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Introduction
Oral squamous cell carcinoma (OSCC) presents a global 
healthcare challenge, contributing to over 170,000 annual 
fatalities [1, 2]. Recent epidemiological investigations 
have underscored the correlation between OSCC occur-
rence and risk factors such as age, alcohol consumption, 
smoking, and betel nut chewing [3]. Although the oral 
cavity is relatively easy to examine, most patients with 
OSCC present with advanced-stage tumors at the time 
of diagnosis, resulting in poor treatment outcomes [4]. 
Based on tumor staging and pathological diagnosis, the 
primary treatment methods for OSCC include surgery, 
radiotherapy, and chemotherapy. Generally, early-stage 
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Abstract
Oral squamous cell carcinoma (OSCC), the most prevalent form of oral cancer, poses significant challenges to the 
medical community due to its high recurrence rate and low survival rate. Mitochondrial Damage-Related Genes 
(MDGs) have been closely associated with the occurrence, metastasis, and progression of OSCC. Consequently, we 
constructed a prognostic model for OSCC based on MDGs and identified potential mitochondrial damage-related 
biomarkers. Gene expression profiles and relevant clinical information were obtained from The Cancer Genome 
Atlas (TCGA) database. Differential analysis was conducted to identify MDGs associated with OSCC. COX analysis 
was employed to screen seven prognosis-related MDGs and build a prognostic prediction model for OSCC. Cases 
were categorized into low-risk or high-risk groups based on the optimal risk score threshold. Kaplan-Meier (KM) 
analysis revealed significant survival differences (P < 0.05). Additionally, the area under the ROC curve (AUC) for 
patient survival at 1 year, 3 years, and 5 years were 0.687, 0.704, and 0.70, respectively, indicating a high long-
term predictive accuracy of the prognostic model. To enhance predictive accuracy, age, gender, risk score, and TN 
staging were incorporated into a nomogram and verified using calibration curves. Risk scoring based on MDGs was 
identified as a potential independent prognostic biomarker. Furthermore, BID and SLC25A20 were identified as two 
potential independent mitochondrial damage-related prognostic biomarkers, offering new therapeutic targets for 
OSCC.
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OSCC is primarily treated with surgery alone, while 
locally advanced OSCC is managed with a combination 
of surgery and adjuvant immunochemotherapy (such as 
cisplatin, paclitaxel, pembrolizumab, and tislelizumab). 
For OSCC with distant metastasis, systemic therapy is 
the main approach [5]. Surgery is the most effective treat-
ment for oral squamous cell carcinoma, but the surgical 
trauma significantly impacts the function and aesthet-
ics of the oral and maxillofacial region [6]. Additionally, 
chemotherapy can cause hair loss, nausea, vomiting, and 
infection, while radiotherapy can result in temporary or 
permanent damage to healthy tissues, severely affecting 
the quality of life [7]. Moreover, approximately one-third 
of patients still face the risk of recurrence and the devel-
opment of resistance to radiotherapy and chemotherapy 
after undergoing these traditional treatments, posing 
a serious threat to public health [8]. Currently, OSCC 
remains plagued by high local recurrence rates and fre-
quent metastasis. Most diagnoses occur in advanced 
stages, leading to a disheartening five-year survival rate 
of less than 50% [9]. Consequently, unraveling the patho-
physiological mechanisms underlying OSCC and iden-
tifying effective interventions or pharmaceuticals to 
impede or decelerate its progression, ultimately reducing 
mortality rates, stands as an imminent imperative.

