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Oral squamous cell carcinoma (OSCC) is a common cancer of the oral cavity in India.
Cigarette smoking and chewing tobacco are known risk factors associated with OSCC.
However, genomic alterations in OSCC with varied tobacco consumption history are not
well-characterized. In this study, we carried out whole-exome sequencing to characterize
the mutational landscape of OSCC tumors from subjects with different tobacco
consumption habits. We identified several frequently mutated genes, including TP53,
NOTCH1, CASP8, RYR2, LRP2, CDKN2A, and ATM. TP53 and HRAS exhibited mutually
exclusive mutation patterns. We identified recurrent amplifications in the 1q31, 7q35,
14q11, 22q11, and 22q13 regions and observed amplification of EGFR in 25% of samples
with tobacco consumption history. We observed genomic alterations in several genes
associated with PTK6 signaling. We observed alterations in clinically actionable targets
including ERBB4, HRAS, EGFR, NOTCH1, NOTCH4, and NOTCH3. We observed
enrichment of signature 29 in 40% of OSCC samples from tobacco chewers. Signature
15 associated with defective DNA mismatch repair was enriched in 80% of OSCC
samples. NOTCH1 was mutated in 36% of samples and harbored truncating as well as
missense variants. We observed copy number alterations in 67% of OSCC samples.
Several genes associated with non-receptor tyrosine kinase signaling were affected in
OSCC. These molecules can serve as potential candidates for therapeutic targeting
in OSCC.
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INTRODUCTION

Oral cancer is a prevalent cancer in the Indian subcontinent
among men (1). Usage of tobacco in both smoking and chewing
forms is a significant risk factor associated with oral cancer
development (2). Alcohol consumption, infection by human
papillomavirus (HPV), and poor oral hygiene are other factors
responsible for oral malignancies (2). Oral cancer is generally
diagnosed at a late stage due to ignorance of early onset lesions.
This is common in developing countries due to lack of awareness
and poor access to medical care (3, 4). There are an estimated
354,864 new cases of oral cancer worldwide (2% of all cancers).
Among them, 227,906 (64.22%) cases are reported from Asia,
where India accounted for 107,424 (30.27%) incidences in 2018.
The estimated number of deaths is recorded to be approximately
177,757, of which (75,290 deaths) 42% are recorded from
India (5).

Several studies have investigated genomic anomalies
associated with oral squamous cell carcinoma from patients
with a history of alcohol consumption, cigarette smoking,
tobacco chewing, and HPV infection. The cancer genome atlas
(TCGA) head and neck squamous cell carcinoma study consists
of 62% oral cavity tissue samples. It reported inactivating
mutations in TRAF3, CASP8, NOTCH1, and TP53 and
activating mutations in PIK3CA (6). Similarly, mutations in
genes such as HRAS, MET, CDKN2A, and STKII, including
TP53 and PIK3CA were reported from 80 OSCC patients in a
Japanese cohort (7). Mutational landscape is delineated using
sequencing techniques to understand the molecular mechanisms
involved in oral cancer development (8, 9). Farah et al. reported
that reduced expression of BRCA1 and BRCA2, among other
DNA repair genes, was responsible for the malignant
transformation of oral leukoplakia to OSCC using whole-
exome sequencing and other techniques (8). RNA-Seq analysis
identified PKLR, CST1, and C17orf77 as dysregulated genes
between tobacco users and non-users of HNSCC samples (10).
Our group recently reported that OKF6/TERT1 cell lines
exposed to smoke lead to higher C>A transversions while
chewing tobacco treatment results in C>G transversions (11).
A recent study by Maitra et al. reported a similar observation of
higher C>G transversion in gingiva-buccal OSCC patients with a
tobacco-chewing history (12). Another study by our group
employed whole-exome and RNA-Seq analyses of oral
keratinocytes exposed to Shisha tobacco and demonstrated
enrichment of Interferon signaling pathway and activation of
MAPK1 pathway (13).

