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Background

Metastatic disease remains the primary cause of death in patients with oral squamous cell carcinoma (OSCC), especially those who use betel nut. The different steps of the metastatic cascade rely on reciprocal interactions between cancer cells and the tumor microenvironment (TME). Cancer-associated fibroblasts (CAFs) are regarded as a significant component in the TME of OSCC. However, the precise mechanisms regulating CAFs in OSCC are poorly understood.



Methods

Thirteen genes related to the arecoline were analyzed to explore the significant ones involved in arecoline-related OSCC metastasis. The GSE139869 (n = 10) and The Cancer Genome Atlas (TCGA)-OSCC data (n = 361) were mined for the identification of the differentially expressed genes. The least absolute shrinkage and selection operator (LASSO) regression was performed to identify the independent prognostic signatures. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were conducted to explore the functional enrichment of selected genes, and gene set enrichment analysis of cuproptosis-related genes was completed. Spearman’s analysis and Tumor Immune Estimation Resource (TIMER) were used to visualize the correlation between the infiltration of CAFs and the gene expression. The correlation analysis of the cells and different genes, including CAF infiltration and transcripts per million expression, was assessed. The relationship between arecoline and CAFs was confirmed by cell counting kit-8 assay (CCK-8). CancerSEA was searched to identify the single-cell phenotype.



Result

Arecoline-associated fibrosis-related OSCC differentially expressed genes (AFOC-DEGs), namely, PLAU, IL1A, SPP1, CCL11, TERT, and COL1A2, were screened out and selected from the Gene Expression Omnibus (GEO) database and TCGA database. AFOC-DEGs were highly expressed in OSCC, which led to poor survival of patients. Functional enrichment analysis, protein–protein interaction network construction, and Spearman’s correlation analysis all suggested that AFOC-DEGs were closely associated with cuproptosis. Cellular experiments demonstrated that arecoline stimulation could significantly increase the cell viability of CAFs. Single-sample Gene Set Enrichment Analysis (ssGSEA) results showed that GLS and MTF1 were highly expressed when fibroblasts proliferated at high enrichment levels. In addition, analysis of single-cell sequencing results suggested that OSCC cells with high expression of AFOC-DEGs were associated with OSCC metastasis.



Conclusion

We found a close association between arecoline, cuproptosis, and CAFs, which might play an important role in the metastasis of OSCC.
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Introduction

Oral squamous cell carcinoma (OSCC) is the most common oral malignancy, and its increased prevalence in recent years has created a heavy burden on global health (1). According to the GLOBOCAN 2020, the number of cases of oral cancer in the world was estimated at 377,713, with an age-standardized incidence rate of 6.0 for men and 2.3 for women per 100,000 individuals. More importantly, oral cancer ranks the third most common malignancy in men [10.2 per 100,000) in low/medium-income countries (by Human Development Index (HDI)], which is highly related to betel chewing (2). As an aggressive oral cancer, OSCC possesses an important biological feature of early metastasis leading to a poor prognosis (3). Despite advances in early diagnosis and treatment, the 5-year survival rate for patients with OSCC is still 50.4%, and metastasis is the leading cause of death (4). As a unique part of the dietary culture in Asia, betel nut chewing is a causal factor of OSCC, and arecoline is considered to be the most important active constituent in betel nut (5, 6). Based on strong mechanistic evidence, arecoline is classified as a Group 1 carcinogen by the International Agency for Research on Cancer (7). Arecoline can induce squamous cell carcinoma in the mouse esophagus and tongue (8). Studies in human-related cell experiments also strongly demonstrate that arecoline possesses key carcinogen characteristics (9). Our previous research has shown that arecoline can promote the proliferation of fibroblasts in the oral mucosa and mediate oral mucosal fibrosis, a kind of precancerous lesion (10). However, the underlying biological effects of arecoline on cancer-associated fibroblasts (CAFs) in OSCC are not thoroughly illustrated.

Cell interactions within the tumor microenvironment (TME) are becoming increasingly recognized as having an essential role in tumor metastasis (11). Studies have proved that CAFs, the major component of the TME, are highly involved in the malignant progression of cancer (12–14). Utilizing biopsy materials from patients with OSCC, researchers have offered clinical clues that CAF appearance increases with enhanced tumor metastasis (15). In detail, CAFs can communicate with cancer cells and secrete cytokine-like molecules, including exosomes, contributing to tumor development, invasion, and metastasis (16). Similar to cancer cells, CAFs also undergo metabolism reprogramming induced by hypoxia and adjacent cancer cells (17). Enhanced glycolysis and weakened tricarboxylic acid (TCA) cycle are the key factors in regulating CAF proliferation (18, 19). Researchers found that arecoline could promote glycolysis leading to the increase of reactive oxygen species, which could inhibit the TCA cycle and mediate tumor metastasis (20, 21). Arecoline also led to a disordered progression of cellular aerobic metabolism by destroying cytoskeletal integrity and mitochondrial function (22). Interestingly, mitochondrial respiration components are also affected by copper such as the respiratory complex IV, cytochrome c oxidase, and the antioxidant enzyme superoxide dismutase 1 (23, 24). A recent study has also implicated the close relationship between copper and apoptosis (24). Given that there are no studies related to the cell death modes affected by arecoline in CAFs, it will be an interesting topic to explore the relationship between copper ionophore-mediated death (cuproptosis) in arecoline and CAFs.