The pathogenic mechanisms of OSCC are intricate, 
and despite extensive research, they remain incompletely 
elucidated [10]. Mitochondria, central hubs for cellular 
energy supply and metabolism, are pivotal in instigating 
metabolic perturbations. Mitochondrial damage con-
tributes to the development of various cancers, includ-
ing OSCC [11]. Impaired mitochondrial function during 
tumorigenesis results in significant cellular damage due 
to disrupted energy metabolism [12]. Ongoing research 
has unveiled that mitigating mitochondrial oxidative 
stress, promoting mitochondrial biogenesis, stimulating 
mitochondrial autophagy, and inhibiting mitochondrial 
apoptosis pathways can markedly attenuate tumorigen-
esis in cancer models [13]. These findings underscore the 
critical role of mitochondrial homeostasis disruption in 
tumorigenesis. Metabolic alterations including mito-
chondrial dysfunction and oxidative phosphorylation 
disturbances, among others, are one of the hallmark fea-
tures of OSCC [14]. Research has shown that TIMELESS 
(Timeless circadian regulator) influences cell prolifera-
tion and metabolic pathways by enhancing glycolysis and 
reducing oxidative phosphorylation through the SIRT1 
pathway, thereby exacerbating the progression of OSCC 
[15]. Zhang et al.‘s study indicates that ALT inhibits the 
proliferation of oral squamous cell carcinoma cells and 
promotes apoptosis by impairing mitochondrial homeo-
stasis and regulating Drp1 [16]. Swarnendu Bag and col-
leagues, based on NMR serum metabolomics studies, 
found that the levels of glutamine, propionate, acetone, 

and choline can accurately differentiate OSCC patients 
from healthy controls [17]. Research concerning mito-
chondrial damage in OSCC remains notably deficient 
and necessitates immediate attention.

Mitochondrial damage-related genes (MDGs) are a 
group of genes involved in maintaining mitochondrial 
function and structure [18]. Their aberrant expression or 
dysfunction has been closely associated with the develop-
ment of many diseases, particularly in tumor biology. In 
the context of OSCC, MDGs play a crucial role as they 
are not only involved in the metabolic reprogramming 
of tumor cells but also associated with tumor aggressive-
ness and drug resistance [19]. Current research indicates 
a significant association between mitochondrial damage 
and overall survival as well as the risk of OSCC [20, 21]. 
Nonetheless, the prognostic potential of other MDGs in 
OSCC requires further investigation. This study aimed 
to analyze the differentially expressed MDGs in OSCC. 
A clinical prognosis model for OSCC patients, based on 
MDGs, was constructed using Cox analysis to calculate 
risk scores. Furthermore, we validated our findings using 
a dataset obtained from the Gene Expression Omnibus 
(GEO) database. This research provides a novel perspec-
tive on understanding the potential mechanisms underly-
ing OSCC onset and progression, as well as identifying 
new therapeutic targets for OSCC.

Materials and methods
Data retrieval
The RNA-seq data of 370 cases were downloaded from 
The Cancer Genome Atlas (TCGA) database (https://
portal.gdc.cancer.gov/). Our study included 338 OSCC 
samples and 32 control samples.  Relevant clinical infor-
mation is shown in Supplementary Table 1 . The mean 
survival time of the patient cohort was approximately 
894.7 days. The cancerous sites included oral tongue, oral 
cavity, floor of the mouth, palate, buccal mucosa, and 
oropharynx. A total of 731 MDGs were extracted from 
GeneCards (https://www.genecards.org) [22] with a rel-
evance score ≥ 10 (Supplementary Table 2). Subsequently, 
differential expression analysis was conducted in the R 
software, with a cutoff criterion of |log2 (fold change) | > 
0.585 and adjusted P-value < 0.05.

GO and KEGG analysis
The “ClusterProfiler” package in R software was utilized 
for gene ontology (GO) analysis of these differentially 
expressed mitochondrial damage-related genes. Addi-
tionally, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis was employed to 
annotate their functions [23, 24]. A significance level of 
P < 0.05 was set.

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.genecards.org
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Cox regression analysis
Initially, all MDGs were subjected to univariate Cox 
regression to identify prognostic genes with a signifi-
cance level below 0.05. Subsequently, a stepwise regres-
sion analysis was employed to construct the Cox risk 
model based on these prognostic genes. Finally, seven 
MDGs were incorporated into the risk Cox regression, 
and the Cox model was visualized in R software based 
on risk scores assigned to each patient [25]. Patients’ risk 
scores were sorted in ascending order, and the median 
was determined as the threshold to stratify patients into 
high-risk and low-risk groups. Furthermore, receiver 
operating characteristic (ROC) analysis was used to 
assess the predictive capability of the features.