Most genome/exome studies in oral cancers have focused on
smoking or chewing tobacco forms. Oral cancer is the
predominant form of cancer in India, and studying gene
alterations associated with tobacco usage habits in oral cancer
patients is crucial. Despite many studies carried out on oral
Abbreviations: OSCC, Oral Squamous Cell Carcinoma; TCGA, The cancer
genome atlas; HNSCC, head and neck squamous cell carcinoma; SNV, Single
nucleotide variants; CNA, Copy number alterations; COSMIC, Catalogue Of
Somatic Mutations In Cancer; BAM, binary alignment map; BWA, Burrows-
Wheeler Aligner; MEM, maximal exact matches; WES, whole-exome sequence.
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cancer to identify alterations at the gene level, the role of tobacco
in cellular transformation is unclear. Here, we have performed
whole-exome sequencing of oral cancer patient samples to
identify genetic anomalies associated with tobacco usage
habits. This study provides novel insights into understanding
the role of tobacco in oral cancer and paves the way for the future
course of disease management.
MATERIAL AND METHODS

Sample Details
Oral cancer samples were acquired with written consent from the
patients from Burdwan Dental College and Hospital, Burdwan,
Kolkata-700014 for this study. All study subjects voluntarily
consented to participate in the study and gave informed
consent. The Institutional Human Ethics Committee approved
the study. Patients who had not undergone any chemo or
radiotherapy before surgical resection were considered for
genomic profiling. A small portion of surgically resected tumor
tissue from patients was treated with RNA-later stabilization
solution (Qiagen) and stored at −80°C until further use. Tumor
tissue stored in RNA-later solution was used to sequence tumor
DNA, and peripheral blood leukocyte samples were used to
sequence germline DNA from 30 patients. The patient samples
were stratified into three categories based on tobacco usage
habits i.e. tobacco smokers hereafter referred to as smokers,
tobacco chewers hereafter referred to as chewers, and patients
with no-habits hereafter referred to as non-users. From each
cohort, ten pairs of samples were used for sequencing.
Clinicopathological features of oral cancer patients are
presented in Supplementary Table 1.

DNA Extraction
DNA was extracted from surgically resected tumor samples and
peripheral blood using AllPrep DNA/RNA Mini Kit to generate
libraries for Next-Generation sequencing. DNA quantity was
assessed using Nanodrop and 1% agarose Gel Electrophoresis to
check the integrity of the extracted DNA. Quantitation of DNA
was done using Qubit Fluorometer QIAXPERT and Qubit. A
minimum of 40 ng of DNA with a 260/280 absorbance ratio
greater than 1.6 was used as input for the whole-exome library
preparations using Agilent SureSelectXT Human All Exon V5
kit. The obtained libraries were diluted to a final concentration of
2 nm in 10 ul and were subjected to cluster amplification. Once
the cluster generation was completed, the flow cells were loaded
onto the sequencer. Sequencing was carried out on HiSeq X10 to
generate 2 × 150 bp sequence reads at 100× mean
sequencing depth.

Whole-Exome Sequence Analysis
Raw reads were assessed for Phred score quality using FastQC
(14). The open-source fastq-mcf (v1.1.2-806) command-line tool
was used to detect and remove sequencing adapters, primers, and
low-quality nucleotides at the ends of reads (15). Raw reads were
acquired in Fastq format and analyzed using GATK good-
practice workflow (Genome Analysis Toolkit, Broad Institute).
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Trimmed reads were aligned against human genome hg19 using
BWA (Burrows-Wheeler Aligner)-MEM (Maximal Exact
Matches) (v0.7.12) (16). Aligned reads were further sorted and
indexed using Samtools (v1.2) (17). These binary alignment map
(BAM) files were assessed for biases due to PCR duplicates, and
likely duplicates were flagged using MarkDuplicates tool of
Picard package (v1.140) of the GATK tool suite (Genome
Analysis Toolkit, Broad Institute). It was further used to
realign reads around known indels from population frequency
databases and base quality score recalibration. Somatic variants
were identified using Strelka (v.2.9.2), and variant annotation
pipeline VariMAT—Variation andMutation Annotation Toolkit
(v2.4.1) was used for the annotations (18). Common variants
reported in the population frequency databases such as dbSNP,
1,000G, and ExAC were removed (19–21). Exonic variants with
alternate allele depth ≥five reads and allele frequency ≥5% were
retained for the downstream analysis. Copy number alteration
analysis was done using OncoCNV, and alterations with p-value
1 × 10−5 were considered to have a statistically significant copy
number gain with the fold change threshold of ≥3 and copy
number loss of ≤1 (22).

