expression of
CAVI1, GJAl, TXNIP, MAP3K5, and DUSPI were noted in CS tissues. Survival
analysis demonstrated higher survival rates in CS patients with low GJAI and
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high /L6 expression. In conclusion, GJA1 and /L6 may play pivotal roles in the
regulation of ferroptosis in CS, and are tightly associated with the prognosis of
CS patients.
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1 Introduction

Chondrosarcoma (CS) is a primary bone malignancy originating from chondrocytes with
an estimated incidence of 0.5 per 100,000 patient-years (Pennington et al., 2021) and is
the second most common primary bone malignancy (Chow, 2018). CS grows slowly and
commonly affect adults over 30 years old. CS frequently occurs at the ilium and the
proximal end of long bones, mainly manifesting as pain and swelling. Depending on the
degree of pathological differentiation, CS can be classified into grade 1-3, with more
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than 90% of cases being grade 1-2, 5%—10% of cases as grade 3 (Weinschenk et al.,
2021). Grade 3 lesions are characterised by a poor prognosis, high metastatic potential,
and the highest local recurrence rate. The occurrence of recurrence is indicative of a poor
prognosis. Additionally, Grade 3 lesions have a lung metastasis rate exceeding 50% and a
ten-year survival rate below 30% (Weinschenk et al., 2021). The five-year survival rates
for patients with low-grade, high-grade, and dedifferentiated CS were reported as
83%, 53%, and 7%—24% respectively (Miwa et al., 2022). The main treatment for CS is
surgery, as CS is generally not responsive to radiotherapy and chemotherapy
(Weinschenk et al., 2021). However, recurrence within five years after surgery is
common, and the prognosis is often poor, with a significant increased risk of metastasis
and overall mortality (Thorkildsen et al., 2021). The number of patients with clinically
metastatic or surgically unresectable advanced CS is small, and their distribution is not
concentrated, resulting in limited related therapeutic options and suboptimal outcomes.
Furthermore, there is a lack of clinical trial studies focusing on CS. The unclear
understanding of the pathogenesis of CS further complicates the design of effective
treatment plans for patients. Therefore, there is an urgent need to explore the potential
mechanisms underlying CS and develop strategies to improve the survival rate of CS
patients in clinical practice.

Previous studies have demonstrated the involvement of programmed cell death in the
occurrence of CS. For instance, Programmed Cell Death 5 (PDCDJ5) is a novel
apoptosis-related gene and Chen et al. (2010) have found that PDCD5is downregulated in
CS and might be an independent prognostic factor for overall survival of CS patients.
Ferroptosis is a novel iron-dependent, non-apoptotic regulated form of cell death (Luo
et al., 2021), referring to lipid peroxidation, iron accumulation, reactive oxygen species
(ROS) production, and glutathione deprivation (Qiu et al., 2022). It is closely related to
various physiological and pathological processes, including normal development,
ischemic damage, degenerative diseases, immune system activity, and importantly,
tumour biology (Stockwell et al., 2020, 2017). Ferroptosis has great therapeutic potential
in osteosarcoma (Liu et al., 2022) and effective in a variety of tumours (Chen et al.,
2021). In osteosarcoma, Liu et al. first uncovered iron-dependent and non-apoptotic
ferroptosis-like cell death in osteosarcoma cell line D-27, which can induce ferroptosis by
inhibiting signal transducer and activator of transcription 3 (STAT3)/nuclear factor
erythroid 2-related factor 2 (Nrf2)/glutathione peroxidase 4 (GPX4) signal (Liu and
Wang, 2019). Emerging evidence has convincingly demonstrated the close association
between ferroptosis and the development of osteosarcoma (Jiang et al., 2023; Ma et al.,
2024). However, the association between ferroptosis and CS has been relatively
understudied, and the key factors involved in the ferroptosis mechanism of CS remain
unclear, particularly those influencing the survival rate of CS patients.