In this study, we comprehensively analyzed the expression of arecoline-associated fibrosis-related OSCC differentially expressed genes (AFOC-DEGs) and their correlation with cuproptosis and CAFs of OSCC patients in the Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) databases. We also experimentally verified the relationship between arecoline and CAFs. Moreover, via CancerSEA, the correlation between AFOC-DEGs and single-cell cancer hallmarks was investigated. These findings shed light on the essential role of arecoline in OSCC metastasis and provide a potential relationship between arecoline, cuproptosis, and CAFs.



Materials and Methods


Data Collection and Processing

High-throughput gene expression data of OSCC tissues and normal tissues were extracted from TCGA database (https://tcga-data.nci.nih.gov/tcga, TCGA-OSCC, n = 361, tumors = 328, normal = 3) (25), FibROAD (https://www.fibroad.org/download.php), and GEO Database (www.ncbi.nlm.nih.gov/geo; GSE139869, n = 10, tumors = 5, para-cancer = 5; GSE160395, n = 8, HSC-3 = 4, HSC-3-M3 = 4; GSE59414 and GSE38227, n = 7, arecoline = 4, control = 3) (26). the phenotypic correlation coefficient of the AFOC-DEGs was also analyzed from CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/, Puram SV. Cell. 2017 (Oral cavity)). Our workflow for bioinformatics analysis of publicly available datasets from both the GEO and TCGA databases is illustrated in Figure 1.




Figure 1 | Flowchart for bioinformatics analysis of publicly available data from GEO, TCGA, and FibROAD databases. AFOC-DEGs, arecoline-associated fibrosis-related oral cancer differentially expressed gene; LASSO, least absolute shrinkage and selection operator; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; CAFs, cancer-associated fibroblasts; OSCC, oral squamous cell carcinoma; TCGA, The Cancer Genome Atlas.





Differential Gene Analysis and Construction

In order to identify the DEGs, the limma R package was applied to compare the microarray expression profiles of OSCC tissues from GEO. Meanwhile, the batch effects caused by data merging were removed with the limma R package with the limma R package while analyzing expressions of cuproptosis-related genes after arecoline treatment. DESeq2 package was applied to compare the RNAseq expression profiles of OSCC tissues from TCGA after normalization. To normalize the gene expression from TCGA, the fragments per kilobase per million (FPKM) was converted to transcripts per million (TPM) using the following formula:

	

The |Log2Fold Change| > 1 and adjusted p-value (false discovery rate (FDR)) < 0.5 were considered as the threshold values for DEG identification. The volcano plot and heatmap were performed with the “ggplot2” package of R software. The Venn diagram was then plotted to illustrate the union target genes of three gene sets.



Evaluation of the Prognostic Value of Differentially Expressed Genes

To assess the prognostic value of the DEGs from TCGA, the least absolute shrinkage and selection operator (LASSO) regression was conducted using the R package “glmnet” to feature selection, and 10-fold cross-validation was used to narrow down the candidate genes associated with OSCC prognosis. The risk score was calculated with the following formula:

	

where λ is decided by the minimum criteria and Y is the gene expression level.

The OSCC patients were divided into low- and high-risk groups based on the median risk score. The risk factor graph reflected differences between low- and high-risk groups in mortality outcomes. The Kaplan–Meier (K-M) survival analysis was used to assess the difference in overall survival between two groups by using the “survival” R package. The time-dependent receiver operating characteristic (ROC) curve was used to assess the value of the DEGs. The “survival,” “survminer,” and “timeROC” R packages were employed to perform ROC curve analysis.



Gene Function Enrichment Analysis

To explore the enrichment of genes in potential biological processes and molecular functions from TCGA, the cluster “Profiler” package (version 3.18.0) of R software was carried out, including Gene Ontology (GO) function analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. Visual analysis of data was performed by using “GOcircle” and “ggplot2” software packages. The adjusted p < 0.05 was considered to indicate a statistically significant difference in the charts.

To study the potential function of cuproptosis-related genes in CAFs, single-sample Gene Set Enrichment Analysis (ssGSEA) (www.gsea-msigdb.org/gsea/index.jsp) was carried out to research whether genes in the CAFs were enriched in meaningful biological functions. The annotated gene set c5.go.bp.v7.5.1.symbols.gmt was selected as the reference gene set. The Gene Set Variation Analysis (GSVA) R package (V1.26.0) was used to calculate normalized enrichment scores for gene sets. These gene sets were downloaded from MSigDB database version 6.1.

Human OSCC cells (HSC)-3 and HSC-3-M3 cell lines were used to explore the relationship between AFOC-DEGs and OSCC metastasis. These cell lines were obtained from the Japanese Collection of Research Bioresources (JCRB) Cell Bank (Osaka, Japan) (27).



Protein–Protein Interaction Network Analysis

Protein–protein interaction (PPI) analysis of genes from TCGA was performed with the search functionality of STRING (http://string.embl.de/, version 11.0), and a network interaction matrix was built. The minimum required interaction score of 0.15 was the cutoff threshold. The results of the analysis were downloaded for establishing a visualization model by using Cytoscape (http://www.cytoscape.org/, version 3.9.1).



