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Abstract
Betel quid (BQ) chewing is a prevailing risk for oral squamous cell carcinoma (OSCC) in Southeast Asia. Yet, the detailed 
mechanisms by which BQ chewing damages the genome are still not fully understood. Through exome sequencing of tumor–
normal pairs from 196 male patients with OSCC, including 95 habitual BQ chewers and 101 non-BQ users, we conducted a 
quantitative survey of mutational signatures and genomic aberrations and explored their association with BQ chewing. We 
found that BQ-associated elevation in mutation rate was seen in cancers of the tongue, but not in overall OSCC. Addition-
ally, we identified a mutational signature that is enriched in tumors from BQ users. Moreover, the numbers of small inser-
tions and deletions (INDELs) and breakpoints derived from structural variations (SV) were increased, whereas the extent 
of loss of heterozygosity was decreased in BQ-related OSCC genomes. However, neither the number of base substitutions 
and microsatellite instability events nor the extent of copy-number alterations differed between BQ-related and -unrelated 
OSCC. In conclusion, consistent with the proposition that BQ chewing increases OSCC risk as a mutagen, our results unveil 
a BQ-associated mutational signature and indicate mutagenic impacts of BQ chewing on preferentially eliciting INDELs 
and SV-related breakpoints in OSCC genomes.

Introduction

Oral squamous cell carcinoma (OSCC), accounting for the 
majority (approximately 90%) of oral cancers (Jemal et al. 
2008), is a common malignancy across the world, especially 
in Central and Southeast Asia (Krishna Rao et al. 2013). 
Such variation in incidence rate is linked to etiological 
parameters of this disease associated with the unique cul-
tural practice and lifestyle of different ethnic populations. 
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Human papillomavirus (HPV) infection (Gillison et  al. 
2000) and habitual exposure of cancer-causing substances 
(Awang 1988; Scully and Bagan 2009) have been recog-
nized as major predisposing factors to OSCC. In addition 
to tobacco and alcohol use, betel quid (BQ) chewing is a 
prevailing risk for oral tumorigenesis in Asian countries with 
high OSCC prevalence, including Taiwan where the preva-
lence of oncogenic HPV infection (~ 16%) was at a lower 
rate compared with the worldwide rate (~ 24%) (Lee et al. 
2013, 2015; Ndiaye et al. 2014).

Betel quid is a mixture of areca nut, slaked lime, cat-
echu, and several condiments (IARC Working Group on the 
Evaluation of Carcinogenic Risks to Humans 2004). Chew-
ing of BQ can induce pharmacological responses, such as 
well-being sensations, euphoria, and heightened alertness 
(Chu 2001), and yet this popular habit has been strongly 
implicated in the development of OSCC through prolonged 
exposure of various BQ-derived carcinogens (Nair et al. 
2004). It is known that nitrosation of arecoline, the most 
abundant alkaloid in areca nuts, may produce a variety of 
nitrosamines, which can interact with DNA, proteins or 
other molecules to mediate carcinogenic activities (IARC 
Working Group on the Evaluation of Carcinogenic Risks to 
Humans 2004). Moreover, reactive oxygen species (ROS) 
are generated in substantial amounts in the oral cavity dur-
ing BQ chewing to cause oxidative damage in the DNA of 
buccal mucosa tissues (Nair et al. 1995). These metaboli-
cally activated reactive species of BQ-derived carcinogens 
collectively can trigger genotoxic effects in humans, such as 
formation of safrole-like DNA adducts (Chen et al. 1999) or 
chromosome breaks (Nair et al. 1991), ultimately leading to 
oral carcinogenesis.