At present, the understanding of how ferroptosis contributes to the pathogenesis and
prognosis of CS is not clear, and there is also a lack of relevant bioinformatics research,
emphasising the need for further research to elucidate the role of ferroptosis in CS and its
impact on patient outcomes. In this study, we performed a comprehensive bioinformatics
analysis to investigate the molecular pathogenesis of ferroptosis in CS and identify
potential core genes that may impact the survival rate of CS patients. Our research results
will help to understand the ferroptosis in CS, and provide new ideas and targets for the
clinical treatment of CS.
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2 Material and methods

2.1 Screen of differentially expressed genes (DEGs)

The transcriptome expression profile data (GSE48418 and GSE30835) of CS was
downloaded from Genome Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/
geo/). The limma::normalizeBetweenArrays function in R was used to perform quantile
normalisation on the data. If the maximum value in the normalised expression matrix was
exceeded 100, then a logx(x + 1) transformation was applied to the data to make the
distribution of expression values closer to a normal distribution and to effectively
compress the extremely high values. Subsequently, the corresponding annotation file of
the platform was downloaded and the probe ID along with the corresponding gene
Symbol was extracted. When multiple probes were mapped to the same gene, the
arithmetic mean of the expression levels of these probes was calculated as the final
expression value of the gene. In this study, GSE48418 dataset was used as the training
set, and GSE30835 dataset was employed as the validation set to confirm the expression
level of the identified core genes. A schematic workflow diagram of this study is shown
in Figure 1. The DEGs were screened using Limma package (Ritchie et al., 2015). The
screening conditions were set as p-value < 0.05 and |logFC| > 1 (Song et al., 2024; Liu
and Liu, 2025).

Figure 1 A schematic workflow diagram of this study
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2.2 Search of key genes referring to ferroptosis in CS

The genes associated with ferroptosis, including Driver, Suppressor, Marker, and
Unclassified genes, were queried in the FerrDb database (http://www.zhounan.org/ferrdb/
current/). Merge the results and remove duplicate genes. Subsequently, the DEGs and the
key genes were compared using VennDiagram to identify the overlapping genes (Chen
and Boutros, 2011).

2.3 Construction of Gene-miRNA interaction network

The overlapping genes obtained in the previous step was input into the
‘miRNA-mRNA’ interaction module of ENCORI database (starBase Version 2.0
platform, https://starbase.sysu.edu.cn/) with the screening condition of dual evidence of
‘Clip-Seq experimental support + miRanda prediction’, and the confidence threshold was
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set to miRanda score > 140 and energy < —20 kcal/mol. Then the Gene-miRNA
interaction pairs were wrapped using ggraph (Version 2.1.0) and igraph (Version 1.4.1) in
R language.

2.4 Biological function enrichment analysis

Gene ontology (GO) enrichment analysis and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) pathway analysis were performed on the intersection genes using the
clusterProfiler package (Yu et al., 2012) in R language (Version 4.2). The analysis
included screening conditions with a defined threshold of p-value < 0.05.

2.5 Construction of protein-protein interaction (PPI) network

The interaction relationships of the overlapping genes were predicted using STRING
database (Version 12.0) (Szklarczyk et al., 2021) and the screening conditions were as
follows score cutoff > 0.4 and size cutoff < 10. Interaction relationships of the PPI
network were visualised by Cytoscape software (Version 3.9.0). The hub-genes in the
PPI network were screened using the CytoHubba plugin and identified based on the
Degree, MCC, EPC and MNC algorithms. Then the top 20 genes obtained from degree,
MCC, EPC and MNC algorithms were intersected, and the common genes were
considered as the hub genes.

2.6 Screening of core genes associated with ferroptosis in CS

The hub-genes obtained from the Gene-miRNA network were intersected with those got
from the PPI network by VennDiagram. The newly obtained intersection genes represent
core genes associated with ferroptosis in CS, which could be utilised for further analysis.