Bioinformatic Analysis
Whole-exome sequence datasets were evaluated for human
papillomavirus infection using VirusFinder and HPVDetector
(23, 24). Binary alignment files were analyzed for HPV origin
reads using VirusFinder using default parameters, and Fastq files
were analyzed using HPVDetector for the presence of HPV. A
default background database of HPV genome sequence obtained
along with respective packages was used for the analysis. All the
samples were analyzed for microsatellite instability using
MANTIS with default parameters (25). Gene expression
profiles from TCGA-Head and neck squamous cell carcinoma
datasets were obtained from UALCAN (26). Single nucleotide
variants were further analyzed using the Cancer Genome
interpreter (https://www.cancergenomeinterpreter.org/)
platform, and a list of experimentally validated oncogenic
mutations was obtained. Mutually exclusive single nucleotide
variants were identified using the “Mutual Exclusivity”module of
the cBioPortal platform. Frequently mutated genes were queried
for mutual exclusivity using “Head and Neck Squamous Cell
Carcinoma (John Hopkins, Science 2011)”, “Head and Neck
Squamous Cell Carcinoma (Broad, Science 2011)”, “Head and
Neck Squamous Cell Carcinoma (TCGA, Firehose Legacy)” and
“Oral Squamous Cell Carcinoma (MD Anderson, Cancer Discov
2013)” as background datasets. The mutually exclusive mutated
gene pairs in the background datasets with a p-value <0.001 were
considered statistically significant. Lollipop plot was generated
using Mutation Mapper module of cBioPortal (27, 28).

Druggable Genome Analysis
Genes affected by genomic alterations in at least three
samples were further analyzed for the potential druggable
target using DGIdb 3.0 (29). This database hosts the gene–
drug interactions compiled and curated from different
resources such as DrugBank, NCI, and CGI. Genes with
recurrent SNVs or CNA in at least three samples were queried
Frontiers in Oncology | www.frontiersin.org 3
using API with gene attribute as main query along with accessory
attributes such as source_trust_levels=Expert%20curated, fda_
approved_drug=true and anti_neoplastic=true. Following is the
link to API.

ht tps : / /dgidb.org/api/v2/ interact ions . json?genes=
<genelist>&fda_approved_drug=true&anti_neoplastic=
true&source_trust_levels=Expert%20curated

Pathway Enrichment Analysis
Genes with recurrent somatic copy number alterations and single
nucleotide variants in at least three out of 30 samples i.e. 258
genes, were queried for pathway enrichment using Reactome
(30). Pathways with at least five mapped genes with p ≤0.05
were considered.

Somatic Signature
The high confidence somatic SNVs were analyzed to create
tr inucleotide mutation signatures using R package
SomaticSignatures (31). Decomposing mutation signatures
determined the peculiar trinucleotide COSMIC signatures in
each sample using Mutalisk (32). Boxplots were generated
using R, and heatmap was generated using Morpheus (https://
software.broadinstitute.org/morpheus/).

Statistical Analysis
Statistical significance for mutation load between each pair of
cohorts in the study was determined using unpaired Welch’s t-
test with a 95% confidence level. In transition and transversion
comparison between cohorts, statistical significance was
calculated using unpaired two-tailed Mann–Whitney test. Gene
expression distribution differences were fetched from the
UALCAN portal, and the p-value was calculated using the
Comprehensive Perl Archive Network (CPAN) module
“Statistics::TTest” (26). Mean differences with the p-value
≤0.05 were considered statistically significant.
RESULTS

Clinical Characteristics of the
Patient Cohort
Tumor tissue and blood samples were collected at the time of
surgical excision from 30 treatment naïve OSCC patients. These
samples underwent histopathological staging, and tumor
sections with >80% tumor nuclei in total cellular nuclei were
used for DNA isolation and library preparation. Most patients
were male (60%). As tobacco smoking habit is more common
among males in India, they constitute our entire smoker cohort.
In the tobacco chewer and non-user cohorts, we had
representation from both male and female. In each cohort,
60% of the samples were from females and 40% from males.
About 60% of patients were between the age group of 40 and 60
years. A mixture of anatomical sites was included, such as buccal
mucosa (36.7%), tongue (26.7%), lip (10%), alveolus (10%), and
others (16.7%). Among the enrolled patients, 33% chewed
tobacco, 33% smoked tobacco/cigarette, and the rest had no
history of tobacco consumption. About 53% of patients were
May 2021 | Volume 11 | Article 660696
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presented at an advanced stage III/IV. Histopathological
examination of regional nodes confirmed nodal metastasis in
70% of cases. Clinicopathological details of all the patients are
provided in Supplementary Table 1.

