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Abstract

Areca nut (AN) chewing contributes to an increasing of oral squamous cell carcinoma 

(OSCC) cases in South and Southeast Asia; however, genomic events underlying the 

carcinogenesis process of AN-related OSCC remain unclear. Here, we 

comprehensively described the genomic and transcriptome alterations of 113 Chinese 

OSCC patients (89 AN-related and 24 AN-negative) by whole-exome sequencing and 

RNA sequencing, and compared the genomic differences between AN-related and AN-

negative samples by integrating sequencing data of 325 OSCC patients from The 

Cancer Genome Atlas database and 50 from a published Taiwanese study. We 

identified eleven significantly mutated genes for OSCC, including four novel ones 

(ATG2A, WEE1, DST, and TSC2), of which WEE1 and ATG2A mutated with 

significantly higher rates in AN-related samples (P=0.04 and P=0.003, respectively). 

Mutational signature analysis revealed that AN-related OSCC were specially 

characterized by the genomic signature of mismatch repair deficiency (dMMR), which 

could also predict the prognosis status of AN-related OSCC. In addition, an elevated 

PD-L1 expression was also observed in both AN-related patients (P=3.71×10-11) and 

those with a high dMMR level (P=1.99×10-4). Further differential expression analysis 

and in vitro experiments confirmed the role of dMMR in the development of OSCC 

induced by AN exposure. Taken together, this study first revealed the molecular 

profiles and highlighted the role of dMMR in AN-related OSCC among Chinese 

population, and identified that AN-related OSCC may represent a potential cohort for 

effective anti-PD-1/L1 immunotherapy.
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Introduction

Oral cancer is one of the most commonly diagnosed cancers and a major cause of 

cancer-related mortality worldwide. Squamous cell carcinoma (OSCC) is the main 

histological type of oral cancer, accounting for more than 90% of malignancies 

affecting the oral cavity. The prevalence of oral cancer is high globally, while Asia 

accounts for about 60% of oral cancer cases, especially in South and Southeast Asia 

(48.7%) (Shield et al. 2017). The varied incidences of oral cancer are affected by both 

genetic and exposure factors (Su et al. 2017). In addition to the main risk factors, 

including tobacco smoking, alcohol drinking, and human papillomavirus (HPV) 

infection, areca nut (AN) chewing is also considered an etiological factor of oral cancer, 

mostly prevalent in Southeast Asia and the Indian subcontinent (Shield et al. 2017). AN 

chewing has also been a popular dietary habit in some areas of China for many years, 

such as Hunan Province, Hainan Province and Taiwan, where AN-related oral cancer 

cases increase rapidly in recent years (Hu et al. 2017).

Areca nut is considered the most widely used addictive substance in the world 

after nicotine, ethanol, and caffeine. Studies have shown that areca nut extract (ANE) 

and its alkaloids can induce cytotoxicity and genotoxicity to provoke carcinogenic 

effects (Khan et al. 2015). Regular AN chewing causes chronic irritation and 

inflammation of oral epithelial cells and lead to oral submucous fibrosis , which is the 

premalignant condition specific to AN-related OSCC (Prabhu et al. 2014). OSCC 

patients with AN chewing habit often have a more metastatic phenotype (Mortazavi et 

al. 2014) and a higher mortality (Wu et al. 2015), suggesting a distinct molecular profile 
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of AN-related OSCC. Although the causal link between AN and OSCC has been well 

established in animal and epidemiological studies (Jeng et al. 2001), the underlying 

mechanisms and genomic alterations remain largely unknown.

In recent years, high-throughput technologies have accelerated the study of 

genomic alterations in oral carcinogenesis. Genes involved in the cell cycle (TP53 and 

CDKN2A) (Pickering et al. 2013), Notch signaling (NOTCH1) (Agrawal et al. 2011), 

and apoptosis (CASP8) (Pickering et al. 2013) pathways, as well as APOBEC-

associated mutational signature (Chen et al. 2017) have been identified to play key roles 

in the development of oral cancer. However, no study has ever gained insight into the 

genomic landscape of AN-related OSCC. 