2.7 Building the network of core genes and pathways

The top 30 GO terms and pathways associated with the core genes in the above GO and
KEGG pathway enrichment analysis were selected and visualised using Cytoscape
software (Version 3.9.0) to examine their relationship pairs.

2.8 Core genes expression in patients with CS

A t-test was performed to compare the expression levels of the core genes between CS
and normal tissue based on the transcriptome expression profile data (GSE48418) of CS.
Also, the expression levels of the core genes between CS and normal tissue were
confirmed in GSE30835 dataset.

2.9  Survival Analysis of CS patients: impact of core genes

The core genes were analysed using the GEPIA platform (http://gepia.cancer-pku.cn/) to
investigate their impact on the survival of patients based on TCGA-SARC cohort. The
survival time of patients with high-expression and low-expression core genes was
compared using the log-rank test. Genes with a P-value less than 0.05 were considered as
the genes of interest.
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3 Results

3.1 Screening of key genes associated with ferroptosis in CS

A total of 2,821 DEGs were identified in CS using the Limma package [Figure 2(a)]. The
top 50 DEGs were visualised in a heat map [Figure 2(b)]. Subsequently, 471
ferroptosis-related genes were selected based on the FerrDb database. Through
intersection analysis, 70 key genes associated with ferroptosis in CS were identified
[Figure 2(c), Table S1].

Figure 2 Screening for ferroptosis-related genes acting in chondrosarcoma (CS), (a) volcano plot
of DEGs in the transcriptome expression profile data (GSE48418) of CS (b) heat map
of the top 50 DEGs according to |logFC| value> 1 (c¢) Venn diagram of the intersection
genes of CS and ferroptosis (see online version for colours)
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Figure 2 Screening for ferroptosis-related genes acting in chondrosarcoma (CS), (a) volcano plot
of DEGs in the transcriptome expression profile data (GSE48418) of CS (b) heat map
of the top 50 DEGs according to |logFC| value> 1 (c¢) Venn diagram of the intersection
genes of CS and ferroptosis (continued) (see online version for colours)
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3.2 Obtention of hub-genes from Gene-miRNA interaction network

Based on the ENCORI database, totally 1,452 gene-miRNA interaction pairs were
obtained [Figure 3(a)] and the top 20 genes with larger degree in R were extracted as
hub-genes. GO and KEGG enrichment analyses were conducted on the 70 intersection
genes to gain insights into their functional roles and involvement in signalling pathways.
A total of 603 enriched GO terms and 22 significant KEGG signalling pathways were
identified. The top five BP terms such as cellular response to external stimulus and
cellular response to extracellular stimulus, CC terms such as autolysosome and ficolin-1-
rich granule, and MF terms such as protein ADP-ribosylase activity and NAD*
|ADP-ribosyltransferase activity, were shown in Figure 3(b) and Table 1. The top 15
enrichment pathways such as toll-like receptor (TLR) signalling pathway and MAPK
signalling pathway were shown in Figure 3(c) and Table 2 according to the p-value.

Figure 3 The gene-miRNA interaction network and GO/KEGG enrichment analysis, (a) the
gene-miRNA interaction network (the larger the size, the higher the degree) (b) the top
5 BP, CC, and MF terms in GO enrichment (c) the top 15 pathways in KEGG

enrichment (see online version for colours)
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Figure 3 The gene-miRNA interaction network and GO/KEGG enrichment analysis, (a) the
gene-miRNA interaction network (the larger the size, the higher the degree) (b) the top
5 BP, CC, and MF terms in GO enrichment (c) the top 15 pathways in KEGG
enrichment (continued) (see online version for colours)