Cancers of the oral cavity carry somatic mutations that 
were accumulated through multiple mutational processes. 
Different mutational processes give rise to specific combina-
tions of mutation types, termed mutational signatures (Alex-
androv et al. 2013). Recent genomic analyses have compre-
hensively characterized HPV− and HPV+ head and neck 
cancers in the Western countries, providing a foundation 
for advanced molecular diagnoses, identification of poten-
tial biomarkers, and therapeutic insights (Cancer Genome 
Atlas 2015; Gillison et al. 2019). Since OSCC etiology and a 
significant number of genomic alterations in OSCC genome 
were not uniformly observed across geographical regions 
(Beck and Golemis 2016), it is conceivable that the outcome 
of mutagenic processes operative in Asian OSCC, especially 
for those caused by BQ chewing, may be unique. Yet, the 
comprehensive genomic footprints of BQ chewing-related 
OSCC are still not fully understood. In this study, we exam-
ined 196 OSCC genome through exome sequencing (95 BQ 
users and 101 non-BQ users), with the goal of identifying 
mutational signatures and types of genomic alterations asso-
ciated with BQ chewing.

Materials and methods

Subject enrollment and sample collection

The cohort of this study comprising 196 male OSCC 
patients who had been neither previously treated nor had 
proven metastatic disease at the time of diagnosis was 
accrued from 2008 to 2017, with the approval by the insti-
tutional review board of Chung Shan Medical University 
Hospital, Taichung, Taiwan. Tumors and paired whole blood 
samples of cases with enriched tumor cell populations (to 
ensure dissected regions > 70% tumor purity) selected by 
certified pathologists were collected. All tumor samples 
were immediately frozen in liquid nitrogen and stored at 
− 80 °C. All cases were staged clinically at the time of diag-
nosis according to the TNM staging system of the American 
Joint Committee on Cancer (AJCC) (Edge and Compton 
2010). Tumor differentiation was examined by a patholo-
gist and rated according to the AJCC classification. All 
participants provided informed written consent at enroll-
ment. Information regarding age, gender, alcohol drinking, 
cigarette smoking, and BQ chewing was recorded for each 
participant. BQ chewing and alcohol drinking are defined 
as behavioral use of BQ (chewing one or more BQ-related 
products daily for at least 1 year) and substantial alcohol 
intake (consuming more than two alcoholic beverages per 
day in average), respectively. Cigarette smoking is defined 
as current smoking of at least one cigarette per day during 
the latest 3 months.

Exome sequencing

Genomic DNA was extracted by using the DNeasy Blood & 
Tissue Kit (Qiagen) according to the manufacturer’s instruc-
tions and loaded on a 1% agarose gel for quality control. In-
solution enrichment of coding exons and flanking intronic 
sequences for 196 pairs of qualified DNA samples was per-
formed by the SureSelect Human All Exon V5 or V6 kit 
(Agilent Technologies). Library construction and sequenc-
ing on an Illumina HiSeq 2500 instrument with paired reads 
of 90–100 bp were performed by Novogene.

Detection of single‑nucleotide variation (SNV) 
and insertion/deletion (INDEL)

Raw sequence data were merged, quality trimmed, aligned 
and mapped to the reference genome (hg19) by Bur-
rows–Wheeler aligner (BWA) using default options (Li and 
Durbin 2009). We applied MuTect2 through the Genome 
Analysis Toolkit (GATK) 4.0 (McKenna et al. 2010) to 
identify somatic single-nucleotide variations (SNVs) and 
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small insertions/deletions (INDELs) in target regions plus 
5′ and 3′ flanking fragment of 20 bp. All somatic calls 
detected were filtered against a panel of 300 germline DNA 
samples (Chang Gung Human Database, an unpublished 
whole-genome database of normal controls). The remain-
ing somatic mutations constituted the mutational catalog for 
each matched tumor–normal pair.

Analysis of mutational signatures

We deciphered the mutational signatures by using signeR 
(Rosales et al. 2017). This R package used an empirical 
Bayesian treatment of the non-negative matrix factorization 
(NMF) model to express each signature as a matrix that is 
derived from all mutation data according to 96 possible 
mutation types (6 types of substitution × 4 types of 5′ base 
× 4 types of 3′ base). The optimal number of mutational 
signatures was identified based on the Bayesian information 
criterion (BIC) box plots obtained by increasing the num-
ber of signatures from one to ten. The identified signatures 
were compared to previously extracted consensus signatures 
(Alexandrov et al. 2013) by cosine similarity. Alternatively, 
we decomposed each tumor exome into eight signatures 
(Sig.1, 2, 4, 5, 6, 7, 13, and 29) previously found in head 
and neck cancers by decompTumor2Sig (Kruger and Piro 
2019), which estimates the contribution of the correspond-
ing mutational processes to the somatic mutations identified 
in the tumor.

