www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Downregulation of ferroptosis-
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the invasion and migration of
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Osteosarcoma (OS) is a prevalent form of bone cancer among younger people, particularly children and
adolescents. Ferroptosis is a non-apoptotic cell death identified by increased levels of iron-dependent
lipid peroxidation. This study was designed to develop a prognostic model based on differentially
expressed genes (DEGs) associated with ferroptosis and examined the functions of ferroptosis-

related genes (FRGs) in OS cells. Gene expression profiles in OS were retrieved from TARGET and

GEO databases, while GTEx provided data for healthy tissues. Prognostic genes were identified
through bioinformatics analysis and data integration. In vitro experiments, cell cultures, qRT-PCR,
immunohistochemistry (IHC), cell transfection, Edu assays, DHE assays, migration, and invasion
assays validated the prognostic model and explored the functional role of FRGs in OS cells. Univariate
Cox regression analysis demonstrated that 12 DEGs were differentially expressed. Based on four FRGs
in OS constructed a risk-scoring model. The high-risk (HR) group showed a considerably lower OS rate
than the low-risk (LR) group (p<0.001 in the TARGET and p<0.05 in the GSE21257 cohorts). A risk score
was validated as an independent predictive factor for OS via multivariate Cox regression. Functional
analysis shows that these FRGs affect the occurrence of ferroptosis by influencing the intracellular ROS
levels and play a regulatory role in the proliferation, migration, and infiltration of OS cells. The findings
suggested that four FRGs demonstrate significant prognostic value in OS, offering potential insights
into novel therapeutic targets for OS treatment.
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Abbreviations

DEGs Differentially expressed genes

qRT-PCR  Quantitative real-time polymerase chain reaction
IHC Immunohistochemistry

HR High-risk

LR Low-risk

FRGs Ferroptosis-related genes

DHE Dihydroethidium

(0N Osteosarcoma

KEGG Kyoto Encyclopedia of Genes and Genomes

GO Gene Ontology; PCA: principal component analysis
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
BNIP3 BCL2 interacting protein 3

G6PD Glucose-6-phosphate dehydrogenase

TGFBR1 Transforming growth factor beta receptor 1
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PGD Phosphogluconate dehydrogenase
STAT3 Transcription 3

GPX4 Glutathione peroxidase 4

GSH Glutathione

Nrf2 NEF-E2-related factor

AUC Area under the curve

ROS Reactive oxygen species

HIF Hypoxia-inducible factors

TFR The transferrin receptor

DMT1 Divalent metal transporter 1

Osteosarcoma is a prevalent and aggressive form of bone cancer, particularly affecting children and adolescents!2.
The current standard treatment involves a combination of systemic chemotherapy and extensive surgical
resection. Recent advancements in limb-salvage surgery and neoadjuvant chemotherapy have substantially
improved the 5-year survival rate to approximately 65 to 70% in patients with non-metastatic disease’. However,
distant metastasis is also found in around 20% of patients, with lung metastasis accounting for 90% of them?,
which dramatically decreases the 5-year survival rate (15 to 30%)°-%. This necessitates the development of novel
prognostic models to enhance the survival rates of patients with OS.

Ferroptosis is an iron-dependent, non-apoptotic cell death and is distinguished by the accumulation of
lipid reactive oxygen species (ROS)°. Ferroptosis has recently attracted substantial interest and attention as a
possible therapeutic option for cancer treatment. Reported studies show that ferroptosis remarkably impacts
the destruction of tumor cells and the prevention of tumor growth®!?. In the OS cell line D-27, Isani et al.
initially described the ferroptosis mechanism. They demonstrated that the cells initiate ferroptosis by restricting
the signaling pathway that involves glutathione peroxidase 4 (GPX4), signal transducer and activator of
transcription 3 (STAT3), and nuclear factor erythroid 2-related factor 2 (Nrf2)!!. Meanwhile, ferroptosis
is regulated by multiple genes'?. Current studies have revealed the significant role of ferroptosis in OS, with
particular genes like STAT3, Nrf2, GPX4, FPN, FTHI, DMTI, and IRP2 known for their negative regulation
of ferroptosis'"13. Genes such as FTHI and SLC40A1 have been found to positively regulate ferroptosis'. As
ferroptosis continues to be investigated, FRGsg has been identified as novel therapeutic targets with prognostic
effects in OS!>!°. In previous studies, the etiology, advancement, and prognosis of OS have been substantially
correlated with ferroptosis'’. Building upon this premise, oncologists have validated the activation of ferroptosis
as an innovative and potentially efficacious therapeutic strategy for OS'8. Bioinformatics analysis serves as a
valuable tool for identifying possible drug targets and diagnostic markers, enabling a more potent therapeutic
strategy. However, the prognostic significance of ferroptosis and FRGs in OS has not been fully elucidated.
This study developed a novel prognostic model for OS by integrating FRGs (confirmed in an external patient
cohort), OS cell lines, and tissue samples. This model promotes evaluating treatment outcomes and prognosis
while advancing the understanding of the molecular mechanisms underlying ferroptosis in OS development
and progression.