Table 1 The top five enriched terms in BP, CC, and MF categories

Ontology ID Description P-value
BP GO0:0071496 Cellular response to external stimulus 1.12E-11
BP GO0:0031669 Cellular response to nutrient levels 2.29E-11
BP GO:0031668 Cellular response to extracellular stimulus 1.10E-10
BP G0:0009267 Cellular response to starvation 3.12E-10
BP GO0:0140289 Protein mono-adp-ribosylation 4.90E-10
CC G0:0101002 Ficolin-1-rich granule 5.25E-05
CC GO0:1904813 Ficolin-1-rich granule lumen 8.24E-05
CC G0:0044754 Autolysosome 0.000680727
CC GO:0034774 Secretory granule lumen 0.001031025
CC G0:0060205 Cytoplasmic vesicle lumen 0.001081397
MF GO0:1990404 Protein ADP-ribosylase activity 2.94E-09
MF G0:0003950 NAD+ ADP-ribosyltransferase activity 2.22E-08
MF G0:0016763 Pentosyltransferase activity 1.16E-06
MF GO0:0044389 Ubiquitin-like protein ligase binding 0.000197801
MF GO:0015175 Neutral amino acid transmembrane transporter 0.000406378
activity

3.3 Acquisition of hub-genes from PPI network

Based on the 70 intersection genes, the PPI network was constructed [Figure 4(a)]. Then
the top 20 hub-genes were selected according to the degree, MCC, MNC and EPC
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algorithms and displayed in Figures 4(e)—4(e). Following intersection, 18 hub-genes were

obtained using VennDiagram software [Figure 4(f)].

Table 2 The top 15 enriched pathways

ID Description P-value
hsa05020 Prion diseases 0.001127963
hsa04620 TLR signalling pathway 0.003010478
hsa05142 Chagas disease 0.003230078
hsa04010 MAPK signalling pathway 0.004508104
hsa04621 NOD-like receptor signalling pathway 0.005839101
hsa05210 Colorectal cancer 0.005839101
hsa04722 Neurotrophin signalling pathway 0.006409407
hsa05140 Leishmaniasis 0.009532266
hsa04146 Peroxisome 0.01100683
hsa05216 Thyroid cancer 0.012793212
hsa00020 Citrate cycle (TCA cycle) 0.014543492
hsa03410 Base excision repair 0.017351068
hsa05219 Bladder cancer 0.025849517
hsa00860 Porphyrin and chlorophyll metabolism 0.027010051
hsa05332 Graft-versus-host disease 0.028191473

Figure 4 The identification of hub genes among the 70 intersection genes, (a) PPI network of the

70 intersection genes (the deeper the colour of the bodes, the greater the connectivity)
(b)—(e) the top 18 hub-genes calculated by degree, EPC, MCC, and MNC algorithms
(from left to right) (f) the Venn diagram of core genes in PPI network intersection

(see online version for colours)

HCTAS

PRRFTE

(b)




10 Z Yeetal.

Figure 4 The identification of hub genes among the 70 intersection genes, (a) PPI network of the
70 intersection genes (the deeper the colour of the bodes, the greater the connectivity)
(b)—(e) the top 18 hub-genes calculated by degree, EPC, MCC, and MNC algorithms
(from left to right) (f) the Venn diagram of core genes in PPI network intersection
(continued) (see online version for colours)

© ®

3.4 Identification of nine core genes related to ferroptosis in CS

To obtain the core genes related to ferroptosis in CS, the intersection analysis was
performed between the 20 hub-genes from the gene-miRNA network and the 18
hub-genes from the PPI network. As depicted in Figure 5(a), nine core genes (/L6, TP53,
MAPKI, CAVI, GJAl, SMAD7, TXNIP, MAP3KS5, and DUSPI) associated with
ferroptosis in CS were identified, indicating that these nine core genes might involve in
the pathogenesis of CS. To explore the pathways associated with the core genes, a
network depicting the relationship between the core genes and pathways was constructed.
The top 30 pathways enriched in biological processes (BP) with a p-value < 0.05, as well
as all 22 pathways enriched in the KEGG database, were selected for visualisation in
Figure 5(b) (Table S2), suggesting that these nine core genes might play an important
role in the development of CS via these GO-BPs and KEGG pathways.
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Figure 5 Core genes related to ferroptosis in CS, (a) the Venn diagram of the intersection of the
20 hub-genes to get the core genes (b) the core genes and pathway network (see online
version for colours)
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3.5 Differential expression of core genes in CS