Correlation Analysis Between Differentially Expressed Genes and Cells

A correlation analysis was also conducted by using the 361 patients’ gene data from TCGA. Expression data matrices were comprised of TPM expression profiles including DEGs containing genes related to cuproptosis or fibrogenesis. The correlation coefficient was determined by Spearman’s correlation analysis. The scatter plot showing the infiltration level between AFOC-DEGs and CAFs was conducted by TIMER2.0 (http://timer.cistrome.org/).



Single-Cell Phenotype Correlation Analysis

The functional state of AFOC-DEGs in OSCC was assessed by CancerSEA. CancerSEA is the first integrative database aiming at decoding different functional states of cancer cells at a single-cell level. It depicts a cancer single-cell functional state map, containing 14 functional states (including angiogenesis, apoptosis, cell cycle, differentiation, DNA damage, DNA repair, epithelial-to-mesenchymal transition (EMT), hypoxia, inflammation, invasion, metastasis, proliferation, quiescence, and stemness) from 25 cancer types of 41,900 cancer single cells (28). Then, for the single-cell dataset, Spearman’s rank correlation test with the Benjamini–Hochberg FDR correction for multiple comparisons (correlation > 0.3 and FDR < 0.05) was used to identify significant correlations between gene expressions and functional state activities. T-distributed stochastic neighbor embedding (t-SNE) analysis was used to visualize the data in two dimensions with the “ggradar,” “ggalluvial,” “ggsci,” “cowplot,” and “ggplot2” packages.



Isolation and Culture of Cancer-Associated Fibroblasts

Oral CAFs were referred to in a prior study (10). In detail, oral mucosa tissues were obtained from the buccal area in OSCC patients with a betel chewing history and no recent medication history. The tissues were rinsed 3 times with phosphate-buffered saline (PBS) solution supplemented with 100 units/ml of penicillin, 100 μg/ml of streptomycin, and 0.2 μg/ml of puromycin. Then the epithelial layer was removed, and the tissue block was cut into 1-mm3 size tissue pieces. The bottom of the culture flasks was moistened with several drops of calf serum and placed on the tissue. Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) was added to the culture flasks. The flasks were incubated at 37°C in a 5% CO2 incubator, and they were turned over every 4 h. The medium was changed every 3 days. After 15 days, the tissues were digested with 0.25% trypsin for 3 min. Subsequently, an inverted microscope was used, and it was found that the cells were retracted and rounded, and the cell gaps were increased. Afterward, DMEM containing 10% FBS was added to terminate the digestion, and the cells were blown into a single-cell suspension. The CAFs were naturally purified after the 3rd generation, and the cultured 3rd to 10th generation cells were used for experiments. Subsequent passages were carried out every 8 days.



Cell Viability Assay

The effect of arecoline on the proliferation of CAFs was determined by the cell counting kit-8 assay (CCK-8; Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s instructions. Briefly, CAF cells were seeded onto 96-well cell culture plates with a density of 3,000 cells for each well and treated with 0.01, 0.1, 1, and 10 μg/ml of arecoline or Barcaldine (Aladdin, Shanghai, China) for 48 h. Meanwhile, the above operation was repeated with the groups of 0.01 μg/ml of arecoline and 1 μg/ml of arecaidine, 0.1 μg/ml of arecoline and 1 μg/ml of arecaidine, 1 μg/ml of arecoline and 0.01 μg/ml of arecaidine, 0.1 μg/ml of arecoline and 0.01 μg/ml of arecaidine, and 0.1 μg/ml of arecoline and 0.1 μg/ml of arecaidine, respectively. At the beginning time, 24 and 48 h after cultivation (0 h as the baseline), CCK-8 (10 μl) was added to the individual cell culture medium of each group for determining the optical density (OD) values. The OD values were measured at 450 nm to determine cell survival with the enzyme-labeling instrument (Elx808, BioTek, Winooski, VT, USA).



Statistical Analysis

All statistical analyses were performed in R software (version 4.0.1; https://www.r-project.org/). Log-rank test was used to analyze the significance of the p-values ​​for hazard ratio (HR) in the model. Wilcoxon tests were used to compare the means of AFOC-DEG expression in different groups. The Box–Cox transformation and Welch’s t-test were applied for analysis of differences in cuproptosis-related gene expression after arecoline treatment. Equality of variance between groups was tested with Levene’s test. The Shapiro–Wilk normality test was used for the normality test. Spearman’s correlation coefficients were used to assess the correlation between AFOC-DEGs, marker genes, and infiltrating cells. Experimental data were analyzed with a t‐test with significance at p < 0.05. * means p < 0.05, and ** means p < 0.01.




Result

In the GSE139869 dataset, we screened for DEGs in arecoline-related OSCC, and a total of 111073 DEGs were discovered and shown on the volcano map (Figure 2A). The Venn diagram exhibits the intersections of the genes between the GSE139869 dataset, TCGA-OSCC dataset, and fibrosis-associated genes (FAGs; obtained from FibROAD) database (Figure 2C). Thirteen co-differentially expressed genes were identified, all of which were upregulated (Figure 2B). In addition, the association of these thirteen genes with the tumor node metastasis (TNM) stage, pathological stage, and tissue was shown in the heatmap (Figure 2D), which indicated that the expression level of these thirteen DEGs in cancer tissues was significantly higher than that in para-cancerous tissues. However, there was no clear correlation between these DEGs and the TNM stage or pathological stage.