Both univariate and multivariate Cox regression analy-
ses were employed to analyze clinical features, including 
age, gender, grading, staging, T stage, N stage, and risk 
score. Due to the presence of a substantial amount of 
missing data, the M stage was excluded.

Construction and validation of nomogram
The integration of feature data such as survival status or 
survival time was carried out using the R software’s rms 
package. Subsequently, the total score was calculated to 
predict the 1-year, 3-year, and 5-year survival rates of 
OSCC cases. The scores for each factor were summed 
and integrated into the constructed nomogram, allow-
ing for the prediction of the 1-year, 3-year, and 5-year 
survival rates of OSCC cases. Subsequently, a calibra-
tion curve was plotted to evaluate the accuracy of the 
nomogram’s predictive performance, with the 45° line 
representing the optimal prediction. The clinical value of 
various OSCC indicators was evaluated using DCA.

Immune infiltration analysis
CIBERSORT is a deconvolution algorithm used to calcu-
late the proportions of 22 immune cell types in each sam-
ple, along with their corresponding p-values. Samples 
with a p-value < 0.05 were deemed statistically significant. 
Spearman correlation analysis was conducted between 
these genes and the relative proportions of immune cells. 
The results were visualized using the heatmap R package 
[26].

Quantitative real-time PCR (qPCR)
A total of 5 patients (Clinical features are shown in Sup-
plementary Table 3) aged 50–72 years old were selected 
from Yijishan Hospital of Wuhu City. This study was 
approved by the Ethics Committee of Wannan Medical 
College, Wuhu City, Anhui Province, and all patients or 
their families gave informed consent and signed informed 
consent (No:2022-9). Healthy oral tissue samples, serving 
as the control group, were obtained from areas adjacent 
to the tumor samples. Total RNA extraction using TRIzol 

reagent (Yeasen, Shanghai, China) was performed as pre-
viously described [27]. Total RNA was then converted to 
cDNA by Hifair® II 1st Strand cDNA Synthesis Super-
Mix (Yeasen, Shanghai, China) and subjected to qRT-
PCR with Hieff® qPCR SYBR Green Master Mix (Yeasen, 
Shanghai, China). In total, three duplicates of each sam-
ple were analyzed. Once the expression levels of GAPDH 
were analyzed, the results were calculated in 2−ΔΔCt. The 
sequences of the PCR primers were as follows:
SLC25A20-forward 5′-   A C C G A G T T T G C C T G G A C A A 
C C T -  3′;
SLC25A20-reverse 5′-   C C C A A A G A A G C A C A C G G C A A 
A C - 3′.
BID-forward 5′-   T G G G A C A C T G T G A A C C A G G A G T 
-  3′;
BID -reverse 5′-   G A G G A A G C C A A A C A C C A G T A G G 
- 3′.
GAPDH-forward 5′-   G T C T C C T C T G A C T T C A A C A G C 
G -  3′;
GAPDH-reverse 5′-   A C C A C C C T G T T G C T G T A G C C A 
A - 3′.

Statistical analysis
Statistical analysis was conducted using R software (ver-
sion 4.3.1). Kaplan-Meier survival curves and log-rank 
tests were utilized to assess differences in survival rates 
between two patient groups. p-values were determined 
via Student’s t-test. In addition to the specified statistical 
criteria, all statistically significant results were required 
to meet a threshold of P < 0.05.