We further evaluated the differential expression of nine core genes in normal tissue and
CS. As shown in Figure 6(a), the expression of /L6, TP53, MAPKI, and SMAD7 in CS
was significantly lower than that in normal tissue in GSE48418 dataset, especially /L6,
TP53, and MAPK]I; while the expression of CAV1, GJAI, TXNIP, MAP3K5, and DUSPI
was in an opposite trend (P < 0.05). In addition, expression levels of the nine core genes
were verified in the GSE30835 dataset. As illustrated in Figure 6(b), the expression levels
of CAVI and GJAI in GSE30835 dataset were consistent with those in GSE48418
dataset. Thus, it’s necessary to confirm their expression stability in dataset with larger
sample size.
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Figure 6 Boxplot of the differential expression of nine core genes in CS compared with
normal tissue, (a) in GSE48418 dataset (b) in GSE30835 dataset (see online version
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Figure 6 Boxplot of the differential expression of nine core genes in CS compared with

normal tissue, (a) in GSE48418 dataset (b) in GSE30835 dataset (continued) (see online
version for colours)
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3.6 Impact of IL6 and GJAI as core genes on survival of CS patients

After dividing the patients into high and low expression groups based on the median or
quartile of the nine identified core genes, the survival analysis was conducted. Core genes
with a significance level of P < 0.05 were selected as factors associated with the survival
of patients. As illustrated in Figure 7, the results demonstrated a significantly higher
overall survival rate among patients with high expression of /L6 (n = 131) compared to
those with low expression of /L6 (n = 131; P = 0.008). Conversely, patients with
low expression of GJAI (bottom 25%, n = 66) exhibited a significantly higher overall
survival rate compared to those with high expression of GJAI (top 25%, n = 66;
P =0.023). These data suggested that /L6 and GJAI might use as the prognostic gene for
CS patients.

Figure 7 The survival curves for CS patients with different expression level of /L6 and GJAI,
(a) the influence of IL6 expression on the survival curve of CS patients (b) the influence
of GJAI expression on the survival curve of CS patients (see online version for colours)
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4 Discussion

CS is the second most common primary bone malignancy mainly influencing adults, and
there is obvious trouble in the design of therapeutic plans due to the insensitivity to
radiotherapy and chemotherapy (Chow, 2018). Thus, the survival rate of high-grade or
clinically metastatic CS patients is poor. The primary objective of this study was to
elucidate the molecular mechanisms involved in CS and identify potential core factors
associated with the survival rate of CS patients. Through comprehensive bioinformatics
analysis, a group of candidate genes including TP53, GJAI, IL6, CAVI, MAPKI, and
SMAD?7, as well as several potential pathways such as TLR signalling pathway, MAPK
signalling pathway, and peroxisome pathway were identified. By integrating the
protein-protein interaction network and gene-miRNA network, a set of nine intersecting
genes (IL6, TP53, MAPKI, CAVI, GJAl, SMAD7, TXNIP, MAP3KS5, and DUSPI) were
recognised as crucial genes in the pathogenesis of CS. Notably, among these genes, GJA!
and /L6 emerged as promising candidates with the highest likelihood to influence the
survival rate of CS patients.
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MAPK signalling pathway is the primary regulatory module of various cellular
processes such as cell proliferation, differentiation, and stress responses (Sun et al.,
2015). It is reported that the MAPK pathway comprises several key signalling
components and phosphorylation events that play a role in tumorigenesis. For instance,
Li et al. (2024) highlighted that B-eudesmol inhibited cell proliferation and promoted cell
apoptosis and ferroptosis via regulating MAPK pathway in breast cancer. Yang et al.
(2022) have demonstrated that inhibition of activation of the ROS-ASK1-p38 MAPK
signalling pathway promoted the inhibition of proliferation, migration, and invasion of
Ecal09 and KYSE150 cells and the induction of ferroptosis by realgar. Zhai et al. (2025)
have uncovered that Jujuboside B inhibits proliferation and induces apoptosis and
ferroptosis in colorectal cancer cells with potential involvement of the MAPK signalling
pathway. Besides, peroxisomes are metabolic organelles involved in lipid metabolism
and cellular redoxbalance (Kim, 2020). Peroxisomes are major sites of ROS generation
and lipid metabolism, both central to ferroptosis, and peroxisome-driven ether-linked
phospholipids biosynthesis is essential for ferroptosis (Cui et al., 2021). A previous study
has found that CDH4 inhibits ferroptosis in oral squamous cell carcinoma cells via fatty
acid metabolism pathway peroxisome pathway (Xie et al., 2023). In this study, the
hub-genes identified from gene-miRNA interaction network were enriched in MAPK
signalling pathway and peroxisome pathway. Thus, these data implied that MAPK
signalling pathway and peroxisome pathway might exert a significant function in the
ferroptosis of CS.