Figure 2 | Identification of DEGs in arecoline-related OSCC. (A) Volcano plot shows all DEGs screened from the GEO database. (B) The expression levels of the thirteen DEGs screened. (C) Venn diagram demonstrates the intersections of genes between GEO, TCGA, and FAG databases. (D) Heatmap shows the association of the selected DEGs with the TNM stage and pathological stage. DEGs, differentially expressed genes; OSCC, oral squamous cell carcinoma; GEO, Gene Expression Omnibus; TNM, tumor node metastasis.




Construction of the Prognostic Gene Signature

Based on the thirteen DEGs, we performed a LASSO Cox regression analysis to test the prognostic model, which showed that the model predicted best when six genes were included (Figure 3A). Through the regression analysis, we ascertained six AFOC-DEGs, namely, plasminogen activator urokinase (PLAU; β = 0.127), interleukin-1α (IL1A; β = 0.022), secreted phosphoprotein 1 (SPP1; β = 0.025), C-C motif chemokine ligand 11 (CCL11; β = −0.049), telomerase reverse transcriptase (TERT; β = −0.161), and collagen type I alpha 2 (COL1A2; β = −0.006) (Figure 3B), and the risk score was calculated using the following formula:

	




Figure 3 | Construction of a prognostic gene signature and its predictive power. (A) LASSO–Cox regression for feature selection to determine optimal parameters. (B) AFOC-DEGs obtained by triple cross-validation of LASSO analysis. (C) Risk factor graph shows the distribution of the risk scores and the correlation between the risk scores and survival data. (D) K-M survival curve shows the difference in survival time between the high-risk group and the low-risk group. (E) Heatmap shows the relationship between the expression levels of AFOC-DEGs and the risk scores. (F) ROC shows the specificity and sensitivity of the prognostic model for predicting survival time (1, 3, and 5 years). DEGs, differentially expressed genes; LASSO, least absolute shrinkage and selection operator; K-M, Kaplan–Meier; ROC, receiver operating characteristic.



Meanwhile, we created a heatmap to show the relationship between the expression level of these six genes and the risk scores calculated by the prognostic model (Figure 3E). The distribution of the risk scores and the correlation between the risk scores and survival data are revealed in Figure 3C, in which the patients were divided into low- and high-risk groups according to the median value of the risk scores (median value = 1.09162397). The risk factor graph demonstrated that the high-risk patients suffered higher mortality than the low-risk ones. Similar to this result, the K-M survival curve proved that the survival probability of the high-risk group decreased significantly compared with the low-risk group (Figure 3D, p = 0.003). Additionally, the ROC curves of the prognosis model for the survival probability at 1, 3, and 5 years are shown in Figure 3F. All the area under the curve (AUC) values were higher than 0.6 with the maximum AUC value reaching 0.636, certifying the satisfying specificity and sensitivity of the prognosis model. The patients’ baseline data are displayed in Table 1.


Table 1 | Patients’ baseline data.





Expression of AFOC-DEGs in Oral Squamous Cell Carcinoma Compared With Normal Tissues

To prove that the AFOC-DEGs screened out were indeed differentially expressed in OSCC, we compared the expression of these AFOC-DEGs in OSCC at various parts in the oral cavity with those in normal tissues (Figures 4A–F). Through analyses, we found that compared with normal tissues, AFOC-DEGs were highly expressed to different degrees in various regions of cancer tissues in the oral cavity, especially in the oral tongue and base of the tongue. In addition, AFOC-DEGs also showed significant expression differences in cancer tissues and para-cancer tissues, and their expression levels were significantly increased in cancer (Figure 4G).




Figure 4 | Expression of AFOC-DEGs in OSCC compared with normal tissues. (A) Differential expression of IL1A in OSCC of various parts of the oral cavity; a rank-sum test was used to analyze the data (n = 328, *p < 0.05; ***p < 0.001; ns, not significant). (B) Differential expression of SPP1 in OSCC of various parts of the oral cavity; a rank-sum test was used to analyze the data (n = 328, **p < 0.01; ***p < 0.001; ns, not significant). (C) Differential expression of CCL11 in OSCC of various parts of the oral cavity; a rank-sum test was used to analyze the data (n = 328, *p < 0.05; ***p < 0.001; ns, not significant). (D) Differential expression of PLAU in OSCC of various parts of the oral cavity; a rank-sum test was used to analyze the data (n = 328, ***p < 0.001). (E) Differential expression of COL1A2 in OSCC of various parts of the oral cavity; a rank-sum test was used to analyze the data (n = 328, ***p < 0.001; ns, not significant). (F) Differential expression of TERT in OSCC of various parts of the oral cavity; a rank-sum test was used to analyze the data (n = 328,**p < 0.01; ***p < 0.001; ns, not significant). (G) Differential expression of AFOC-DEGs in OSCC and para-cancer tissues; a paired rank-sum test was used to analyze the data (n = 328, ***p < 0.001). DEGs, differentially expressed genes; OSCC, oral squamous cell carcinoma.





Functional Enrichment Analyses of AFOC-DEGs

GO analysis and KEGG pathway enrichment analysis were performed to explore the potential biological functions of AFOC-DEGs (Figures 5A–C). A total of 49 GO terms of biological process, 1 GO term of cellular component, 3 GO terms of molecular function, and 5 KEGG pathways were identified to be significant. Among these, we discovered that the AFOC-DEGs were significantly associated with the biological processes including response to hypoxia, response to metal ions, response to decreased oxygen levels, and response to oxygen levels, which proved that the AFOC-DEGs might have an internal relationship with cuproptosis. To further confirm this conjecture, we performed ssGSEA to demonstrate the link between the biological processes, the genes associated with cuproptosis, and the TCA cycle (Supplementary Figure 1, Supplementary Table 1). The complete results of GO and KEGG analyses could be found in Supplementary Table 2.