In this study, RNA-seq and clinical information for OS patients were sourced from publicly accessible
databases. A prognostic multigene signature was then developed via ferroptosis-associated DEGs identified in
the TARGET cohort. These signatures were verified in various cohorts, such as GSE21257, OS cell lines, and OS
tissue samples. A nomogram model was developed to further validate its clinical application value.

Materials and methods

Data source and FRGs

The training cohort comprised 84 OS patients, with data retrieved from the TARGET database (https://porta
l.gdc.cancer.gov/). The validation cohort comprised data from 53 OS samples, which were obtained from the
GEO database (http://www.ncbi.nlm.nih.gov/geo/) (accesserum-freeE21257). The clinical characteristics of the
patients are summarized in Table 1. Data for RNA expression from healthy tissues, including 396 musculoskeletal
samples, were provided from the GTEx database (https://gtexportal.org/). Moreover, a total of 247 FRGs were
retrieved from the FerrDb database (http://www.zhounan.org/ferrdb/), a comprehensive resource that contains
information on regulators and markers of ferroptosis, as well as the relationship between ferroptosis and
multiple diseases. The associated R programming codes used in this manuscript were uploaded in the repository
of GitHub (https://github.com/Bob111111-spec/R.git).

Differentially expressed FRGs analysis and functional annotation.

To minimize batch variations between the TARGET and GTEx databases, gene transcript expression data for
each sample was logarithmically modified by adding 1 to the FPKM value, followed by a log2 transformation.
Differentially expressed FRGs between tumor and healthy tissues were detected via the “limma” R package, with
the selection criteria set at FDR<0.05 and |logFC|>2. Next, a univariate Cox analysis of OS was performed to
identify FRGs with prognostic significance. The study also conducted GO and KEGG'-?! pathways analyses
to examine the biological roles and pathways correlated with the differentially expressed FRGs. To visualize
the interaction among these genes, the STRING website (https://cn.string-db.org/) was used to develop an
interaction network?.
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Features ‘ TARGET dataset ‘ GSE21257 dataset

Age

Median | 14 16
Gender

Male 48 34
Female |36 19

Survival Status
Alive 55 30
Dead 29 23

Overall survival (years)

>5 32 -
<5 45 -
Metastasis

Yes 21 34
No 63 19
Grade

Stage 2 | 18 29
Stage % | 16 18

Table 1. The clinical information of OS patients in the two data sets.

Constructing and validating the prognostic FRG signature

Risk score = Z (coefs x x;)

i=1

Univariate Cox regression analysis of 58 differentially expressed FRGs in the TARGET cohort was carried out via
the “survival” R package. Prognostic relevance was determined as per the significance threshold of p <0.05. After
that, a prognostic model was developed via multiCox regression analysis via the same “survival” R package®.
Based on the gene expression signature, the gene normalized expression, as well as their respective regression
coeflicients, have been processed to determine the patient’s risk scores by using the given formula:

Here Coef; is the gene regression coeflicient and the gene expression level.

The “stats” R package’s “prcomp” function was used for Principal Component Analysis (PCA), while
t-SNE analysis was conducted using the “Rtsne” R package to evaluate group distributions. The “survminer”
R package’s “surv cutpoint” function was used to conclude suitable cut-off expression values for gene survival
analysis. Moreover, the “survivalROC” R package assessed the predictive potency of the gene signature via time-
dependent ROC curve studies.

Nomogram model development and validation

A nomogram model was developed and validated using the “rms” R package. In line with the results of
multivariate Cox regression, key parameters, such as patient age, sex, metastatic status, and risk scores, were
added to the nomogram to provide a comprehensive prognostic evaluation. The model’s performance was
assessed by estimating the C-index, and a calibration curve was plotted to evaluate the concordance between
actual and predicted clinical outcomes.