In this study, we performed a comprehensive study of the spectrum of genomic 

alterations in 113 (89 AN-related and 24 AN-negative) Chinese OSCC patients by 

whole-exome sequencing and RNA sequencing. We also accessed the difference of 

mutational profiles between AN-related and AN-negative patients by integrating data 

of 325 OSCC patients from The Cancer Genome Atlas (TCGA) and 50 OSCC patients 

from a published Taiwanese study (Chen et al. 2017). 

Materials and Methods

Details of methods can be found in Appendix Methods. 

Study subjects
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Surgical resected tumors and matched normal and peripheral blood samples were 

obtained from 113 newly diagnosed OSCC patients without any treatment or 

neoadjuvant therapy prior to operation in the South China Oral Cancer Cohort 

(SCOCC). Among all patients, 89 had a history of AN chewing, which was defined as 

the behavioral use of AN for at least three years. Sequencing data of 325 OSCC patients 

(AN-negative) from TCGA and 50 OSCC patients (43 AN-related) from a published 

Taiwan study (Chen et al. 2017) was integrated to compare the genomic and 

transcriptome features of patients with different AN exposure. Detailed information is 

provided in Appendix Methods and Appendix Table 1. 

Whole-exome sequencing

Genomic DNA was extracted from 113 frozen oral tissues and paired blood samples. 

Exome capture was performed by Agilent SureSelect Human All Exon V6 followed by 

the sequencing on the Illumina HiSeq X Ten instrument. The sequencing reads mapping 

and following analyses were described in Appendix Methods. 

RNA sequencing

Total RNA was extracted from 46 matched tumor-normal samples (40 AN-related and 

6 AN-negative), and was subjected for paired-end sequencing. Reads alignment and 

following analyses were described in Appendix Methods. 

Cell viability assessment in vitro

Cell viability and migration were measured with a Cell Counting Kit-8 (CCK8, Dojindo, 

Japan) and Costar Transwell plates (6.5mm diameter insert, 8.0 mm pore size, 
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polycarbonate membrane, Corning Sparks, MD), respectively. Details were provided 

in Appendix Methods

Results

Clinical characteristics and mutation burden of OSCC patients

Approximately 98.2% (111/113) of the patients were males, with a median age of 49.3 

at diagnosis. Of all patients, 78.8% (89/113) reported a history of AN chewing, 88.5% 

(100/113) reported smoking, and 67.26% (76/113) reported both. Various anatomical 

sites were involved in this study, including tongue (50.4%), buccal mucosa (34.5%), 

floor of the mouth (4.4%), alveolar ridge (9.7%), and hard palate (0.9%) (Appendix 

Table 1).

For WES of 113 patients from SCOCC, the average sequence coverage was 

132.92× for tumor samples and 142.54× for blood samples. A total of 19,613 somatic 

variants were detected, including 18,641 single-nucleotide variants and 972 small 

insertions and deletions. Of these variants, a median of 22 synonymous and 58 non-

synonymous mutations were identified per tumor-blood pair (ranging from 16 to 1081). 

The average somatic mutation rate was 2.73 per megabase (MB), which was 

comparable to that in previous studies (Agrawal et al. 2011; McKay et al. 2017) (Fig. 

1A, Appendix Figure 1). No significant difference in mutation rates was observed 

between patients with different AN chewing or smoking status (Appendix Figure 2). 

Specific mutational spectrum of areca nut-related OSCC patients 
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To identify candidate driver genes for OSCC patients, we applied the MutSigCV and 

IntOGen frameworks to 113 OSCC patients and 89 AN-related OSCC patients, 

respectively. Overall, we identified eleven significantly mutated genes (SMGs), 

including seven genes (TP53, NOTCH1, FAT1, HRAS, CASP8, CDKN2A, and RASA1) 

reported in previous studies, two novel genes (DST and TSC2) with similar mutation 

frequency in AN-related and AN-negative patients, and two novel genes (ATG2A and 

WEE1) with significantly higher mutation frequencies in AN-related patients (WEE1: 

P=0.04; ATG2A: P=0.003) (Fig. 1B, Appendix Tables 2-3). 