Figure 5 | Functional enrichment analyses of AFOC-DEGs. (A) GO and KEGG pathway enrichment data for AFOC-DEGs (the top 10 are shown). (B) KEGG pathway enrichment data for AFOC-DEGs (the top 4 are shown). (C) GO pathway enrichment data for AFOC-DEGs (the top 12 are shown). GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.





Correlation Analysis Between AFOC-DEGs and Cuproptosis-Related Genes

To further determine whether AFOC-DEGs were correlated with cuproptosis, we obtained PPI networks with the STRING tool (Figure 6A). Nine cuproptosis-related genes and six AFOC-DEGs were included in the network. It was found that there was a tight bonding between CDKN2A and AFOC-DEGs. A Spearman’s correlation analysis was also performed to analyze the correlation between AFOC-DEGs and cuproptosis-related genes. Through the analysis, we found that the six AFOC-DEGs were closely related to certain cuproptosis-related genes (Figure 6B). The highest positive correlation was between PLAU and GLS (R = 0.455; p < 0.01). Then, the second-highest positive correlation was between IL1A and GLS (R = 0.350; p < 0.01).




Figure 6 | Correlation analysis between AFOC-DEGs and cuproptosis-related genes. (A) PPI network shows bonding between AFOC-DEGs and cuproptosis-related genes. (B) Heatmap shows the correlation between AFOC-DEGs and cuproptosis-related genes; Spearman’s correlation analyses were used to analyze the correlations (n = 328, *p < 0.05; **p < 0.01). (C) Differential expression of copper cuproptosis-related genes in OSCC and para-cancer tissues; a paired rank-sum test was used to analyze the data (n = 328, **p < 0.01; ***p < 0.001; ns, not significant). (D) The difference of cuproptosis-related genes’ expression in normal oral cells and oral cells treated with 5 μg/ml of areca nut water extract, Box–Cox transformation, and Welch’s t-test were used to analyze the data (n = 7, *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). (E) Spearman’s correlation analysis between PLAU and GLS (n = 328, r = 0.455, p < 0.001). (F) Spearman’s correlation analysis between IL1A and GLS (n = 328, r = 0.350, p < 0.001). (G) Spearman’s correlation analysis between TERT and CDKN2A (n = 328, r = 0.135, p = 0.015). (H) Spearman’s correlation analysis between IL1A and PDHB (n = 328, r = −0113, p = 0.041). PPI, protein–protein interaction; OSCC, oral squamous cell carcinoma.



Furthermore, we compared the differential expressions of cuproptosis-related genes between OSCC tissues and para-cancer tissues and found that four genes (LIAS, PDHB, GLS, and CDKN2A) were differentially expressed. LIAS and PDHB were cuproptosis promoters with low expression in cancer tissues, while GLS and CDKN2A were cuproptosis suppressors with high expression in cancer tissues (Figure 6C). Meanwhile, decreased expressions of LIAS and LIPT1 and the increased expressions of DLAT and GLS were also found in the oral normal cells treated with 5 μg/ml of arecoline for 48 h (Figure 6D). Based on these results, we made scatter plots of the correlation between these four cuproptosis-related genes and AFOC-DEGs; four of them are shown in Figures 6E–H. All the above results confirmed the close relationship between AFOC-DEGs and cuproptosis.



Correlation Between Arecoline-Associated Oral Squamous Cell Carcinoma and Cancer-Associated Fibroblasts

Spearman’s correlation analysis was applied to analyze the correlation between AFOC-DEGs and characteristic genes associated with CAFs (Figure 7A), and the results showed a broad correlation among them. At the same time, immune infiltration analyses were also used to determine the correlation between AFOC-DEGs and CAF infiltration (Figures 7B–G), all of which demonstrated that AFOC-DEGs could affect the activity of CAFs.




Figure 7 | Correlation between arecoline-associated OSCC and CAFs. (A) Heatmap shows the correlation between AFOC-DEGs and characteristic genes associated with CAFs; Spearman’s correlation analyses were used to analyze the correlations (n = 328, *p < 0.05; **p < 0.01). (B) The correlation between PLAU and CAF infiltration; the correlation analysis was done by TIMER2.0 (n = 522, rho = 0.512, p < 0.001). (C) The correlation between COL1A2 and CAF infiltration; the correlation analysis was done by TIMER2.0 (n = 98, rho = 0.988, p < 0.001). (D) The correlation between CCL11 and CAF infiltration; the correlation analysis was done by TIMER2.0 (n = 98, rho = 0.508, p < 0.001). (E) The correlation between IL1A and CAF infiltration; the correlation analysis was done by TIMER2.0 (n = 98, rho = 0.316, p = 0.003). (F) The correlation between SPP1 and CAF infiltration; the correlation analysis was done by TIMER2.0 (n = 422, rho = 0.403, p < 0.001). (G) The correlation between TERT and CAF infiltration; the correlation analysis was done by TIMER2.0 (n = 98, rho = 0.281, p = 0.008). (H) Effects of arecoline stimulation on cell viability; a refers to arecoline, and b refers to arecaidine; all experiments were performed in three repetitions; a t-test was used to analyze the data (**p < 0.01; ***p < 0.001). (I) Commercial betel nut composition diagram shows that arecoline and arecaidine are the main alkaloids in betel nut. OSCC, oral squamous cell carcinoma; CAFs, cancer-associated fibroblasts.