Cell cultures and transfection

MG63, Saos-2, 143B, U20S, and hFOB 1.19 were obtained from the Shanghai Institute of Cell Biology in China.
Cells were cultured in DMEM (ATCC, USA) with 10% FBS with 1% penicillin and streptomycin at 370C with 5%
CO2 in a humidified atmosphere. To reduce the expression of key genes in SAOS-2 and MG-63 cells, siRNA was
transfected into the cells as per the manufacturer’s guidelines. Essential gene-targeting siRNAs and a negative
control siRNA (siRNA-NC) were sourced from Guangzhou Ruibo Biotechnology Co., Ltd. Transfection of Si-NC
and specific siRNAs was performed using Lipofectamine 3000 (Invitrogen) in 6-well plates. The impact of siRNA
knockdown was evaluated 48 h post-transfection via qRT-PCR, in line with the manufacturer’s procedure. All
sequences of the siRNAs are listed in Table S1.

Gene expression via qRT-PCR

Total RNA was isolated via TRIzol reagent (Invitrogen), followed by cDNA synthesis via the PrimeScript TMRT
reagent Kit (Takara). SYBR Green qPCR Master Mix was used for QRT-PCR analysis (Thermo Fisher Scientific).
The expression of mRNA was normalized with GAPDH. Table 2 displays the details of the primer.

Immunohistochemistry (IHC) assay
From December 2019 to January 2021, 5 patients with OS underwent resection at Nanchang University’s Second
Aftiliated Hospital. The clinical characteristics of these individuals was summarized by Table S2. The approval
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Gene Forward primer Reverse primer

BNIP3 | CAGGGCTCCTGGGTAGAACT | CTACTCCGTCCAGACTCATGC
GP6D GACGACGAAGCGCAGACAG | CCGACTGATGGAAGGCATCG
PGD GCCAATGAGGCAAAGGGAAC | TCTCGGCACCGTCTCAATTT
TGFBR1 | CAGCTCTGGTTGGTGTCAGA | GCAATGGCTGGCTTTCCTTG
GAPDH | GAGAAGGCTGGGGCTCATTT | TAAGCAGTTGGTGGTGCAGG

Table 2. Sequences of used primers for qRT-PCR analysis.

for the existing research was provided by the Second Affiliated Hospital of Nanchang University of Ethics
Committee [2019] No. (088). Furthermore, each patient signed informed consent in written form.

The fixing of OS and surrounding tissues was carried out, followed by embedding in paraffin. Next, these
tissues were cut into sections, and deparaffinized. Serum-free protein block buffer (Dako, Glostrup, Denmark)
was used to block these sections for 1.5 h, followed by incubating them with BNIP3, G6PD, PGD (1:200, Abcam,
Cambridge), and TGFBRI1 (1:100, Boster Biological Technology co.ltd, China) antibodies. After taking pictures
under the microscope, H-score was used for analysis.

Cell migration assay

Cell migration potential was observed via wound healing assay. Initially, 5 x 10 cells in logarithmic growth were
seeded in 3.5 cm culture plates and grown at 37 °C for 24 h with 5% CO,. Once cells reached 90% confluence
and covered dish bottoms, a single scratch was induced via a 200 pL pipette tip. After PBS washing, cells were
transfected and cultured at 37 °C with 5% CO, for 24 and 48 h. Cell migration was observed under an Olympus
microscope, and images were acquired.

Transwell assay

This assay was used to evaluate cell invasion. Approximately 5x 10* cells were allowed to grow with serum-
free medium (8 pum pore size, Corning, New York, USA) for migration assays using transwell chambers. An
enriched medium (10% FBS) was added to the lower chamber. The procedure for invasion experiments with
transwell chambers was similar to migration assay, except for pre-coating the upper chamber with 10% Matrigel
(Corning). After 36 h incubation, the cells that remained in the upper chamber were removed using swabs.
However, cells that crossed the membrane were fixed with 4% paraformaldehyde and stained with 0.1% crystal
violet.

5-ethynyl-2’-deoxyuridine (Edu) assay

For this assay, cells were incubated with 50 uM Edu at 37 °C for 4 h. Next, cells were fixed in 4% formaldehyde
at 25 °C for 15 min, then permeabilized with 5% Triton X-100. They were treated with 100 pL of 1X Apollo®567
reaction cocktail for 30 min. Afterward, they were stained with 100 pL of Hoechst 33,342 for 30 min in the dark
and examined under a light microscope (Olympus, Tokyo, Japan).