Analysis of copy‑number alteration (CNA) 
and detection of chromosomal breakpoint

To detect somatic copy-number alterations (CNAs), we 
applied Control-FREEC (Boeva et al. 2012) to the read 
count profiles of sequence data. The read count ratios of 
tumors to paired normal samples were calculated, normal-
ized for GC content and mappability, and used as the proxy 
of the copy-number ratios. For determining chromosomal 
breakpoints of somatic structural variations (SVs), Break-
Dancer (Chen et al. 2009) was used to detect the breakpoints 
of large insertion, deletion, inversion, and translocation. The 
number of somatic breakpoints was determined by remov-
ing calls with a confidence score ≤ 90 and supported by ≤ 10 
reads from the matched normal sample.

Measurement of microsatellite instability (MSI) 
and loss of heterozygosity (LOH)

Detection of MSI events was performed by MSIsensor (Niu 
et al. 2014) using default parameters. This program inter-
rogates the aligned sequencing data for available micros-
atellite areas with sufficient coverage in tumor–normal 
pairs where it detects the variation in length distributions 

of microsatellites per site. For measurement of LOH, We 
applied LOHAS (Yang et al. 2011) to estimate the propor-
tion of homozygous variant calls within target regions plus 
5′ and 3′ flanking fragment of 20 bp. Homozygous intensi-
ties for the tumors and matched non-cancer samples were 
estimated by a sliding window containing 100 nearest-neigh-
bor variants to each anchor variant using local polynomial 
weighted regression to fit the model. In each sliding window, 
we calculated the 90th percentile of estimated homozygous 
intensities from a panel of normals, and then the region of 
LOH was defined by the genomic region where a tumor’s 
estimated homozygous intensities were greater than the 
90th percentile of estimated homozygous intensities from 
both the panel of normals and their matched non-cancer 
specimen.

Statistical analysis

Comparisons of demographic and clinical parameters 
between BQ-related and -unrelated samples were performed 
by using Fisher’s exact test or Mann–Whitney U test. Differ-
ences in the signature exposures, number of base substitu-
tions, INDELs, breakpoints, and MSI events, and fraction of 
CNV and LOH between BQ-related and -unrelated OSCC 
were estimated by Student’s t test. Data were analyzed by 
using the SAS statistical software (Version 9.1, 2005; SAS 
Institute Inc., Cary, NC). All reported p values were two 
tailed, and a p value of < 0.05 was considered significant.

Results

Characteristics and genomic analyses of OSCC 
subjects

To determine the mutational signatures and conduct a quan-
titative survey of genomic alterations associated with BQ 
chewing in OSCC, we performed exome sequencing of 
tumor–normal (fresh-frozen tumors and matched whole 
blood) pairs from 196 male OSCC patients, with the majority 
bearing cancers of the buccal mucosa (80/196) and tongue 
(60/196) (Table 1). Of the samples we studied, 95 pairs were 
reported to be from BQ users and 101 from non-BQ users. 
There was no significant difference in the distribution of age, 
tumor location, clinical stage, tumor size, metastasis, and 
status of tumor cell differentiation detected between the two 
study groups. A higher portion of patients who had the habit 
of BQ chewing reported a history of tobacco and alcohol 
use, compared with that of non-BQ chewers.

We sequenced 196 OSCC exomes with 89.1% and 
90.6% of targeted regions covered at > 20-fold in tumors 
and matched normal samples, respectively (Figure S1), and 
detected 26, 917 somatic variants, of which 24,718 (91.83%) 
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were single-nucleotide variations (SNVs) and the remaining 
were small insertions and deletions (INDELs), correspond-
ing to a mean somatic mutation rate of 2.71 per megabase 
in target regions. This is compatible with the mutation rate 
observed in previous studies (Agrawal et al. 2011; India 

Project Team of the International Cancer Genome 2013; 
Stransky et al. 2011). To possibly restrain the impact of 
other environmental and intrinsic factors associated with 
the tumorigenic hypermutator phenotype (Roberts and Gor-
denin 2014), eight hypermutated samples (> 1000 mutations, 
a heuristic for limiting the number of discarded samples in 
such cancer type determined as samples with a mutation 
count exceeding Tukey’s outlier condition (Bailey et al. 
2018)) were excluded in further analyses.