To further verify the effect of arecoline on CAFs in OSCC, we stimulated CAFs with arecoline, arecaidine (another major alkaloid in betel nut), the combination of these two alkaloids, and normal saline, respectively. The results showed that the cell viability of CAFs stimulated with arecoline was significantly increased compared with the control group, and this effect was more obvious when combined with arecaidine (Figures 7H, I). These results directly proved that arecoline could induce CAF proliferation.



Single-Sample Gene Set Enrichment Analysis Between Cuproptosis-Related Gene Expression and Fibroproliferation-Related Biological Processes

To demonstrate the relationship between CAFs and cuproptosis, we performed ssGSEAs on cuproptosis-related gene expression and fibroproliferation-related biological processes, including fibroblast proliferation, positive regulation of fibroblast proliferation, response to fibroblast growth factor, fibroblast activation, and regulation of cell chemotaxis to fibroblast growth factor (Figures 8A–E). The samples were divided into high-level and low-level groups according to the median value of enrichment scores, which represented the activity level of biological processes co-regulated by members of the gene set. It was found that there was a significant difference in the proliferation level of fibroblasts between the high-level and low-level groups. The expression level of cuproptosis suppressor genes GLS and MTF1 was significantly increased in the high-level group, which revealed that a tight link might exist between fibroblast proliferation and cuproptosis.




Figure 8 | ssGSEA between cuproptosis-related gene expression and fibroproliferation-related biological processes. (A) Dot plot shows the relationship between cuproptosis-related gene expression and fibroblast proliferation enrichment level; a rank-sum test was used to analyze the data (n = 328, *p < 0.05; ***p < 0.001; ns, not significant). (B) Dot plot shows the relationship between cuproptosis-related gene expression and positive regulation of fibroblast proliferation enrichment level; a rank-sum test was used to analyze the data (n = 328, *p < 0.05; ***p < 0.001; ns, not significant). (C) Dot plot shows the relationship between cuproptosis-related gene expression and response to fibroblast growth factor enrichment level; a rank-sum test was used to analyze the data (n = 328, *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). (D) Dot plot shows the relationship between cuproptosis-related gene expression and fibroblast activation enrichment level; a rank-sum test was used to analyze the data (n = 328, *p < 0.05; **p < 0.01; ns, not significant). (E) Dot plot shows the relationship between cuproptosis-related gene expression and regulation of cell chemotaxis to fibroblast growth factor enrichment level; a rank-sum test was used to analyze the data (n = 328, *p < 0.05; **p < 0.01; ns, not significant). ssGSEA, single-sample Gene Set Enrichment Analysis.





AFOC-DEGs Were Associated With Oral Squamous Cell Carcinoma Metastasis

To further explore the role of AFOC-DEGs in OSCC, we analyzed the relationship between fibroproliferation-related biological processes and tumor metastasis by ssGSEA. We found that fibroproliferation-related biological processes, especially fibroblast growth factor production, response to fibroblast growth factor, and fibroblast proliferation, were activated to varying degrees in metastatic HSCs (Figures 9A, B), which proved the tight association between the fibroproliferation and the metastasis of OSCC. The explanation of the fibroproliferation-related biological processes is shown in Supplementary Table 3. In addition, further analysis revealed that in metastatic HSCs, the expression of TERT was significantly decreased, while the expression of IL1A was significantly increased, suggesting that cuproptosis might play an essential role in tumor metastasis (Figure 9C).




Figure 9 | The role of AFOC-DEGs and fibroproliferation-related biological processes in the metastasis of HSC. (A) Heatmap shows the relationship between fibroproliferation-related biological processes and HSC metastasis. (B) Dot plot shows differences in fibroproliferation-related biological processes between HSCs and metastasis HSCs; a rank-sum test was used to analyze the data (n = 328, *p < 0.05). (C) Dot plot shows differences in the expression of TERT and LI1A between HSCs and metastasis HSCs; a rank-sum test was used to analyze the data (n = 328, ***p < 0.001).



Based on the above results, to determine the effect of AFOC-DEGs on the cellular phenotype of OSCC cells, t-SNE was applied to cell-sort the single-cell sequencing results of 2073 OSCC cells in the GSE84756 dataset, thereby identifying cells with high expression of AFOC-DEGs in OSCC (Figure 10F). COL1A2, IL1A, PLAU, and SPP1 were shown to have cellular significance. By enriching these cells with high AFOC-DEG expression and cell phenotype, we found that they were highly correlated with EMT, invasion, metastasis, etc. (Figures 9B–E). The correlations with EMT generally exceeded 0.3, and the correlation between cells with high COL1A2 expression and EMT reached 0.6. These results uncovered that AFOC-DEGs were highly related to the metastasis of OSCC cells (Figure 9A).




Figure 10 | Single-cell classification functional enrichment results of AFOC-DEGs. (A) Phenotypic Sankey diagram of cell function enrichment. (B) Radar map of phenotype distribution of OSCC cells with high PLAU expression. (C) Radar map of phenotype distribution of OSCC cells with high SPP1 expression. (D) Radar map of phenotype distribution of OSCC cells with high COL1A2 expression. (E) Radar map of phenotype distribution of OSCC cells with high IL1A expression. (F) TSNE cell sorting results from single-cell sequencing. OSCC, oral squamous cell carcinoma.