GJAI, also known as gap junction protein alpha 1, is a multifunctional protein that
belongs to the gap junction family. It plays a crucial role in mediating intercellular
communication and maintaining the fundamental metabolic stability of cells (Meng et al.,
2020; Wu et al., 2022b). Numerous studies have reported that dysregulated expression of
GJAI is associated with cancer progression (Stoletov et al., 2013). Aberrant expression of
GJAI has been observed in various types of cancer and has been implicated in promoting
tumour growth, invasion, and metastasis (Tang et al., 2011; BiScanin et al., 2016). CS
with recurrence and metastasis commonly lead to poor prognosis. Therefore, it is
hypothesised that GJ4/ may disrupt intercellular communication in CS cells, leading to
alterations in cellular behaviours such as enhanced proliferation, migration, and
invasiveness. These changes in cellular behaviour may contribute to the recurrence and
metastasis of CS. Zeng et al. (2019) have indicated that GJA/ may promote the cellular
proliferation, migration, and EMT in non-small cell lung cancer via activating
p53/MDM?2 signalling pathway. Moreover, in this study, GJAI was related with both CS
and ferroptosis. Ferroptosis is a form of cell death that has attracted significant attention
over the past decade. This process is characterised by an accumulation of lipid peroxides
within cells, which surpasses the antioxidant capacity of glutathione-dependent
peroxidase 4. Consequently, the physical integrity of the plasma membrane is
compromised, triggering an osmotic process that leads to cell rupture and ultimately, cell
death. In this study, we also found that GJAI enriched in GO-BP of cellular response to
external stimulus. It’s reported that abnormal cellular response to external stimulus, such
as excessive proliferation and resistance to apoptosis, can disrupt cellular homeostasis
and drive the malignant transformation, invasion and metastasis of cancer cells (Cox and
Goding, 1991). Combined with the results of survival analysis, GJA! may play vital role
in the regulation of ferroptosis in CS, and is tightly associated with the prognosis of
patients. Of course, this requires further experiments or other relevant verification.
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IL6 is a common inflammatory indicator, and it plays an extremely important role in
acute inflammatory response. In this study, we found /L6 was associated with ferroptosis
in CS. In rheumatoid arthritis, ferroptosis has been reported to trigger the innate
immunity of the body, promote the release of proinflammatory cytokines such as /L6, and
promote the uptake of iron by cells (Zhao et al., 2022). Also, Zhou et al. (2022) revealed
that /L6 was a key ferroptosis DEG in lumbosacral spinal root avulsion. A considerable
increase in /L6 levels triggers the production of Hepcidin, a key regulator of iron
homeostasis. This action subsequently inhibits Ferroportin (FPN), leading to a rise in
intracellular iron and ferritin. This cascade of events provokes the phagocytosis of
ferritin, ultimately fostering ferroptosis, also known as iron-induced cell death (Fratta
Pasini et al., 2021). It has also been indicated that /L6 can promote the cellular ferroptosis
sensitivity by increasing the levels of the cellular labile iron pool (Dou et al., 2022;
Wau et al., 2022a). In this study, we also found that a significantly higher overall survival
rate among patients with high expression of /L6 compared to those with low expression.
However, it’s reported that /L6 is typically a pro-tumorigenic and pro-inflammatory
cytokine linked to poor prognosis in most cancers (Pennel et al., 2024; Browning et al.,
2018). Interestingly, we also found that the expression of /L6 in CS was significantly
lower than that in normal tissue in GSE48418 dataset, while the opposite result was
observed in GSE30835 dataset. The reason for this contradictory outcome might be due
to the limited sample size and unmatched subtypes. Meanwhile, the activation of TLR is
one of the earliest events in the /L6 generation process, and activation of TLR pathways
leads to secretion of /L6 (Khanmohammadi and Rezaei, 2021). Herein, TLR pathway was
involved in the top 15 enriched pathways, and /L6 enriched in the TLR pathway.
Ferrostatin-1 is an inhibitor of ferroptosis, and Wang et al. (2023) have found that
ferrostatin-1 inhibits TLR 4/NF-«B signalling to alleviate intervertebral disc degeneration
in rats. Lu et al. (2024) have suggested that nicorandil may regulate ferroptosis through
TLR4/SLC7AL11 signalling, thereby alleviating septic cardiomyopathy. Therefore, it can
be speculated that /L6 may regulate ferroptosis in CS through TLR pathway.