Results
Analysis of differential expression of MDGs
To initiate our investigation, we employed the Limma 
software package to perform differential analysis on 
MDGs. This volcano plots led to the identification of 85 
upregulated genes and 87 downregulated genes among 
the MDGs (Fig.  1). While we understand the involve-
ment of these genes in mitochondrial dysfunction, it 
is essential to delve deeper into their specific pathways 
and biological functions through GO and KEGG analy-
ses. The KEGG pathway analysis unveiled associations 
between differentially expressed MDGs and pathways 
such as oxidative phosphorylation and carbon metabo-
lism (Fig. 2A). Furthermore, GO analysis highlighted the 
enrichment of differentially expressed MDGs in vari-
ous biological processes, including cellular respiration, 
energy derivation by oxidation of organic compounds, 
and aerobic respiration. The cellular component section 
revealed that these MDGs predominantly localized in the 
mitochondrial inner membrane, mitochondrial protein-
containing complexes, and the mitochondrial matrix. 
Molecular function analysis indicated that the selected 
MDGs were notably enriched in electron transfer activity, 
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Fig. 2 Functional enrichment analysis. (A) KEGG Pathway Analysis. (B) GO Analysis. BP: Biological Process. CC: Cellular Component. MF: Molecular Function

 

Fig. 1 Analysis of MDGs. Volcano plot displaying MDGs from the TCGA database. In the plot, red dots represent significantly upregulated genes, while 
blue indicates significantly downregulated genes
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acidoreduction-driven active transmembrane transporter 
activity, and proton transmembrane transporter activity 
(Fig. 2B).

Establishment of cox regression model
According to univariate Cox regression analysis, 15 
MDGs emerged as potential prognostic factors for 
OSCC. These MDGs were further subjected to multivari-
ate Cox regression and stepwise Cox regression analyses. 
Ultimately, seven variables were integrated into the Cox 
model (Fig. 3A), comprising SLC25A20, NLRX1, ETFDH, 
BID, ALDH2, HADHB, and DDIT4. The risk score was 
calculated as follows: Risk Score = -(0.1635 * SLC25A20) 
- (0.0329 * NLRX1) + (0.2832 * ETFDH) + (0.038 * BID) 
+ (0.04154 * ALDH2) + (0.01772 * HADHB) + (0.00628 
* DDIT4). Subsequently, based on the median of the Cox 
formula, OSCC patients from the TCGA database were 
categorized into high-risk and low-risk groups. Survival 
analysis revealed a significantly lower overall survival rate 

in the high-risk group compared to the low-risk group 
(Fig. 3B). The ROC curves for 1 year, 3 years, and 5 years 
(Fig.  3C) yielded AUC values of 0.687, 0.704, and 0.70, 
respectively, indicating that our model based on these 
seven mitochondrial dysfunction-associated genes is a 
valuable prognostic tool with satisfactory accuracy and 
sensitivity for long-term prediction.

Clinical value of prognostic features
To investigate whether this prognostic model is corre-
lated with other clinical characteristics of OSCC patients, 
we constructed nomograms for 1-year, 3-year, and 5-year 
survival based on the aforementioned predictive factors 
(Fig.  4A). The results revealed that older patients and 
those with higher N classifications tend to have higher 
risk scores. The calibration curves for 1-year, 3-year, 
and 5-year survival (Fig.  4B) closely approximate the 
45-degree line, indicating the accuracy of the nomograms 
in predicting OSCC survival rates at 1, 3, and 5 years. 

Fig. 3 Construction of Cox regression models. (A) Multivariate cox regression based on 15 MDGs. (B) KM survival analyses were performed on high-risk 
and low-risk samples. Patients in the high-risk group had shorter survival times compared to the low-risk group. (C) The ROC curve analyses demonstrated 
the accuracy and reliability of the prognostic characteristics in determining 1, 3, and 5 years survival outcomes
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DCA analysis results indicate that treatment decisions 
based on risk scores provide a higher net benefit com-
pared to those based on common single clinical param-
eters such as TN stage and Age. (Fig. 4C).