Single‑nucleotide variation (SNV) and insertion/
deletion (INDEL)

We first compared the mutation rate between BQ and non-
BQ users and found no difference in the total number of 
somatic mutations, including SNVs and INDELs, for all 
OSCC types together (Fig. 1a). Notably, cancers of the buc-
cal mucosa from BQ users exhibited more INDELs than 
those from non-BQ users, while the number of both SNVs 
and INDELs was higher in BQ users compared with non-BQ 
users for tongue carcinoma. Further analysis of INDEL size 
revealed that BQ chewing tends to cause shorter INDELs 
(< 3 bp) found at mono/polynucleotide repeats, but not 
longer ones (≥ 3 bp) with overlapping microhomology in 
cancers of the tongue, buccal mucosa, and overall oral cav-
ity (Fig. 1b), yet the difference was marginal considering 
multiple testing.

Mutational signature

Mutational signatures deciphered from tumor genomes 
can provide valuable insights into cancer etiology. We then 
extracted mutational signatures, estimated the contributions 
of each signature to each tumor, and compared the numbers 
of mutations attributable to each signature in BQ users and 
non-BQ users. A panel of three mutational signatures was 
identified in our cohort (Fig. 2a), with each corresponding 
to previously reported signature 1, 7, and 13, respectively, in 
the Catalogue Of Somatic Mutations In Cancer (COSMIC) 
(Figure S2 and Table S1) (Alexandrov et al. 2013). Among 
them, exposures to signature 1, defined as the contribution 
of this mutational signature to the total number of muta-
tions found in each OSCC genome, were higher in tumors 
from BQ users for overall OSCC and tongue carcinoma 
(Fig. 2b), yet the difference was marginal considering mul-
tiple comparisons. Signature 1, featured with predominant 
C > T mutations at CpG sites, is initiated by spontaneous 
deamination of 5-methylcytosine and correlated with the 
age of cancer diagnosis (Alexandrov et al. 2013). Notably, 
a certain level of T > C and C > A mutations that could be 
derived from other consensus signature(s) not deciphered in 
our dataset seemed to be blended in the signature 1 identi-
fied here (Fig. 2a). We observed an increase in T > C, but 

Table 1   Demographic characteristics and clinical features of male 
patients with OSCC

Mann–Whitney U test was used to compare demographic and clinical 
parameters between BQ-related and -unrelated cohorts

Variables OSCC without BQ 
chewing (n = 101)

OSCC with 
BQ chewing 
(n = 95)

p value

Age (years)
57.20 ± 11.32 54.70 ± 10.16 0.106

 < 40 4 (4.0%) 7 (7.4%) 0.380
 40–49 23 (22.8%) 23 (24.2%)
 50–59 34 (33.7%) 35 (36.8%)
 60–69 24 (23.8%) 23 (24.2%)
 > 70 16 (15.8%) 7 (7.4%)

Smoking status
 No 41 (40.6%) 9 (9.5%) 0.001
 Yes 60 (59.4%) 86 (90.5%)

Drinking status
 No 82 (81.2%) 41 (43.2%) 0.001
 Yes 19 (18.8%) 54 (56.8%)

Cancer location
 Buccal mucosa 43 (42.6%) 37 (38.9%) 0.767
 Tongue 34 (33.7%) 26 (27.4%)
 Lip 8 (7.9%) 11 (11.6%)
 Gingiva 8 (7.9%) 8 (8.4%)
 Others 8 (7.9%) 13 (13.7%)

Stage
 I 31 (30.7%) 25 (26.3%) 0.231
 II 22 (21.8%) 27 (28.4%)
 III 14 (13.9%) 6 (6.3%)
 IV 34 (33.7%) 37 (38.9%)

Tumor T status
 T1 38 (37.6%) 30 (31.6%) 0.560
 T2 34 (33.7%) 33 (34.7%)
 T3 2 (2.0%) 5 (5.3%)
 T4 27 (26.7%) 27 (28.4%)