However, all the results were obtained based on the bioinformatics analysis without
validated experiment, therefore, the expression and function of the identified nine core
genes still need further validation in in vivo and in vitro experiments. For example, we
will conduct western blot and real-time quantitative PCR (qRT-PCR) analysis to confirm
the expression of the nine core genes in CS, and knockdown GJAI in CS cell lines
(SW1353, JJ012) and measure the sensitivity to ferroptosis inducers (e.g., RSL3, Erastin)
via lipid peroxidation and cell viability assays. In addition, only one training set and one
validation set were used in this study. Due to the limited sample size, only CAV/ and
GJAI showed significant differences. Thus, it’s necessary to confirm their expression
stability in larger sample sizes and in cohorts with matched subtypes in the future.
Besides, the ferroptosis-related genes are derived from FerrDb database, which is being
updated continuously, and more genes are yet to be discovered. Furthermore, the
involved molecular mechanism should be further deeply explored.

5 Conclusions

Our study, through comprehensive bioinformatics analysis, identified key genes and
pathways associated with ferroptosis in CS. Nine intersecting genes (/IL6, TP53, MAPKI,
CAV1, GJAI, SMAD7, TXNIP, MAP3KS5, and DUSPI) played crucial roles in the



Core genes and pathways underlying ferroptosis in chondrosarcoma 17

pathogenesis of the disease, among which /L6 and GJAI were determined as key factors
potentially influencing the survival rate of CS patients. These findings provide vital
insights for understanding the pathophysiological mechanism of CS and developing new
therapeutic strategies. Although these results require further experimental validation, they
set the groundwork for future research and may offer target genes for improving the
therapeutic outcomes of CS.
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Supplementary