Assessment of oxidative stress

In order to assess the levels of ROS in tissues, we carried out a staining procedure on kidney slices using
dihydroethidium (DHE). The DHE powder was first dissolved in dimethyl sulfoxide. Subsequently, the
cryosections were incubated with the prepared DHE solution at room temperature for a duration of 30 min. After
that, the samples were observed with the aid of confocal microscopy. To measure the levels of mitochondrial
ROS, MitoSOX Red was employed. The cells were incubated with the MitoSOX Red solution at 37 ‘C for 30 min.
Following the incubation, images were captured under a microscope. Finally, the integrated optical density of the
ratios DHE/DAPI and MitoSOX/DAPI was calculated using the Image-Pro Plus (IPP) software.

Statistical analysis

Data was statistically analyzed via R (v3.5.3) or SPSS (v25.0) software. The sample size was determined through
power analysis, taking into account the effect size, desired power (typically 80%), and significance level, and
different formulas were used depending on the type of statistical test. The normality of the data was evaluated
using the Shapiro-Wilk test in R or the Explore function in SPSS. Quantitative data were presented as SD + mean.
For all quantitative analyses, each analysis condition was performed in triplicate. Student’s t-test was used to
compare differences between two groups. One-way ANOVA was used for comparisons among multiple groups,
and statistical differences were analyzed using the Bonferroni post hoc test in GraphPad Prism 5.0. Proportion
changes were analyzed via Chi-squared tests. Overall survival was evaluated with log-rank and Kaplan-Meier
tests. Uni- and multivariate Cox regression analyses were carried out to predict OS independently. p-values < 0.05
denoted significance threshold, and “ns” indicated no significant difference.

Results

Evaluation of differentially expressed FRGs

A total of differentially expressed 58 FRGs were detected (logFC> 1, FDR <0.05). The expression patterns of these
58 RGs were illustrated in Fig.1 A, B, revealing that 37 were decreased and 21 were increased. Univariate Cox
regression analysis was conducted on the 58 differentially expressed FRGs, which resulted in the identification of
12 FRGs that were related to the prognosis of OS patients, as shown in Fig. 1C. The network of protein-protein
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Fig. 1. Identification of the key FRGs: The 58 differentially-expressed FRGs (37 downregulated and 21
upregulated) were identified (A, B); Forest plots depicting the outcomes of univariate Cox regression analysis
regarding gene expression and OS were presented (C); The PPI network, sourced from the STRING database,
illustrated the interactions among the candidate genes (D); The correlation network of the candidate genes was
analyzed and the results were presented (E).

interaction (PPI) revealed how the underlined genes interacted with each other (Fig. 1D). The relationship
between these genes is displayed in Fig. 1E, where the blue line indicates a negative association and the red
line represents a positive association. Furthermore, the GO and KEGG enrichment pathway analyses showed
significant enrichment of iron ion binding and ferroptosis pathways in DEGs.
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Further, they were related to pathways involving ROS and hypoxia. These correlations were statistically
significant with a p-value adjustment of<0.05, as shown in Fig. 2A, B. It is widely observed that ferroptosis
is characterized by lipid ROS accumulation. The relationship between hypoxia and ferroptosis has also been
confirmed in the literature. Studies have shown that hypoxia-inducible factors.

(HIF) can adjust iron regulatory proteins in tumors or during inflammation. They also observed that HIF
regulates the transferrin receptor (TfR) and divalent metal transporter 1 (DMT1) to control iron import, and it
also modulates ferroportin to control iron export*-28,

Prognostic model development

A prognostic model was developed via a multivariate Cox regression test. The optimal value of A was used to
identify a four-gene signature (Table S3). Patient groups were distributed into HR and LR groups as per the
median cutoff values. The survival curves indicated that the HR group had a considerably lower OS than the
LR group (Fig. 3A). The ROC curves revealed that with time-dependent AUCs, the inferential results of the risk
score for OS were 0.857 for 1 year, 0.840 for 3 years, and 0.818 for five years (Fig. 3B). Both HR and LR groups
included 42 patients, resulting in a total of 84 patients (Fig. 3C). As shown in Fig. 3D, most LR patients survived
longer than HR patients. It was observed from PCA and t-SNE that patients could be conveniently separated into
various risk groups (Fig. 3E,F).