When comparing the mutational pattern of previously reported SMGs between 89 

AN-related patients from SCOCC and 340 AN-negative patients (316 from TCGA and 

24 from SCOCC), we observed distinct mutation patterns for three genes (TP53, FAT1 

and CDKN2A) (Fig. 1B). Although TP53 bore comparable mutation rates in both two 

groups, mutations in AN-related patients were accumulated on the p53 binding domain 

(Fig. 1C). In addition, frequencies of two recurrent nonsense mutations of TP53 were 

significantly higher among AN-related patients (p.C124*: P=0.04; p.R342*: P=0.03) 

(Fig. 1C), and p.C124* has never been reported in OSCC or head and neck squamous 

cell carcinoma (HNSCC). For FAT1 and CDKN2A, although the overall mutation rates 

in AN-related patients were significantly lower (FAT1: P=0.01; CDKN2A: P=2.73×10-5) 

(Fig. 1B), inactivating mutations were highly clustered. For example, all CDKN2A 

mutations in AN-related samples occurred at a single recurrent inactivating position 

p.R58*, while CDKN2A mutations in AN-negative samples were sporadic (Fig. 1D). 

Of the two novel identified genes, two missense mutations (p.E486D and p.P517L 
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in the Pkinase domain) in WEE1 (Appendix Figure 3A) and four mutations 

(p.R1068W, p.R1780W, p.C1363Y, and p.R1848W) in ATG2A (Appendix Figure 3B) 

were predicted to be deleterious by SIFT, Polyphen2, and MutationTaster. In addition, 

mutations in ATG2A (AN-related: P=0.002; AN-negative: P=3.42×10-6) and another 

ATG2 homologue ATG2B (AN-related: P=0.14; AN-negative: P=1.55×10-7) occurred 

mutually exclusive with CASP8 mutations in both AN-related and AN-negative patients 

(Fig. 1B, Appendix Figure 4). Further differential expression analysis revealed that 

the expression of WEE1 and ATG2 homologues were elevated in AN-related patients 

compared to AN-negative patients (WEE1: P=1.55×10-4; ATG2 homologues: 

P=7.60×10-18) (Appendix Figure 5). 

To validate above findings, we performed the same analysis in 50 Taiwanese 

OSCC samples (43 AN-related and 7 AN-negative). Because of the small sample size, 

we detected no WEE1 mutation and only one deleterious variant in ATG2A (p.L1847Q) 

in AN-related patient; however, we also identified that mutations in ATG2 homologues 

(ATG2A and ATG2B) occurred mutually exclusive with CASP8 mutations (P=0.01) 

(Appendix Figure 4). 

We then performed in vitro assays in the CAL27 cell line, and observed an 

attenuated proliferation and migration ability of cancer cells after knocking down the 

expression of WEE1 (Fig. 2A-C) and ATG2A (Fig. 2D-F), suggesting a tumor-

promoting role of these two genes in OSCC. Additionally, since Atg9 is an interacting 

factor for Atg2 in autophagosome completion (Gomez-Sanchez et al. 2018), we further 

accessed the effect of ANE on these two autophagy markers. The expression of ATG2A 
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and ATG9A was significantly elevated in the CAL27 cell line after a low-dose and non-

toxic ANE (1 or 2 ug/mL) treatment for 5 days by RT-qPCR/ Western blot (Appendix 

Figure 6). 