Immune infiltration analysis
Subsequently, we employed the CIBERSORT algorithm 
to assess immune cell infiltration based on gene expres-
sion profiles, revealing the proportions of all 22 subtypes 
of immune cells in each sample (Fig. 5A). These findings 
indicate differences in immune infiltration between high-
risk and low-risk samples. Subsequently, further analysis 
through Spearman correlation demonstrates the relation-
ship between immune cell infiltration and MDGs expres-
sion (Fig.  5B). Notably, the most positively correlated 
immune cell-MDGs pairing is ETFDH-Dendritic cells 
(R = 0.35), while the most negatively correlated pairing is 
SLC25A20-Macrophages M0 cell (R=-0.33).

Identification of relevant MDGs and validation
We conducted LASSO regression on the seven OSCC-
related MDGs, performing feature selection and dimen-
sionality reduction to eliminate insignificant regulatory 
factors (Fig.  6A-B). Subsequently, we established a clas-
sifier through multivariate logistic regression to distin-
guish healthy samples from OSCC samples (Fig.  6C). 
This classifier comprises two MDGs, and the ROC curve 
demonstrates excellent performance of these two MDGs 
in classifying health and OSCC, underscoring the pivotal 
role of MDGs in OSCC development (Fig. 6D).

To validate the differential expression of the two crucial 
MDG regulators between OSCC and control groups, we 
employed an external validation dataset (GSE30784, clin-
icopathological information has been included in Supple-
mentary Table 4) consisting of 212 samples for further 
verification. As depicted in Fig.  7A-B, we observed sig-
nificant downregulation of SLC25A20 (p < 0.01) and 

Fig. 4 Clinical relevance of prognostic markers (A) Nomograms predicting the survival period of OSCC patients. The nomograms assess the survival time 
of OSCC patients at 1, 3, and 5 years by analyzing clinical features (N and Age) along with risk scores. (B) Calibration curves for the columnar charts predict-
ing 1-year, 3-year, and 5-year overall survival periods. (C) Decision curve analysis for the evaluation of the net benefits
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substantial upregulation of BID (p < 0.01) in OSCC 
patients.

Finally, we performed qPCR by 5 pairs of tissues from 
tumor and control (the adjacent tumor area) of OSCC 
patients. The results showed that BID was up-regulated 
(Fig. 8A) in OSCC while SLC25A20 was down-regulated 
(Fig. 8B), which is consistent with the results of bioinfor-
matic analysis.

Discussion
OSCC presents diagnostic challenges, often remaining 
undetected during its latent period and frequently diag-
nosed in advanced stages. Patients diagnosed with OSCC 
at later stages usually experience distant metastasis at the 
time of diagnosis [28]. Therefore, the exploration of effec-
tive therapeutic targets and sensitive diagnostic biomark-
ers holds significant importance in understanding the 
development of OSCC. Some studies have already estab-
lished OSCC prognostic models using polyamine-related 

Fig. 5 Correlation between immune infiltration and MDGs. (A) Proportion of infiltrating 22 immune cell types in OSCC patient tissues. (B) Correlation 
between infiltrating immune cells and seven key MDGs
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and autophagy-related genes to investigate their prog-
nostic capabilities and potential for targeted therapy [25, 
29]. Mitochondrial dysfunction and damage are closely 
associated with the initiation and progression of can-
cer [30]. However, research on the impact of MDGs on 
OSCC prognosis prediction remains limited. Hence, it is 
essential to explore key MDGs that can serve as prognos-
tic biomarkers and therapeutic targets for OSCC.

This study initially included 731 MDGs for analysis. 
Through differential analysis, we identified 172 genes 
exhibiting differential expression in OSCC. KEGG path-
way analysis revealed that these MDGs were primarily 
associated with pathways like oxidative phosphorylation 

and carbon metabolism. GO analysis further indicated 
that these differentially expressed MDGs were closely 
related to mitochondrial composition and function. In 
fact, some MDGs were identified as potential biomark-
ers for OSCC. Research has suggested that HADHB may 
be associated with overall survival and risk in OSCC 
[20, 21]. However, the relationship between HADHB 
and OSCC remains unclear. HADHB is associated with 
fatty acid metabolism and has been reported to be ele-
vated in clear cell renal carcinoma and colorectal can-
cer [31]. Currently, research on the prognostic value of 
other MDGs in oral squamous cell carcinoma is still very 
limited.