Lymph node status
 N0 72 (71.3%) 68 (71.6%) 0.085
 N1 16 (15.8%) 7 (7.4%)
 N2 13 (12.9%) 20 (21.1%)

Metastasis
 M0 100 (99.0%) 95 (100%) 0.331
 M1 1 (1.0%) 0 (0%)

Cell differentiation
 Well 13 (12.9%) 20 (21.1%) 0.126
 Moderately + poorly 88 (87.1%) 75 (78.9%)
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not C > A mutations in overall OSCC (Fig. 2c), as tongue 
carcinoma from BQ users carried a marginally higher fre-
quency of C > T mutations than those from non-BQ users 
(Fig. 2d). To improve the resolution of mutational signature 
identification, we decomposed our mutational catalog into 
eight signatures previously observed in head and neck can-
cers (Figure S3A) (Agrawal et al. 2011; India Project Team 
of the International Cancer Genome 2013; Su et al. 2017) 
to further address this issue (Figure S3B). After signature 
refitting, we found that in addition to signature 1, the con-
tribution of signature 5 to the mutation load was also higher 
in BQ-related OSCC (Figure S3C). These data indicate the 
identification of mutational signatures linked to BQ chew-
ing in OSCC.

Copy‑number variation (CNV) and chromosomal 
breakpoint

In addition to SNV and INDEL, determination of somatic 
copy-number variation (CNV) and structural variation (SV) 
at the nucleotide level is important to reveal the genetic 
causes for head and neck cancers (Beck and Golemis 2016; 

Chang et al. 2017; Pickering et al. 2013). Next, we com-
pared the fraction of the genomic regions that is copy-num-
ber aberrant and the numbers of SV-related breakpoints in 
OSCC genomes between BQ users and non-BQ users. Strik-
ingly, chromosomal breaks were more frequently detected 
in cancers of the tongue, buccal mucosa, and overall oral 
cavity of BQ users (Fig. 3a). In contrast, increased extent of 
copy-number-altered areas was only seen in cancers of the 
buccal mucosa, but not in overall OSCC or tongue carci-
noma regarding the status of BQ chewing (Fig. 3b). Our data 
suggest that BQ-related tumors from distinct anatomic sites 
of the oral cavity may undergo diverse mutational processes 
and exhibit differential levels of vulnerability to mutagenic 
impacts of BQ chewing.

Microsatellite instability (MSI) and loss 
of heterozygosity (LOH)

Microsatellite instability (MSI) and loss of heterozygo-
sity (LOH) are of value in detection of oral premalignant 
lesions (Kang et al. 2015), even though the majority of 
OSCC is not MSI-high tumors (Cortes-Ciriano et  al. 

Fig. 1   Comparison of somatic mutation rate between habitual BQ 
users and non-BQ users. a Dots are used to display the numbers of 
somatic single-nucleotide variations (SNV), insertions and deletions 
(INDEL), and their combination (Total) per megabase (MB) detected 
in cancers of the tongue (Tongue, n = 26 and 32 for BQ-related and 
-unrelated tumors, respectively), buccal mucosa (BM, n = 37 and 41 

for BQ-related and -unrelated tumors, respectively), and overall oral 
cavity (OSCC, n = 94 and 94 for BQ-related and -unrelated tumors, 
respectively). b INDELs were further divided into longer INDELs 
(≥ 3 bp) with overlapping microhomology and shorter ones (< 3 bp) 
found at mono/polynucleotide repeats for comparisons. Lines repre-
sent mean ± SD
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2017). To determine whether BQ chewing affects these 
two molecular tumor phenotypes, the numbers of MSI 
events and the proportion of target regions bearing LOH 
in OSCC genomes were calculated. Although MSI events 
were detectable in slightly more OSCC samples from BQ 
users (35.1%, 33/94 and 29.8%, 28/94 for BQ-related and 
-unrelated OSCC, respectively; 40.5%, 15/37 and 24.4%, 

10/41 for BQ-related and -unrelated cancers of buccal 
mucosa, respectively), there is no difference in the aver-
age number of MSI events between the tumors of BQ users 
and of non-BQ users (Fig. 4). In addition, we detected 
greater LOH regions in tongue cancers and overall OSCC 
from non-BQ chewers as compared with those from BQ 
chewers.