Validation of the four FRG signatures in the GEO cohort

The accuracy of the developed model was measured via both the TARGET and GSE21257 cohorts. A comparison
between both groups revealed that the LR group showed substantially enhanced OS, aligning with the findings
from the TARGET cohort (Fig. 4A) (p<0.05). The ROC curve analysis demonstrated that the AUC values for
the OS risk score at one, three, and five years were 0.745, 0.617, and 0.632, respectively (Fig. 4B). The HR group
comprised 29 patients, while the LR group consisted of 24 patients (Fig. 4C). Patients in the HR group tended to
experience earlier mortality (Fig. 4D). The patient classification into two subgroups was further confirmed via
t-SNE and PCA analyses (Fig. 4E. F).

Independent predictive value of the FRG signature
Univariate and multivariate Cox regression analyses evaluated the risk score’s potential to predict OS
independently in the provided variables. A substantial association between the risk score and OS was observed in
the TARGET cohort via a univariate Cox regression (HR=1.302; 95% CI=1.193-1.421) with p<0.001 (Fig. 5A).
Further, the risk score was detected as a distinct predictor of OS (p<0.001) in the multivariate Cox regression
analysis (HR =1.324, 95% CI=1.203-1.458), as mentioned in Fig. 5B.

The function of the underlined 4-FRGs in OS was determined by the correlation between the expression
patterns of the four genes and comparable biological and pathological features of OS, such as age, sex metastasis,
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Fig. 2. GO enrichment and KEGG pathway analyses: For the differentially expressed FRGs, Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were conducted (A, B).
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Fig. 3. Prognostic analysis of the 4 FRGs signature model in the TARGET cohort: Kaplan-Meier curves
depicting the OS of patients were generated for both the HR and LR groups (A); Time-dependent ROC curves
were used to calculate the AUC in the TARGET cohort (B); The distribution and median value of the risk
scores within the TARGET cohort were also analyzed (C); The distributions of OS, OS, and risk score (D);
Principal component analysis (PCA) was utilized to plot the TARGET cohort (E); T-distributed stochastic
neighbor embedding (T-SNE) analysis was performed for further data exploration (F).

risk score, and longevity status, as displayed in Fig. 5C and Fig. 6D. The results revealed that BNIP3 mRNA
expression was reduced, and TGFBR1, G6PD, and PGD mRNA increased in the LR group.

Development and confirmation of a nomogram model
The prognostic mode’s potential clinical applications were evaluated by constructing the nomogram model in
both the TARGET and GSE21257 cohorts using multivariate Cox regression analysis. The model included sex,
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Fig. 4. Validation of the four FRGs signatures in the GSE21257 cohort: Kaplan-Meier curves were utilized to
compare the OS rates between patients classified into the HR and LR groups (A); The AUC values from time-
dependent ROC curves were calculated for the GSE21257 cohort (B); The risk scores’ distribution and median
value were analyzed within the GSE21257 cohort(C); The distributions of OS, OS and risk score (D); Principal
component analysis (PCA) was conducted to visualize the data distribution within the GSE21257 cohort (E);
T-distributed stochastic neighbor Embedding (T-SNE) analysis was carried out for further data exploration

(F).

age, metastasis, and the risk score to evaluate its predictive ability (Fig. 6A). Based on the calibration curves,
the nomogram had substantially high predictive accuracy in identifying the 3- and 5-year OS of patients in the
TARGET and GSE21257 cohort (Fig. 6B-E). Nomogram model C index was 0.812 in the TARGET cohorts and
0.741 in the GSE21257 cohorts. The underlined results suggested that the nomogram model derived from a
prognostic model could be a possible prognostic model.
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Fig. 5. Cox regression analyses (uni- and multivariate) and the interrelation of risk scores and clinic-
pathological features: These analyses assessed the impact of OS in the TARGET cohort (A, B); The association
between the expression profiles of four prognostic FRGs, stratified by risk score, and the clinicopathological
features of OS were investigated in both the TARGET and GSE21257 cohorts (C, D).