Fig. 6 Distinguishing MDGs between control and OSCC samples. (A) Minimum absolute shrinkage and selection operator (LASSO) coefficient curve for 
the seven OSCC-related MDGs. (B) Partial likelihood deviance plotted against log (λ) values. (C) Establishment of distinguishing features of MDGs through 
multivariate logistic regression. (D) ROC curve analysis assessing the discriminative ability of MDGs between healthy and OSCC samples, evaluated by 
AUC values
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Subsequently, the gene signature composed of seven 
MDGs that we identified demonstrated precise prog-
nostic capabilities for OSCC. According to the KM sur-
vival curves from the training cohort, high-risk patients 
exhibited significantly reduced overall survival compared 
to low-risk patients. The ROC curves for risk scores 
at 1-year, 3-year, and 5-year intervals had AUC values 
of 0.687, 0.704, and 0.70, respectively. The predictive 
model constructed from seven mitochondrial damage-
related genes demonstrated satisfactory performance in 
the long-term prediction of overall survival in OSCC. 
Through univariate and multivariate Cox regression 
analyses of patient clinical characteristics and risk scores, 
it was established that risk scores serve as independent 
prognostic factors. Subsequently, a nomogram was 
devised by integrating the risk model with clinical case 
features. Calibration curves indicated the commendable 
predictive capacity of our nomogram for oral squamous 

cell carcinoma prognosis. These findings underscore that 
integrating risk scores with other clinical factors contrib-
utes to accurate predictions of patient survival rates.

Increasing evidence suggests that OSCC behaves as an 
immunosuppressive disease [32, 33]. Within the immune 
tumor microenvironment of OSCC, immune cells such 
as T cells are often found in an inactivated state, bolster-
ing the cancer cells’ immunosuppressive defenses [34]. 
Throughout the progression of OSCC, mast cells accu-
mulate near blood vessels surrounding tumors, secret-
ing several factors that promote angiogenesis and inhibit 
immune responses [35]. Our CIBERSORT analysis 
results reveal that, correlation demonstrates the relation-
ship between immune cell infiltration and seven MDGs 
expression. In summary, our study reveals that immune 
cell infiltration and MDG expression are intricately 
linked in OSCC.

Lastly, to mitigate potential biases stemming from a 
single training dataset, we incorporated an additional 
dataset, GSE30784, for independent validation of the 
two prognostic MDGs (SLC25A20 and BID). BID serves 
as a p53 effector, and its cleavage promotes conforma-
tional changes in mitochondrial-associated BAX, thereby 
facilitating mitochondrial dysfunction and cytochrome 
c release [36]. Research suggests that dimethyl fumarate 
(DMF) can upregulate BID expression, promoting apop-
tosis in oral squamous cell carcinoma [37]. SLC25A20 is 
a recognized carnitine transporter, and alterations in its 
expression have been associated with the development of 
inflammation and inflammation-mediated cancers [38].

Fig. 8 Expression of SLC25A20 (A) and Bid (B) in tumor tissues and control 
tissues

 

Fig. 7 The predictive roles of two MDGs in OSCC (A-B) Comparison of gene expression of the two MDGs between patients with and without OSCC oc-
currence in GSE30784.
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Conclusion
In this study, we performed a comprehensive analysis to 
identify seven MDGs associated with the prognosis of 
OSCC. Subsequently, we successfully constructed a risk 
model for predicting the prognosis of OSCC patients, 
with the risk score emerging as a potential independent 
prognostic biomarker for OSCC. Additionally, we iden-
tified SLC25A20 and BID as two promising independent 
prognostic biomarkers with potential applications in 
OSCC diagnosis and treatment. These findings contrib-
ute to more accurate prognosis assessment for OSCC 
and offer the possibility of personalized therapeutic 
approaches for these patients.
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