Fig. 2   Mutational signature associated with BQ chewing. a Three 
mutational signatures were deciphered in the OSCC cohort and cor-
responding to the updated consensus signatures (Alexandrov et  al. 
2013). Signatures are depicted using a 96-substitution classification 
defined by the substitution type and sequence context immediately 5′ 
and 3′ to the mutated base. Substitution types are shown in different 
colors on the horizontal axis. The vertical axis illustrates the percent-
age of mutations attributed to a specific mutation type. b Compari-

son of the signature exposures between habitual BQ users and non-
BQ users. Dots represent numbers of mutations per MB attributed to 
mutational signatures found in cancers of the tongue (Tongue), buc-
cal mucosa (BM), and overall oral cavity (OSCC). Lines represent 
mean ± SD. c, d Comparison of somatic base substitutions between 
BQ-related and -unrelated OSCC (c) and tongue carcinoma (d). Bars 
represent the average numbers of substitution types per MB detected 
in each group
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Discussion

The mutational spectrum of head and neck cancer appears 
to vary depending on the exposure of environmental car-
cinogens (Beck and Golemis 2016), as habitual consump-
tion of tobacco, alcohol, and BQ is recognized as the major 
etiologic factors for this type of malignancies. Distinctive 
mutational features in tumors resulting from carcinogen-
esis associated with cigarette smoking (Alexandrov et al. 
2016) and alcohol drinking (Chang et al. 2017) have been 
demonstrated. However, the molecular footprints for which 
BQ chewing damages the genome and creates somatic 
alterations that ultimately cause OSCC are still not fully 

understood. In the present study, through conducting a 
quantitative survey of mutational patterns and different 
types of genetic aberrations on the BQ-related OSCC 
exomes, we identified a specific mutational signature that 
is linked to the use of BQ. In addition, particular types of 
somatic alterations, such as INDEL and SV-related break-
point, were found to be enriched in oral cancers from BQ 
chewers as compared with those from OSCC patients with-
out a history of BQ use. For the first time, the mutagenic 
impact of BQ chewing has been comprehensively charac-
terized at the genome-wide scale.

BQ-derived carcinogens may promote DNA lesions in 
oral epithelium, facilitating transformation and genetic 
instability. Unlike tobacco smoking that has been shown to 

Fig. 3   Comparison of the frequency of breakpoints and the extent 
of copy-number variations between habitual BQ users and non-BQ 
users. Dots are the numbers of breakpoints per MB (a) or fraction 
of the target region that shows copy-number changes (b) detected 
in cancers of the tongue (Tongue, n = 26 and 32 for BQ-related and 

-unrelated tumors, respectively), buccal mucosa (BM, n = 37 and 41 
for BQ-related and -unrelated tumors, respectively), and overall oral 
cavity (OSCC, n = 94 and 94 for BQ-related and -unrelated tumors, 
respectively). Lines represent mean ± SD

Fig. 4   Comparison of the frequency of microsatellite instability 
(MSI) events and the extent of loss of heterozygosity (LOH) between 
habitual BQ users and non-BQ users. Dots represent the numbers of 
MSI events (a) or fraction of the target region bearing LOH (b) found 
in cancers of the tongue (Tongue, n = 26 and 32 for BQ-related and 

-unrelated tumors, respectively), buccal mucosa (BM, n = 37 and 41 
for BQ-related and -unrelated tumors, respectively), and overall oral 
cavity (OSCC, n = 94 and 94 for BQ-related and -unrelated tumors, 
respectively). Lines represent mean ± SD
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increase mutation burdens in multiple cancer types (Alex-
androv et al. 2016), we did not observe elevated overall 
mutation rates (SNV and INDEL) in OSCC with respect to 
patients’ history of BQ chewing. Notably, among oral can-
cers of different anatomic sites, association of BQ chewing 
with an increase in the number of somatic mutations was 
seen merely in cancers of the tongue (Fig. 1), although a 
recent study with limited sample size failed to detect the 
difference in the mutation load between BQ-related and 
-unrelated tongue carcinoma (Zhang et al. 2019). Our results 
suggest that tumors from distinct anatomic sites of the oral 
cavity may exhibit differential levels of vulnerability to 
mutagenic impacts of BQ chewing. Furthermore, since a 
higher number of somatic mutations were observed previ-
ously in large-sized tumors and in elder patients with OSCC 
(Su et al. 2017), we have enrolled the study cohorts (cancers 
of the tongue, buccal mucosa, and overall oral cavity) with 
matched age and TNM staging (Tables S2 and S3) for ruling 
out potential confounding factors.