In vitro experimental validation of the four FRGs signature

To assess the crucial genes for developing the risk score signature, qRT-PCR was conducted on OS and normal
cells. Further, immunohistochemistry (IHC) was performed to compare protein levels between adjacent normal
and OS tissues. As illustrated in Fig. 7A, TGFBRI, G6PD, and PGD levels were substantially upregulated in
MG-63 and SAOS-2 cells relative to normal cells, whereas BNIP3 expression was markedly downregulated in
SAOS-2 and MG-63 cells. In addition, the four FRGs were also validated in 143B and U20S cells (Fig. S1). IHC
revealed that in OS tissues, compared to adjacent normal tissues, the protein staining for BNIP3 was dramatically
reduced, whereas the staining for TGFBRI, G6PD, and PGD was significantly enhanced (Fig. 7B). Fig S2 shows
the quantitative analysis of the protein expression levels of these four prognostic FRGs in OS tissues and adjacent
normal tissues in IHC. Importantly, the expression trends of G6PD*, PGD*, and BNIP3*! in OS were consistent
with findings from previous studies.

The expression pattern of the target genes was inhibited via siRNA to conduct comprehensive research into
the function of four FRGs in OS cells. In order to ensure the specificity of the results, we have already added the
si-NC group to the gene validation process. The QRT-PCR results confirmed a substantial reduction in BNIP3,
G6PD, PGD, and TGFBRI in MG-63 and SAOS-2 cells (Fig. 8A, B). Wound healing (Fig. 8C, D,) and Transwell
(Fig. 8E, F) assays demonstrated that the knockdown of TGFBRI and G6PD genes considerably reduced the
migration and invasion potential of MG-63 and SAOS-2 cells. Interestingly, the knockdown of BNIP3 resulted
in enhanced migration and invasion of cancer cells, which aligns with previous research indicating a negative
correlation of BNIP3 with survival risk and risk scores®!. The current experiments also demonstrated that the
suppression of PGD in OS cells yielded similar results to those observed in normal cells without statistically
significant variances. Fig S3A shows the quantitative analysis of the wound healing assay results. Next, an
Edu incorporation assay was carried out to investigate the impact of silencing these four genes on OS cell
proliferation. The results indicated that cells transfected with si-G6PD and si-TGFBRI1 revealed a significant
decrease in Edu-positive cells, suggesting that the knockdown of G6PD and PGD effectively inhibited cell growth
(Fig. 8G, Fig. S3B). Conversely, cells transfected with si-BNIP3 showed a significant increase in Edu-positive
cells, indicating that knockdown of BNIP3 promoted cell growth. In si-PGD-transfected cells, no substantial
change was observed in Edu-positive cells.

To measure the ROS levels in OS cells after silencing these four genes, we conducted a DHE assay (4). The
results indicated that G6PD and TGFBRI could reduce the ROS levels in OS cells. Their downregulation increased
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Fig. 7. Both mRNA and protein levels of four prognostic FRGs signature: The mRNA expression

profiles of four FRGs with prognostic value were assessed in both OS cells and normal cells (n=3) (A);
Immunohistochemical analysis compared the protein expression levels of these four prognostic FRGs in OS
specimens (n=3) (B). Significance threshold was denoted as *p <0.05, ** p<0.01, and ***p < 0.001.

intracellular ROS levels, facilitating ferroptosis in these cells. Conversely, knocking down BNIP3 decreased the
intracellular ROS levels and inhibited iron-induced cell death in OS cells. The downregulation of PGD had a
minor effect on increasing the intracellular ROS levels of OS cells.

Discussion

Osteosarcoma (OS), a malignant bone tumor predominantly affecting adolescents, is marked by an unclear
etiology and generally poor prognosis®2. Despite advancements in management strategies, the survival rate of OS
patients has remained largely unchanged over the past 30 years®*. Thus, it is crucial to recognize and evaluate key
molecular markers that determine the prognosis rate to improve the clinical efficacy of therapeutic interventions
and optimize diagnosis and treatment.

Recently, it has been revealed that ferroptosis considerably contributes to destroying tumor cells and the
prognosis of tumor patients. Several research has confirmed that 14 FRGs are related to a poor prognosis of
hepatocellular carcinoma®3. In another study, the gene expression analysis predicted the survival rate of glioma
patients. The results of this study indicated that 45 FRGs were substantially correlated with the patient survival
rate’®7, Recently, the role of ferroptosis in the formation and treatment of OS has attracted substantial scientific
interest®®. Multiple studies have indicated significant differential expression of various FRGs in OS patients,
which is closely associated with adverse prognoses*-*2.