Mismatch repair deficiency (dMMR) mutational signature was predominant in 

areca nut-related OSCC patients and associated with the expression of PD-L1

We applied the non-negative matrix factorization (NMF) method on all mutations 

identified in 113 OSCC patients and detected three prominent mutational signatures: 

COSMIC Signature 1, which is caused by the spontaneous deamination of 5-

methylcytosine; COSMIC Signature 2/13, an APOBEC-driven hypermutation 

phenotype; and COSMIC Signature 15, characterized by C>T at GpCpN trinucleotides 

and caused by dMMR (Fig. 3A, Appendix Figure 7-8). Given that different mutational 

signatures may be caused by the same etiological factor, we deconstructed all 30 

COSMIC mutational signatures and combined four dMMR-related signatures 

(Signature 6, 15, 20 and 26) together. When compared to TCGA data, we found that 

the proportion of dMMR signature was significantly higher in 89 AN-related patients 

than that in 340 AN-negative patients (P=2.56×10-12) (Fig. 3B-D). These findings were 

supported by data from 50 Taiwanese OSCC patients where the proportion of dMMR 

signature was also higher in AN-related samples (Appendix Figure 9), even though 

the significant level wasn’t reached because of a small sample size. 

Then, we evaluated the correlation between dMMR signature and the mutation 

burden. We observed a positive correlation between the proportion of dMMR signature 
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and mutation burden in 113 OSCC patients (Cor=0.20, P=0.03) (Appendix Figure 

10A), and the correlation was stronger in 89 AN-related patients (Cor=0.39, 

P=1.38×10-4) (Appendix Figure 10B). As dMMR may lead to a microsatellite 

instability (MSI) phenotype, we further examined the MSI status in all 113 samples, 

and identified that the individual MSI status was significantly correlated with dMMR 

mutations (Cor=0.22, P=0.02). 

Since recent studies have demonstrated the relationship between dMMR, 

expression of programmed death ligand 1 (PD-L1), and the response to programmed 

death 1 (PD-1) blockade (Lee and Le 2016), we then compared the expression level of 

PD-L1 in patients with different AN exposure or dMMR levels. Interestingly, we found 

that PD-L1 expression was significantly increased in patients with AN chewing habit 

(P=3.71×10-11, Fig. 3E) or with high dMMR levels (dMMR signature proportion≥50%) 

(P=1.99×10-4, Fig. 3F). 

dMMR signature was a prognostic marker for OSCC 

We performed survival analysis in 75 OSCC patients with available follow-up data 

from SCOCC study (Appendix Table 4). Eleven patients (14.67%) died from OSCC 

during the follow-up period and the median survival time (MST) was 22.87 months. 

Seventy-five patients were divided into either high- or low-dMMR group based on the 

median proportion of combined-dMMR signatures (Signature 6, 15, 20 and 26) or 

Signature 15, which was predominant in our samples. We identified that higher dMMR 

signature was associated with a worse overall survival (OS) (combined-dMMR 
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signatures: HR=8.90, P=0.038; Signature 15: HR=8.17, P=0.026) (Fig. 4A, Appendix 

Figure 11A). The results remained significant when only 59 AN-related patients were 

analyzed (combined-dMMR signatures: HR=8.33, P=0.042; Signature 15: HR=7.71, 

P=0.029) (Fig. 4B, Appendix Figure 11B). The same analysis was conducted in 311 

TCGA OSCC patients with follow-up longer than one month. However, no correlation 

was observed because of the relatively low proportion of dMMR signatures (Appendix 

Figure 12).

DNA mismatch repair was repressed after arecoline treatment in human epithelial 

cell

To investigate whether the overrepresentation of dMMR mutational signature in AN-

related OSCC samples was attributed to the alteration of DNA mismatch repair (MMR) 

genes, we performed differential expression analysis among 40 AN-related (SCOCC) 

and 326 AN-negative patients (320 form TCGA and 6 from SCOCC). The result 

revealed that ten MMR genes (MLH1, MSH2, PMS2, POLD1, EXO1, PCNA, and 

RFC2-5) were significantly down-regulated in AN-related samples (Fig. 5A, Appendix 

Table 5). Moreover, after 48 hours of treatment with arecoline (0.4 or 0.8 mM, Sigma), 

the expression level of MMR markers (MLH1 and MSH2) was significantly decreased 

in the CAL27 cell line (Fig. 5B-C). 