On the other hand, similar to cigarette smoke, BQ prod-
ucts are a mixture of carcinogenic chemicals and may gener-
ate a variety of nitrosamines. It has been shown that cigarette 
smoking caused a higher number of INDELs and dinucleo-
tide substitutions and was associated with increased fraction 
of copy-number aberrant regions in organs directly (lung 
adenocarcinoma) and indirectly (liver cancer) exposed to 
cigarette smoke (Alexandrov et al. 2016). Here, we detected 
more INDELs, especially those shorter ones found at mono/
polynucleotide repeats (< 3 bp), but no significant increase 
in the number of dinucleotide substitutions (Data not shown) 
and extent of CNV in OSCC from BQ chewers as compared 
with those from non-BQ users. Strikingly, as the overall 
survival rate in patients with OSCC is one of the lowest 
among common malignant neoplasms in BQ-prevalent areas 
(Chen et al. 2008; Nair et al. 2004), in BQ-related OSCC, 
we observed more frequent SV-related breakpoints, whose 
presence is associated with cancer patient survival rates 
(Ewing and Semple 2018; Inaki and Liu 2012). It has been 
shown that arecoline, the most abundant alkaloid in areca 
nuts, induced structural chromosomal aberration, sister chro-
matid exchange and micronuclei formation in different cell 
types (Jeng et al. 2001; Shirname et al. 1983). Our results, 
for the first time, indicate a mutagenic impact of BQ chew-
ing on preferentially eliciting small INDELs and SV-related 
breakpoints in OSCC genomes. Moreover, MSI, a molecular 
tumor phenotype diagnosed by the gain or loss of nucleo-
tides in repetitive DNA sequences (microsatellites) resulting 
from genomic hypermutability, can potentially identify can-
cer driver genes and reflect the outcomes of cancer immuno-
therapies and patients’ survival (Cortes-Ciriano et al. 2017; 
Hause et al. 2016). By assessing ten microsatellite markers, 
the presence of MSI in the surgical margin of head and neck 
squamous cell carcinoma was shown to be associated with 

local recurrence in an endemic BQ chewing area (Lin et al. 
2016). Yet, although MSI events were detectable in slightly 
more cancers of buccal mucosa from BQ users, no difference 
in the average number of MSI events between the tumors 
from BQ users and from non-BQ users was observed in our 
genome-wide survey (Fig. 4).