Table S1  The list of 70 intersection genes associated with ferroptosis in CS

Gene name Gene name Gene name Gene name
RGS4 LCN2 SATI1 CAPG
IDH2 DECRI1 FTH1 ATG7
KLF2 PARPI12 DUSP1 KIF20A
MTI1G CEBPG PARP16 PEBP1
BEX1 PRDX6 AKR1C3 IL1B
ALB PDK4 NNMT RPLS8
CAV1 ACO1 HMOX1 FURIN
PHF21A OSBPL9 MAPK1 ADAM?23
PARP9 SLC38A1 PARP4 CTSB
BRD3 SREBF1 SLC1A4 SLC7AS
AURKA GJA1 GPT2 PEX6
GSTM1 BRD7 PAQR3 SCD
TFAP2A MYCN ANO6 HMGBI1
P53 ETV4 ACSL1 MAP3K5
PARP14 SLC40A1 TMBIM4 GDF15
IL6 LAMP2 GALNT14 TXNIP
NDRG1 AIFM2 SLC2A6 SMAD7

DDIT4 JUN
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Table S2  Enrichment analysis of the core genes
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ID Gene
hsa05020 IL6
hsa04620 IL6
hsa05142 IL6
hsa04621 IL6
hsa05332 IL6
hsa05144 IL6
hsa04623 IL6
GO:0006979 IL6
GO:0062197 IL6
GO0:0034599 IL6
G0:0000302 IL6
GO0:0042542 IL6
GO0:0034614 IL6
hsa04010 TP53
hsa05210 TP53
hsa04722 TP53
hsa05216 TP53
hsa05219 TP53
hsa05213 TP53
hsa05014 TP53
hsa05223 TP53
GO:0071496 TP53
GO:0031669 TP53
GO0:0031668 TP53
G0:0009267 TP53
GO:0006979 TP53
GO:0031667 TP53
GO0:0042594 TP53
GO:0062197 TP53
G0O:0034599 TP53
GO0:0062012 TP53
GO:1901216 TP53
GO0:0072593 TP53
hsa05020 MAPK1
hsa04620 MAPK1
hsa05142 MAPK1
hsa04010 MAPK1
hsa04621 MAPK1
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Table S2  Enrichment analysis of the core genes (continued)

ID Gene
hsa05210 MAPK1
hsa04722 MAPK1
hsa05140 MAPK1
hsa05216 MAPK1
hsa05219 MAPK1
hsa04150 MAPK1
hsa05213 MAPK1
hsa05223 MAPK1
GO:0071496 MAPK1
GO:0031669 MAPK 1
GO:0031668 MAPK1
GO0:0009267 MAPK1
GO:0006979 MAPK 1
GO0:0031667 MAPK1
GO0:0042594 MAPK1
GO0:0062197 MAPK 1
G0:0034599 MAPK1
G0:0000302 MAPK1
GO:0010038 MAPK 1
GO:0071276 MAPK1
GO0:0034614 MAPK1
GO:0046686 MAPK 1
GO0:0062197 CAVI
GO0:0010038 CAV1
GO0:0062012 CAVI
GO:0120162 CAVI
GO:0001659 CAV1
GO0:0033137 CAVI
GO:0071496 GJA1
GO:0120162 GJA1
GO:0001659 GJA1
GO0:0033137 SMAD7
GO:0006979 TXNIP
G0:0000302 TXNIP
G0:0010038 TXNIP
GO0:0042542 TXNIP
hsa04010 MAP3K5

hsa04722 MAP3KS5
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Table S2  Enrichment analysis of the core genes (continued)

1D Gene
hsa05014 MAP3KS5
GO:0071496 MAP3KS5
G0:0031669 MAP3K5
GO:0031668 MAP3KS5
GO0:0009267 MAP3KS5
G0:0006979 MAP3K5
GO:0031667 MAP3KS5
GO0:0042594 MAP3KS5
GO0:0062197 MAP3K5
GO0:0034599 MAP3KS5
G0:0000302 MAP3KS5
G0:0042542 MAP3K5
GO:1901216 MAP3KS5
GO0:0034614 MAP3KS5
hsa04010 DUSP1
GO:0006979 DUSP1
G0:0000302 DUSP1
GO0:0010038 DUSP1

GO:0042542 DUSP1