Mutational Landscape of Oral Squamous
Cell Carcinoma
Whole-exome sequence analysis of 30 OSCC samples consisting
of three different cohorts i.e. smokers, chewers, and tobacco non-
users, was carried out using GATK analysis pipeline. An average
of 77 million reads was acquired with an average base quality of
38.32. The samples’ on-target coverage ranged from 82.94 to
89.72%, and average panel depth for more than 90% of the
samples ranged from 101.25 to 151.49×. Three samples had
depth greater than 152×. Sequencing statistics for each patient is
provided in Supplementary Table 2. Among 30 tumors, we
observed 6,179 non-synonymous SNVs in 4,482 genes and 3,070
synonymous SNVs in 2,490 genes [Supplementary Figure 1].
The median mutation load per megabase (MB) per tumor was
5.31 (2.9 non-synonymous variants) in OSCC [Supplementary
Table 3]. There are 911 genes mutated in ≥2 tumors, of which
108 are recurrently mutated in >16% of tumor samples
[Supplementary Table 4]. The most frequently mutated genes
across all the tumors were NOTCH1 (30%), CASP8 (26.6%),
RYR2 (23.3%), and LRP2 (20%), among others [Figure 1].
Mutations in genes involved in P53 signaling pathway such as
Frontiers in Oncology | www.frontiersin.org 4
TP53 (43.3%), CDKN2A (10%), ATM (10%), and CASP8 (26.6%)
were also among the top gene mutations across tumors. In the
case of TP53, eight out of 15 mutations are known hotspot
mutations present on the P53 DNA-binding domain of the gene
[Figure 2A]. We also observed recurrent variant p.Gly12Ser in
HRAS (13.3%), p.Leu556Val in CELSR1 (6.6%), and p.Ala737Thr
in SHANK3 (6.6%). Out of 30, nine samples (30%) had at least
one known loss of function/activating mutation in actionable
genes such as PTEN, CDKN2A, ERBB4, and TP53. We observed
13 SNVs in NOTCH1 from 11 samples, among which five were
truncating and eight were missense variants. Positional recurrent
variant p.Cys438Trp/Phe/Gly of NOTCH1 was observed in
smoker and chewer samples, which was predicted to be
deleterious by SIFT, Polyphen, and LRT with an allele
frequency of 19% [Figure 2B]. We have also observed 10 point
mutations in CASP8 out of which seven are missense and two are
truncating mutations [Figure 2C]. CASP8 mutations have been
found increasingly in oral tumor tissues compared to leukoplakia
(33). Similarly, for RYR2 gene, one truncating and six missense
mutations were found [Figure 2D]. Mutations in RYR2 gene are
known to occur during transformation of oral dysplasia to cancer
(34). PIK3CA was also found to be mutated at position
p.Glu545Lys and p.His1047Arg in smoker and chewer samples.
FAT1 was observed to have a recurrent truncating mutation in
10%, and FAT4 had missense variants in 16% of OSCC samples.
Genes MUM1 and NBPF3 harbored positionally recurrent
A

B

D
C

FIGURE 1 | >Mutational landscape of oral squamous cell carcinoma (A) Top panel depicts mutation load per Mb. (B) Sample details such as age, gender, tumor
location, and TNM staging. (C) Each row depicts a gene, and each column represents a sample. Somatic mutations are highlighted based on mutation type, and the
left panel depicts the percentage of samples that harbor mutations. (D) Bar graph represents gene mutation frequency in 30 oral squamous cell carcinoma samples.
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variants; however, they were predicted to be passenger variants
as per Cancer Genome Interpreter mutation analysis (35). In
concordance with Biswas et al.’s study, we observed recurrent
mutations in gene XIRP2 in three tumor samples with nodal
metastasis (36).
Frontiers in Oncology | www.frontiersin.org 5
Single Nucleotide Variants in
OSCC Cohorts
We evaluated the mutational landscape to differentiate mutation
patterns among the chewer, smoker, and non-user cohorts.
Thirteen genes (ADAD2, ASB10, BRINP1, CACNA1E, CNTRL,
A