The model proposed in this study includes four FRGs: BNIP3, G6PD, PGD, and TGFBRI. The crucial role of
these four FRGs in determining OS prognosis was demonstrated by the considerable increase in both risk scores
and mortality rates over time in the time-dependent model.

BNIP3 belongs to the B-cell lymphoma family and can induce cell death and autophagy. BNIP3 silencing has
been shown to increase intracellular iron levels, thereby promoting Ferroptosis*®. Early research has identified
a strong association between BNIP3 expression and poor prognosis in different cancers, such as breast, bladder,
and renal cell carcinoma® 4. Another study by Ye et al. showed evidence of BNIP3-mediated cell death through
ROS in OS cells, highlighting BNIP3’s potential role in OS prognosis®’.

In cancer cells, glucose-6-phosphate dehydrogenase (G6PD) is crucial for producing NADPH and glycolysis*3.
NADPH is a crucial antioxidant molecule within cells and serves the function of reducing oxidized glutathione
(GSH), thereby maintaining the redox balance within cells®”. In cases where the activity of G6PD is diminished,
the production of NADPH is reduced, which in turn leads to insufficient synthesis of GSH. As a result, the
antioxidant capacity of the cell decreases, causing the accumulation of ROS. This accumulation subsequently
triggers lipid peroxidation and facilitates the occurrence of ferroptosis®. Current studies have demonstrated that
the level of G6PD is enhanced in different cancer types, and this expression level is related to a poor prognosis for
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Fig. 8. Impact of the knockdown of four prognostic FRGs on the migration and invasion of OS cells was
investigated: The mRNA expression levels of BNIP3, G6PD, PGD, and TGFBR1 in MG-63 and SAOS-2 cells
were quantified using qQRT-PCR following siRNA-mediated knockdown of the four prognostic FRGs(n=3) (A,
B). Healing assays in MG-63 and SAOS-2 cells with siRNA knockdown of the four prognostic FRGs (100 pm)
(n=3) (C, D). Evaluation of invasion capabilities of MG-63 and SAOS-2 cells with siRNA knockdown of

the four prognostic FRGs using Transwell assays (100 um) (n=3) (E, F). Comparison of the proportion of
Edu-positive cells in MG-63 and SAOS-2 cells with siRNA knockdown of the four prognostic FRGs via Edu
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significant.
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cancer patients*®>!. Cao et al. observed that iron-induced cell death in HCC cells is inhibited by the upregulation
of G6PD>%.

Phosphogluconate dehydrogenase (PGD) is the third enzyme in the pentose phosphate pathway. It functions
similarly to G6PD in generating NADPH and is involved in the regulation of energy metabolism and iron-
induced cell death®. Previous investigations have demonstrated that PGD exhibits an upregulated expression
pattern in various types of cancers™, examples of such cancers include gastrointestinal stromal tumors®, liver
cancer®, and pancreatic cancer’”®, and this upregulation of PGD contributes to the proliferation of cancer
cells. Additionally, PGD is associated with multiple tumor signaling pathways, including the epidermal growth
factor signaling pathway and the nuclear factor E2-related factor signaling pathway, etc.>”. Further, a study found
that the propagation of OS cells is inhibited by the downregulation of G6PD °, PGD also regulates energy
metabolism and iron-induced cell death. Erastin-induced ferroptosis can be blocked by silencing G6PD and
PGD in NSCLC cells*¢162,

Transforming Growth Factor p Receptor 1 (TGFBR1) is a crucial mediator of the TGF-p signaling pathway.
It functions primarily by binding to TGF-p ligands, which in turn activates downstream Smad proteins, thereby
regulating multiple biological processes including cell proliferation, differentiation, and apoptosis®***. TGFBRI
enhances the expression of glutathione peroxidase 4 (GPX4) through interaction with the NRF2. GPX4 clears
ROS by converting lipid hydroperoxides into non-toxic lipid alcohols, maintaining intracellular redox balance
and alleviating etanercept-induced ferroptosis®®. Growing evidence indicates that TGFBRI is related to survival
rates in different cancer types, such as gastric®®, colorectal®’, and head and neck?” cancers.