Discussion

Chewing betel nut has been verified as a potent carcinogenic factor for OSCC. The primary active ingredients of betel nut are the areca alkaloids, especially arecoline, leading to fibroblast proliferation and fibrotic changes (29). The genotoxicity of arecoline inducing chromosomal damage and gene mutations may account for the pathogenesis, including a DNA damage response cascade involving phosphorylation of ataxia-telangiectasia (ATM) kinase and its downstream targets checkpoint kinase 1/2 (Chk1/2), p53, and Nbs1, leading to a G2/M cell cycle arrest (7, 30). Apart from these alternations, protein expression of several other cell cycle regulatory molecules like cdc25c in basal carcinoma cells, cyclin B1 and Wee-1 in KB epithelial cells, and cyclin D1, cyclin A, cyclin E, CDK4, and CDK2 in HaCaT keratinocytes are modulated by arecoline. However, the detailed mechanism for the specific molecules of arecoline in OSCC has not been fully clarified. In this study, we acquired arecoline-related OSCC samples from TCGA-OSCC dataset and GSE139869 gene array and identified six AFOC-DEGs with a highly reliable prediction model for OSCC. Expression of AFOC-DEGs in OSCC compared with normal tissues also emerged as an increased result. The functional enrichment and correlation analysis verified the potential effect of cuproptosis in arecoline-related OSCC via AFOC-DEGs. The correlation between AFOC-DEGs, cuproptosis, and CAFs was also illustrated by correlation analyses. The immune infiltration analysis was also applied. The cell viability assessment demonstrated the stimulative influence of arecoline on CAFs in OSCC. The single-cell analysis of OSCC also revealed marked relevance between AFOC-DEGs and EMT, invasion, and metastasis. These discoveries offered a novel perspective into cuproptosis, CAFs, and prognosis of patients with arecoline-related OSCC via the investigation of AFOC-DEGs.

Several researchers reported the survival analysis of head and neck squamous cell carcinoma (HNSCC) cohorts with betel nut exposure and associated prognosis factors. It was found that the expression of DNA repair genes ATM and BRCA1 was suppressed in betel nut-associated HNSCC due to arecoline. Low expression of either ATM or BRCA1 was related to poor overall survival and presented as an independent prognostic factor (31). Here, for the first time, we screened thirteen DEGs based on arecoline-related OSCC samples from the GSE139869 gene array and TCGA-OSCC dataset. With LASSO regression analysis, we established a novel prognosis model for arecoline-related OSCC patients depending on six AFCO-DEGs: PLAU, IL1A, SPP1, CCL11, TERT, and COL1A2. The K-M curve demonstrated that the patients with high-risk scores in this model suffered a poorer prognosis as compared with the low-risk groups. The ROC curves for the survival probability at 1, 3, and 5 years also revealed great specificity and sensitivity of this prognosis model with all the AUC values higher than 0.6. The comparison of the AFOC-DEG expression in cancer tissues from different parts of the oral cavity and the corresponding normal tissues further confirmed that AEOC-DEGs were upregulated in various kinds of OSCC.

With t-SNE, we analyzed the single-cell sequencing results of 2,073 OSCC cells identifying the ones with high expression of AFOC-DEGs. By enrichment analyses, COL1A2, IL1A, PLAU, and SPP1 were discovered to be highly correlated with EMT, invasion, and metastasis with cellular significance. COL1A2 is a subtype of type I collagen produced by stromal fibroblasts and cancer cells, and previous researchers have identified it as a potential biomarker correlated with immune infiltration in the esophageal carcinoma TME (32). The high expression of IL-1α has been regarded as a tumor aggressiveness promoter leading to poor survival of HNSCC patients (33, 34). Encoding a secreted serine protease urokinase, PLAU has been attested to be associated with poor prognosis in HNSCC, the potential mechanism of which may be the dysfunction of the PI3K-Akt pathway and EMT process or aberrant proportions of immune cells (35, 36). SPP1 is an integrin-binding glycol-phosphoprotein whose overexpression exerts diverse tumor-associated functions such as proliferation, invasion, migration, angiogenesis, and metastasis. The present pan-cancer analyses revealed that SPP1 and its correlated genes might perform their efficacy by regulating tumor immune infiltration in various malignant tumors including HNSCC (37, 38). The reactivated and overexpressed TERT increases the telomerase activity resulting in abnormal cell proliferation and even replicative immortality. The enhanced TERT promoter activity was also demonstrated to be related to betel chewing, tumorigenesis, tumor development, and poor prognosis in OSCC by the previous prevalence studies (39, 40). CCL11 signaling regulates the TME impacting cancer progression; however, its specific mechanism of action for OSCC or other kinds of HNSCC has not been reported. Except for TERT, we first reported the relationship of other AFOC-DEGs with arecoline-related OSCC and the potential mechanisms.