B

D

C

FIGURE 2 | Pictorial representation of single nucleotide variant distribution on proteins’ domain structure (A) TP53, (B) NOTCH1, (C) CASP8, (D) RYR2. Green
represents missense, black represents a splice site, and purple indicates silent mutations. The total number of different types of mutations for each gene is given
within the circle on the right side. The x-axis depicts the length of the protein (amino acid), and the y-axis represents the number of samples. Orange flame indicates
COSMIC hotspot mutations.
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DNAH1, DNAH8, FAM208B, FBXW7, FRYL, MUM1, PCSK6,
and BRCA2) were recurrently mutated in the smoker cohort. All
these genes, except FBXW7, are predicted passenger mutations.
We identified hotspot variant p.Arg505Gly located in substrate
recognition domain (WD40) of FBXW7 in two out of 10 OSCC
samples from smokers. Similarly, genes ATM and ZFHX4 were
recurrently mutated in three samples from the chewer cohort.
Non-sense variant p.E1996* and missense variant p.A1014D in
tumor suppressor ATM are predicted as driver mutations
according to OncodriveMUT, whereas alterations in gene
ZFHX4 are predicted to be a passenger mutation (35).
Alterations in ATM, a DNA repair gene, have been reported in
various cancers like prostate, lung, and oropharyngeal cancer
(37). All single nucleotide variant harboring genes identified in
the non-user cohort are also observed in the chewer and smoker
cohorts, except ASXL2.

Mutational Signatures in OSCC Cohorts
We evaluated SNVs identified across three OSCC cohorts for
mutational signatures. The median mutation load was 5.88 SNVs
per MB in chewers, 6.82 SNVs per MB in smokers and 4.58 SNVs
per MB in pat ients wi thout a his tory of tobacco
consumption [Figure 3A].

Transition and Transversion Mutational Signatures
The transition of C:G>T:A was observed among 50.78, 52.53, and
44% SNVs in chewers, smokers, and non-users, respectively
[Figure 3B], whereas transversion of C:G>A:T was contributed
by 28.45, 22.15, and 32.94% SNVs in chewers, smokers, and non-
users, respectively [Figure 3C]. The transition of T:A>C:G was
contributed by 5.99% in the chewer cohort, whereas it was
contributed by 9.63 and 8.99% in the smoker and non-user
cohorts respectively; however, the differences were not
statistically significant [Figure 3D]. Samples with larger
number of variants i.e. IOB_24 (n = 3,500), IOB_15 (n =
1,266), and IOB_16 (n = 3,810) had higher proportion of C:
G>T:A [Supplementary Figure 2]. In concordance with
previous reports (38), we observed higher contribution of C:
G>T:A related signature in all cohorts. A relatively higher
contribution of C:G>A:T transversion signature was observed
in the chewer cohort than in the smoker and non-user cohorts. A
slightly higher contribution of T:A>C:G associated signature was
observed in the smoker and non-user cohorts [Figure 3E].

COSMIC Mutational Signatures
We further deconstructed somatic signatures using COSMIC
somatic signatures as background to predict its percentage
contribution. Signature 1 was predicted in 47% of the samples
with more than 10% contribution. Signature 6 and signature 15,
characterized by C:G>T:A, are predicted in 80% of the samples
with ≥12% contribution. Signature 15 and signature 6 are
predominantly associated with defective DNA mismatch repair,
and signature 6 is generally found in microsatellite unstable
tumors. Hence, we further assessed the whole-exome dataset for
microsatellite instability (MSI) using MANTIS and did not find
MSI incidences (25). Signature 29, which is associated with
gingivo-buccal oral squamous cell carcinoma, was enriched in
Frontiers in Oncology | www.frontiersin.org 6
40% of the tumors with a history of tobacco chewing and two
samples from a non-user cohort with a contribution of 28 and 35%
[Figure 4 and Supplementary Figure 3].

Mutually Exclusive Variants
Single nucleotide variants were analyzed for mutual exclusivity
using cBioPortal. We observed a mutually exclusive mutation
arrangement in TP53 and HRAS [Supplementary Figure 4A].
HRAS harbored a known activating variant p.Gly12Ser in four
samples, whereas TP53 was mutated in 13 samples. A similar
mutually exclusive mutation pattern was observed in TCGA-
HNSCC samples with primary site annotation of “floor of the
mouth,” “base of the tongue,” “lip,” and “other ill-defined sites in
the lip, oral cavity, and pharynx” [Supplementary Figure 4B].
Of note, mutual exclusivity was observed between a known
oncogene and a tumor suppressor gene.