Altered copy number of driver genes in areca nut-related OSCC patients 

We conducted copy number variation analysis in 113 OSCC patients and detected 35 

frequently altered regions (Appendix Figure 13A, Appendix Table 6), including 19 
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reported ones encompassing EGFR (7p11.2), CCND1 and FADD (11q13.3), FGFR1 

(8p11.23), and FAT1 (4q35.2), and six novel amplified peaks (3q27.1, 19p12, 2p11.2, 

20q11.23, 22q11.21, and 8q24.22), and ten deleted regions (5q31.3, 7q22.1, 2q34, 

3p12.1, 18q22.2, 11q24.2, 21q22.3, 10q21.3, 9p21.2, and 19q13.42). Further analysis 

suggested that the copy number alteration of cancer driver genes was associated with 

the AN chewing status. For example, NDRG1 (8q24.22) was amplified at a significantly 

higher frequency in AN-related OSCC patients (P=0.03), while PIK3CA and TBL1XR1 

(3q26.32) were more frequently amplified in AN-negative patients (P=0.03) 

(Appendix Figure 13B). We also observed significant correlations between the 

amplification level of cancer-related genes and dMMR signature, including NDRG1, 

MYC, NOTCH2 and TERT (Appendix Figure 13C).

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Discussion

In this study, we comprehensively described the genomic and transcriptional profiles 

of OSCC, especially AN-related OSCC, among Chinese populations. We identified 

four novel driver genes for OSCC and provided evidence that dMMR mutational 

signature was predominant in AN-related OSCC, which could also serve as an 

independent prognostic factor for OSCC. We also unraveled different mutational 

spectrums of previously known driver genes (TP53, FAT1, CASP8, and CDKN2A) as 

well as novel ones (ATG2A and WEE1) in AN-related patients. Meanwhile, we found 

that PD-L1 expression was significantly associated with AN exposure and dMMR 
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levels. Our findings not only enable a better understanding of the development of OSCC, 

but also provide clinical implications for the treatment of AN-related OSCC. 

Previous studies identified that OSCC was dominated by sporadic mutations in 

tumor suppressor genes, and the most common ones were TP53, NOTCH1, FAT1, and 

CDKN2A (Chen et al. 2017). In this study, we identified some new features for OSCC, 

such as the aggregated inactivating mutations of tumor suppressor genes within 

functional binding domains in AN-related patients, indicating a specific molecular 

process underlying AN exposure. One notable gene is CDKN2A, although only mutated 

in 7% of AN-related patients compared to 25% in AN-negative patients, the highly 

recurrent truncating mutation p.R58* confers the loss-of-function of CDKN2A/p16 

(Parry and Peters 1996). CDKN2A/p16 inhibits checkpoint kinase inhibitors (CHKi) 

hypersensitivity by attenuating the catalytic activity of the cyclin-dependent kinase 4-

6/cyclin D (Cyclin-CDK) complex and CDK2 (Gadhikar et al. 2018). Thus, the high 

mutation rate of p.R58* in AN-related samples provides clues for CHKi therapy for 

AN-related OSCC.  

WEE1 kinase plays a crucial role in tumorigenesis (Music et al. 2016) by 

regulating the G2-M cell cycle checkpoint (Do et al. 2013). Consistent with previous 

findings that inactivation of WEE1 triggers DNA damage (Vriend et al. 2013), we also 

observed an elevated dMMR signature in WEE1 mutation carriers (Appendix Figure 

14), suggesting that WEE1 alteration may promote the development of AN-related 

OSCC by hampering MMR function. In addition, it was recently reported that the 

combination of CHK1 and WEE1 inhibition leads to a synergistic antitumor effect in 
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tongue cancer and other HNSCC (Nojima et al. 2020; Sun et al. 2018; van Harten et al. 

2019), which implies that WEE1 may also play crucial roles in AN-negative OSCC. 