In addition, by deconvoluting BQ-related OSCC 
genomes, we identified a mutational signature, whose con-
tribution to the total number of mutations was higher in 
tumors from BQ users for overall OSCC and tongue carci-
noma. This mutational pattern, corresponding to previously 
reported signature 1 in COSMIC, is described predominately 
by C > T substitutions at NpCpG sites and believed to be 
a result of an endogenous mutation process carried out by 
activation-induced deaminase (AID) or related enzymes 
(Alexandrov et al. 2013). Here, we detected a distinctive 
higher frequency of C > T mutations in BQ-related tongue 
carcinoma as compared with those from BQ-unrelated 
tumors. Consistently, frequent mutations have been previ-
ously found in the CpG islands of BQ-related tongue cancer 
genomes and such NpCpG > NpTpG pattern was the major 
contributor of the CpG island mutations (Zhang et al. 2019). 
A similar observation that such AID-associated mutational 
signature overlaps with CpG methylation sites was reported 
in follicular lymphoma and other cancers (Rogozin et al. 
2016). Besides, in a recent study where genome-wide DNA 
methylation profiles of OSCC among patients in India, 
another BQ-prevalent country, were compared with that of 
mostly BQ-unrelated samples from The Cancer Genome 
Atlas program, a set of hypomethylated regions enriched in 
the promoters of immune response genes that may contrib-
ute to OSCC progression was identified (Basu et al. 2017). 
Our results, for the first time, link the consensus signature 
1 with exogeneous exposure of BQ-derived carcinogens 
in OSCC and implicate a role of this association in chang-
ing DNA methylation status through an AID-dependent 
loss of CpG islands. Furthermore, since a certain level 
of T > C and C > A mutations that could be derived from 
other signature(s) not deciphered in our dataset seemed to 
be blended in the BQ-associated signature identified here, 
we found an additional signature, signature 5, significantly 
enriched in BQ-related tumors after signature refitting. 
Signature 5, but not signature 1, has been associated with 
smoking in oral cancer, although not a direct consequence 
of tobacco carcinogens due to its ubiquity in cancer types 
unrelated to tobacco smoking (Alexandrov et al. 2016). 
Inevitably, a higher portion of patients who had the habit 
of BQ chewing reported a history of smoking in our cohort, 
compared with that of non-BQ chewers. Our results, together 
with others’ suggest that mutations attributed to consensus 
signature 1 in our dataset may be largely associated with BQ 
chewing, as those signature 5 mutations are likely due to the 
confounding risk factor, smoking, in our cohort.
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To explore the mutational signatures and mutagenic 
impacts associated with BQ chewing in OSCC, additional 
work is needed to address several limitations of the pre-
sent study. One issue is that the composition of betel quid 
differs geographically. There are three major types of betel 
quid used in Taiwan, all of which are free of tobacco and 
associated with the particular molecular pathology of oral 
cancer (Chen et al. 2008). In this regard, the observations 
about the genomic alterations associated with BQ-related 
OSCC in this study might be confined to particular ethnic 
or geographic groups. Another drawback is that the impact 
from covariate behaviors of BQ chewers cannot be excluded. 
Smoking and alcohol uptake are two prominent covariate 
behaviors of BQ chewers that have been linked to specific 
mutational signatures in head and neck cancers. Signature 
4 (characterized mainly by C > A mutations) and signature 
5 (with a predominance of T > C and C > T mutations) were 
increased in smokers versus nonsmokers (Alexandrov et al. 
2016), as signature 16 (featured by T > C mutations) was 
associated with alcohol drinking (Chang et al. 2017). These 
signatures were not extracted in this study presumably due 
to a limited size of our mutational catalog. However, no dif-
ference in overall C > A mutation counts was observed in 
our cohort (Fig. 2c). In spite of an overall increase of T > C 
mutations observed in our BQ-related samples, we did not 
detect the difference in T > C mutation calls at ApTpN sites 
in our cohort (Figure S4) as signature 5 and 16 are both pre-
dominantly represented by T > C mutations at ApTpN sites. 
These suggest that a possible contribution from excessive 
alcohol consumption and smoking, to some extent, may be 
involved, yet BQ chewing itself is most plausibly the major 
cause of these observed differences based on our current 
study design. Also not excluded is the role for the differ-
ences in the biology of tumors from distinct locations of 
the oral cavity arising in BQ users compared with non-BQ 
users since OSCC relates to a myriad of anatomical sites that 
comprise this disease. Additionally, the actual impact of BQ 
chewing on OSCC may be underestimated, as higher muta-
tion rates were observed in introns than in exons due to dif-
ferential mismatch repair (Frigola et al. 2017). A large-scale 
analysis of oral cancer using whole-genome sequencing will 
further extend our knowledge of BQ-associated effects on 
OSCC genomes. Also unavailable was a completed col-
lection of HPV typing data, since BQ chewing was recog-
nized as a prevailing risk of OSCC among males in Taiwan. 
Moreover, the genomic landscape of BQ-related OSCC and 
whether there is a transcriptional strand bias within BQ-
related mutational signatures remain a puzzle in the OSCC 
etiology and need future investigations.

Collectively, we identified a specific mutational signa-
ture and particular types of somatic aberrations associ-
ated with BQ chewing, which permits reassessment of our 

understanding of how BQ chewing affects oral carcinogen-
esis at the genome-wide scale.
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