Based on the gene function enrichment results of AFOC-DEGs in response to metal ion and oxygen levels, we further investigated the novel molecular mechanism of AFOC-DEGs in the formation and development of OSCC. Copper is involved in tumorous development and spreading via accelerating various biological functions including EMT, angiogenesis, cell proliferation, and metabolism transformation (24, 41). A recent study found an undiscovered regulated cell death mediated by copper, the appearance of which relied on mitochondrial respiration regulation via protein lipoylation in the TCA cycle (42). Among the genes engaged in the cuproptosis, FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, and PDHB were confirmed to be positive regulators, and MTF1, GLS, and CDKN2A were considered negative ones. In the PPI network, it was discovered that CDKN2A had tight bonding sites with AFOC-DEGs. Spearman’s correlation analysis exhibited a statistically significant correlation between AFOC-DEGs and cuproptosis-relevant genes especially LIAS, PDHB, GLS, and CDKN2A. The differential expression analyses of OSCC tissues and para-cancer tissues demonstrated that LIAS and PDHB were suppressed in cancer tissues, but GLS and CDKN2A were accelerated. Hence, we speculated that AFOC-DEGs inhibited cuproptosis leading to the downstream effects in OSCC.

CAFs have been regarded as the most prominent non-immune tumor-promoting cells within cancers, especially in HNSCC (43). In summary, CAFs exert manifold pro-tumoral functions in oral cancers via immunosuppression, metabolic switch, tumor proliferation, angiogenesis, tumor invasion, and therapy resistance (44–49). In a clinical study of OSCC patients, the scholars proved that lymph node metastasis occurred more frequently in the CAF-positive group, and the survival rate was significantly poorer in this group (15). However, treatments designed to target CAFs have not been successfully applied in clinical practice, which may due to a limited understanding of the CAFs’ molecular and functional phenotypes in specific tumors. In the previous study, we proved that arecoline increased the PDE4A activity inhibiting the cAMP/Epac1 pathway in TGF-β-activated buccal mucosal fibroblasts, which ultimately facilitated OSF, a kind of precancerous lesion in OSCC (10). In this research, we displayed a broad correlation among AFOC-DEGs and other CAF genes with Spearman’s analysis. The immune infiltration analysis also revealed a high positive relationship between CAFs and AFOC-DEGs, especially COL1A2, PLAU, and CCL11. The CAFs from OSCC stimulated with arecoline also showed higher cell viability as compared with the control group, directly certifying the promoting impact of arecoline on CAFs in OSCC. PLAU was found to promote esophageal squamous cell carcinoma progression by the conversion of fibroblasts into inflammatory CAFs via uPAR/Akt/NF-κB/IL8 pathway (50). What is more, other AFOC-DEGs were first demonstrated to be promoters for CAFs in OSCC, which might be potential targets for future therapy.

Previous studies have demonstrated the effect of copper in inducing CAF apoptosis through ROS/MAPK and ferroptosis pathways. However, in CAFs, the direct impact of cuproptosis has not been studied yet (51). In the ssGSEAs of cuproptosis-related gene expression and fibroproliferation-related biological processes, we found that cuproptosis suppressor genes GLS and MTF1 were significantly increased in the high level of fibroproliferation-related biological processes, indicating their latent correlative mechanism.

There are still ineluctable limitations in our research. Though we have screened for AFOC-DEGs with bioinformatics analysis attempting to interpret the roles of cuproptosis and CAFs in arecoline-related OSCC, more in vitro and in vivo experiments are needed for direct biological evidence to demonstrate the exact mechanism of action. Meanwhile, the interactive effect of cuproptosis and CAFs requires more exploration to expound. In further research, we plan to knock down or overexpress AFOC-DEGs in CAFs and explore their variation in cell migration, invasion, and proliferation and potential upstream or downstream influence in vitro and in vivo.



Conclusion

In conclusion, we identified six AFOC-DEGs in arecoline-related OSCC. The potential effect of cuproptosis on arecoline-related OSCC and its correlation with AFOC-DEGs were also verified. Correlation analysis also demonstrated the relationship between AFOC-DEGs, cuproptosis, and CAFs. Immune infiltration and in vivo experiments demonstrated a stimulatory effect of arecoline on CAFs in OSCC. Single-cell analysis of OSCC also revealed that high expression of AFOC-DEGs was closely related to OSCC metastasis. Through our study of AFOC-DEGs, we have demonstrated for the first time a close link between arecoline, cuproptosis, CAFs, and OSCC metastasis, providing a new perspective on arecoline-related OSCC. These findings suggest that copper ionophore therapy directed toward OSCC with such a pathological characteristic may be a possible treatment for improving these specific patient outcomes. In addition, CAF targeted therapy will also have a positive impact on the long-term prognosis of OSCC patients. In the future, more in-depth substantive research on arecoline, cuproptosis, and CAFs should therefore be considered.
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Supplementary Figure 1 | The relationship between cuproptosis and the TCA cycle The datasets [GSE139869, GSE160395, GSE59414 and GSE38227]  for this study (A) Heat map showed the relationship between 8 copper-related biological processes and FAG, TNM stage, stage, gender, grade, anatomy, and TCA cycle activation level. (B) Violin plot showed the differences in copper-related biological processes in OSCC with high and low levels of TCA cycle, a rank-sum test was used to analyze the data (n = 328, *P < 0.05; **P < 0.01; ns, not significant). (C) Violin plot showed the differences in cuproptosis-related genes in OSCC with high and low levels of TCA cycle, a rank-sum test was used to analyze the data (n = 328, **P < 0.01; ***P < 0.001).

Supplementary Table 1 | The explanation of the biological process of copper ion.

Supplementary Table 2 | The complete results of GO and KEGG analyses.
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