As an important regulator of autophagosome completion (Velikkakath et al. 2012), 

ATG2A switches the transformation between autophagy and caspase-8 activation 

(Tang et al. 2017). Although caspase-8 (CASP8) was generally considered a driver gene 

for OSCC (Pickering et al. 2013), increasing evidence suggested that ANE-treated cells 

exhibit morphological changes of autophagy instead of apoptosis (Yen et al. 2014). 

Therefore, the mutually exclusive pattern between CASP8 and ATG homologous 

mutations indicated that autophagy plays the major role in AN-related oral 

carcinogenesis. Additionally, previous studies identified that polymorphisms of 

autophagy genes were associated with the risk of OSCC (Fernandez-Mateos et al. 2017), 

which also proved the role of autophagy genes in oral carcinogenesis. Taken together, 

it is reasonable to propose that the up-regulated expression of autophagy genes exerted 

by AN exposure could switch cancer cells from caspase-8-dependent apoptosis to an 

autophagy addiction mode and thus contribute to the development of OSCC.

Areca nut and arecoline were generally considered cytotoxic and genotoxic to 

buccal epithelial cells by promoting oxidative DNA damage (Illeperuma et al. 2015) 

and inhibiting DNA repair (Tsai et al. 2008); however, the mechanisms remain largely 

unknown. In this study, we provided the first evidence that dMMR was prominent in 

AN-related OSCC, and could also predict the clinical outcomes, suggesting that the 

MMR pathway was involved in the occurrence and progression of AN-related OSCC. 

These findings are consistent with a recent study conducted in Taiwanese (Su et al. 
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2017). Recently, increasing evidence suggested that MMR is involved in the response 

to oxidative DNA damage accumulated during carcinogenesis (Bridge et al. 2014), 

particularly for DNA 8-oxouanine (8-oxoG) (Macpherson et al. 2005), which is 

the major product of oxidation damage and is specifically induced in MSH2- or MLH1-

deficient cells (Colussi et al. 2002). Thus, the down-regulated MSH2 and MLH1 in 

arecoline-treated cell line suggested that AN exposure could lead to an aggregation of 

oxidative DNA damage (8-oxoG) by repressing the MMR pathway, and finally 

contribute to the development of OSCC. However, since previous studies identified that 

promoter hypermethylation could also alter the expression of MLH1, MSH2, and PMS1 

in OSCC (Czerninski et al. 2009; Shin et al. 2002; Wang et al. 2013), we could not 

exclude the possibility that the down-regulation of MMR genes in AN-related patients 

was caused by methylation alteration. Additionally, there may also exist other 

mechanisms underlying the development of AN-related OSCC, such as the cancer 

stemness conversion facilitated by chronic and long-term AN exposure, and the up-

regulated stemness mediators exerted by chronic AN exposure (Li et al. 2016; Wang et 

al. 2016) (Chen et al. 2019; Yang et al. 2018). Thus, the exact molecular mechanism of 

AN during oral carcinogenesis remains to be fully studied. 

Recently, accumulating evidence confirming the association between dMMR and 

responses to anti-PD-1/L1 therapy across several solid tumors (Calvete et al. 2017). 

Regarding OSCC, some clinical trials have demonstrated that although anti-PD-1/L1 

immunotherapy showed overwhelming efficacy, the response rate was below 20% in 

recurrent or metastatic HNSCC (Ferris et al. 2016). Positive expression of PD-L1 was 
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the only viable marker for effective checkpoint immunotherapy in HNSCC. The up-

regulated expression of PD-L1 in AN-related patients and patients with high dMMR 

signature suggested that AN-related OSCC might represent a potential cohort for 

effective PD-1/L1 immunotherapy. Moreover, dMMR signature may also serve as a 

predictive biomarker for anti-PD-1/L1 treatment. These findings would expand the 

range of HNSCC patients who may benefit from PD-1 pathway blockade. 