Opverall, the evidence indicates that the investigated FRGs may play a crucial role in cancer, necessitating
further research to explore their roles in OS cells specifically. Moreover, qRT-PCR determined the characteristics
of the four FRGs by detecting the relative expression of BNIP3, G6PD, PGD, and TGFBRI mRNA in normal
osteoblasts and two human OS cell lines, MG-63, and SAOS-2 cells. The results showed significantly increased
G6PD, PGD, and TGFBRI expression in OS cells, while BNIP3 expression was downregulated. Further, the study
evaluated the protein expression of these genes in OS and adjacent tissues using IHC, resulting in consistent
findings. Interestingly, consistent with the current findings, previous research has also demonstrated an inverse
relationship between BNIP3 expression and survival risk and risk scores’!. Lei et al.'s research showed an upward
trend in G6PD and PGD expression in OS'®. G6PD, PGD, and TGFBRI upregulation has also been confirmed in
other cancers!°256:60:68 This study also designed a siRNA knockdown experiment to inhibit the expression of
these four essential genes and confirm their impact on malignant biological behaviors, i.e., cell propagation and
migration in OS cells. The propagation and migration potentials of tumor cells were inhibited by the knockdown
of the G6PD and TGFBRI genes, as demonstrated by wound healing, Transwell, and Edu incorporation assays.
Both G6PD and TGFBRI may function as positive risk factors related to a poor prognosis in OS. The expression
of BNIP 3 is also consistent with its function as a negative risk factor. Furthermore, the DHE assay shows that
the downregulation of G6PD and TGFBRI increases the intracellular ROS levels and promotes ferroptosis in OS
cells. Conversely, the knockout of BNIP3 can reduce the intracellular ROS levels in OS cells and inhibit iron-
induced cell death. This experiment demonstrates that these four FRGs influence the occurrence of ferroptosis
by affecting the intracellular ROS levels and play a regulatory role in the proliferation, invasion, and migration
of OS cells.

The current research clearly reveals the crucial role of FRGs in the proliferation and migration processes
of OS cells, bringing new ideas and potential intervention directions for the clinical treatment of OS. Among
them, the design of small interfering RNA (siRNA) drugs based on RNA interference (RNAi) technology has
brought new hope for osteosarcoma treatment®. Research shows that G6PD and TGFBRI are highly expressed
in OS cells, and their expression levels are closely related to the poor prognosis of OS. By designing specific
siRNA drugs targeting G6PD and TGFBRI, the expression of these two genes can be effectively silenced at the
mRNA level, thereby increasing the accumulation of ROS, promoting ferroptosis, and ultimately inhibiting the
proliferation of OS cells. On the other hand, BNIP3 is downregulated in OS cells and is a negative risk factor
associated with a better prognosis. In this regard, siRNA drugs can play a role in an indirect way, that is, by
designing siRNA drugs targeting upstream regulatory factors that inhibit the expression of BNIP3, the inhibition
of BNIP3 can be relieved, thereby increasing its expression level in cells, inducing cell death and autophagy,
and simultaneously promoting ferroptosis, effectively inhibiting tumor growth. Although siRNA drugs have
great potential in the OS treatment strategy based on FRGs, there are still many technical challenges to achieve
clinical application, requiring continuous optimization of drug design, improvement of delivery systems, and
verification of their safety and effectiveness through large-scale clinical trials. In addition, in clinical practice,
detecting the expression levels of BNIP3, G6PD, PGD, and TGFBRI in patients’ tumor tissues can serve as an
effective prognostic evaluation tool, helping doctors to more accurately assess patients’ prognosis and providing
an important reference for formulating personalized treatment plans.

This study has identified four FRGs, which may play important roles in the development of ferroptosis in OS,
and was the first to integrate clinical samples into validating FRG signaling mechanisms in OS cells. However, it
is necessary to address the limitations of the current study. Firstly, there are currently few public gene expression
databases containing the prognostic information of OS patients, resulting in a small number of tumor samples
in our study. In the future, a larger sample size should be used to establish a more accurate prognostic model.
Secondly, the FRGs are sourced from the continuously updated website FerrDb, and more relevant genes remain
to be discovered. Finally, further validation of the prognostic significance of these four ferroptosis-related
signatures in OS through large-scale clinical research is required. Additionally, in future research, it is necessary
to conduct further functional experimental studies to explore the specific mechanism of action of these four
FRGs in OS cells.
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Conclusion

Four FRG signatures were also observed in OS cells and tissues. In vitro experiments demonstrated their
functional significance in OS cell propagation and migration. Moreover, additional studies are needed to
verify the current findings and obtain a more comprehensive understanding of the fundamental processes of
ferroptosis in OS.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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