In conclusion, we identified specific genomic features of AN-related OSCC and 

emphasized the importance of dMMR in the oral carcinogenesis. We also proposed that 

dMMR signature might be used as a predictive marker for the anti-PD-1/L1 treatment 

of AN-related OSCC. These findings provide extensive evidence for understanding the 

molecular mechanisms underlying AN-induced OSCC and new clues to prevent and 

treat OSCC patients. 
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Figures Legends

Figure 1. Mutational spectrum of 429 OSCC patients from SCOCC and TCGA 

studies.

(A)Overall number of mutations (Synonymous, Non-synonymous and Indels) per 

megabase (MB) in 113 Chinese OSCC samples. Color coding indicates mutation 

types.

(B) Mutational spectrum of significantly mutated genes in 89 AN-related and 340 AN-

negative OSCC samples. 

Top: demographic characteristics and environmental exposures are shown.

Bottom: spectrum of mutations for each patient. Left, significantly mutated genes.

Right: mutation percentages in AN-related and AN-negative OSCC patients, 

respectively.  

(C) The mutational spectrum of CDKN2A in 89 AN-related OSCC samples compared 

to 340 AN-negative OSCC samples.

Top: mutational spectrum of CDKN2A in 89 AN-related OSCC samples.

Bottom: mutational spectrum of CDKN2A in 340 AN-negative OSCC samples.

(D)The mutational spectrum of TP53 in 89 AN-related OSCC samples compared to 

340 AN-negative OSCC samples.

Top: mutational spectrum of TP53 in 89 AN-related OSCC samples.

Bottom: mutational spectrum of TP53 in 340 AN-negative OSCC samples.
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Figure 2. The results of the RNAi functional assay of WEE1/ATG2A and low-dose 

ANE usage in the CAL27 cell line.

(A)Depleted WEE1 levels after siRNA knockdown in the CAL27 cell line measured by 

RT-qPCR.

(B-C) Knockdown of WEE1 attenuated the proliferation (growth curve and colony 

formation) and migration in the CAL27 cell line. 

(D)Depleted ATG2A levels after siRNA knockdown in the CAL27 cell line measured 

by RT-qPCR.

(E-F) Knockdown of ATG2A attenuated the proliferation (growth curve and colony 

formation) and migration in the CAL27 cell line. 

 Error bars represent s.e.m, n=3. All experiments were performed at least three times 

and the statistical analyses were performed by two-sided t-test. *P<0.05, **P<0.01, 

***P<0.001.
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Figure 3. Mutational signature analysis.

(A)The pattern of mutational signatures in 113 OSCC samples from SCOCC study.

(B-C) The fraction of MMR signature is significantly higher in AN-related OSCC 

patients than AN-negative ones in 113 OSCC samples from SCOCC study.

(D) The fraction of MMR signature is significantly higher in 89 AN-related OSCC 

patients from SCOCC than 340 AN-negative ones (316 samples form TCGA and 24 

AN-negative samples from SCOCC).

(E) The expression of PD-L1 was significantly higher in 40 AN-related OSCC samples 

from SCOCC than 326 AN-negative ones (320 samples form TCGA and 6 AN-negative 

samples from SCOCC).

(F) The expression of PD-L1 was significantly higher in OSCC samples with a high 

dMMR signature proportion.
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Figure 4. Kaplan-Meier plot for overall survival by dMMR signature for OSCC 

patients from SCOCC study. 

(A)Higher fraction of MMR signature is significantly associated with worse overall 

survival in 75 OSCC patients.

(B) Higher fraction of MMR signature is significantly associated with worse overall 

survival in 59 AN-related OSCC patients.
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Figure 5. Expression correlation of MMR genes with areca nut exposure.

(A)Expression of MMR genes in 40 AN-related OSCC samples from SCOCC and 326 

AN-negative ones (320 samples form TCGA and 6 AN-negative samples from 

SCOCC).

(B-C) The expression levels of MLH1 and MSH2 in the CAL27 cell line treated with 

arecoline (0.4 or 0.8 mM) for 48 h.

Error bars represent s.e.m, n=3. All experiments were performed at least three times 

and the statistical analyses were performed by two-sided t-test. *P<0.05, **P<0.01, 

***P<0.001.
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