Copy Number Alterations in Oral
Squamous Cell Carcinoma
Copy number variants (CNVs) were identified using WES of
tumor and matched normal coverage results. Recurrent focal
copy number variants were filtered for segments with loss of at
least one copy or gain of three or more copies in at least two
samples with a p-value significance threshold of 1 × 10−5.
Supplementary Figure 5 depicts raw copy number estimates
for 30 OSCC primary tumors. We report recurrent focal gain in
small segments of 1q31, 7q35, 14q11, 22q11, and 22q13 regions
containing 31, 9, 9, 17, and 4 genes, respectively [Supplementary
Table 5]. There are 20 genes from these regions that are
recurrently affected by copy number gain events in ≥ five
samples. Out of 30 samples, 10 samples have ≥50 CNA
affected genes. We identified more than 50 CNV affected genes
in 10 samples out of which six were from the chewer cohort. We
also observed 33 genes affected by CNV in 70% of samples from
the smoker cohort. In the case of the non-user cohort, 90% of the
samples exhibited ≤34 genes affected by copy number alterations.
Further, we observed exclusive copy number gain of 23 genes
from 11q22 in two out of 10 samples with relatively high number
of CNA affected genes. These two samples belonged to patients
from the chewer and smoker cohorts. Gene ontology enrichment
analysis of these 23 genes revealed enrichment of molecular
func t ion meta l lopept idase ac t iv i ty us ing FunRich
[Supplementary Figure 6]. EGFR was amplified in two
chewers and three smoker samples. EGFR amplifications have
been reported in ESCC and HNSCC and are significantly
associated with advanced tumor stages as well as lymph node
metastasis in oral squamous cell carcinoma (39, 40).

Clinically Actionable Gene Targets
We compared our findings with The Drug Gene Interaction
Database to identify clinically actionable gene targets. Genes with
recurrent alterations in at least three out of 30 samples were
mapped against gene–drug interaction database DGIdb
[Supplementary Table 6] . This analysis led to the
identification of 12 targetable genes. Actionable targets
included TP53, NOTCH1, CASP8, EGFR, HRAS, ATM, ERBB4,
EPHA2 , NOTCH4 , NOTCH3 , MUC16 , and POLD1
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[Supplementary Table 7]. These genes can serve as potential
candidates for targeted therapy in oral cancer, as FDA approved
drugs are available targeting these genes. Out of 12, three genes
(ERBB4, HRAS, and EGFR) mapped to signaling by PTK6
[Supplementary Table 8]. Expression of PTK6 is often found
co-amplified with members of the EGF receptors including
Frontiers in Oncology | www.frontiersin.org 7
ERBB4 in breast cancer (41). PTK6 enhances EGFR induced
activation of PI3K/AKT pathway which regulates various cellular
processes important for carcinogenesis (42). Studying the
therapeutic potential of PTK6 signaling in a larger cohort of
OSCC patients could be promising. Patients enrolled in the
current study underwent standard treatment regimen, and
A B

D

E

C

FIGURE 3 | Analysis of mutation signatures enriched in oral squamous cell carcinoma from smokers, chewers, and tobacco non-users. (A) Mutation load in chewer,
smoker, and non-user cohort. (B) C:G>T:A transitions in smokers, chewers, and tobacco non-users. (C) C:G>A:T transitions in smokers, chewers, and tobacco
non-users. (D) T:A>C:G transitions in smokers, chewers, and tobacco non-users. (E) Mutation signatures associated with OSCC from smokers, chewers, and
tobacco non-users. The height of the bar represents the contribution of the base substitution across different trinucleotide contexts.
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treatment decisions were not based on the outcome of this study.
Unfortunately, patient follow-up is extremely poor in India;
therefore the genomic alterations could not be assessed
for prognostication.
DISCUSSION

This report presents a catalog of somatic mutations observed in
oral squamous cell carcinoma tumors from patients with a
history of tobacco chewing and cigarette smoking along with
tobacco non-users. Tumors from patients with a history of
Frontiers in Oncology | www.frontiersin.org 8
smoking and chewing tobacco had a higher mutation load
than non-users. Tumor biopsy samples were acquired before
radiation or chemotherapy; hence the mutation spectrum we
report represents alterations in tumors in their natural state.

We identified mutations in genes like TP53, NOTCH1,
CDKN2A, FAT1, PIK3CA, and HRAS consistent with the
previous oral cancer studies (43). Somatic mutations in
NOTCH1 are generally reported in 11–15% of the HNSCC
patients (44, 45). However, we observed them in 36% of cases
in this study which is in concordance with previously reported
higher rate of NOTCH1 mutations from Asian cohorts (12, 46).
Mutations in genes NOTCH1, NOTCH2, NOTCH3, FAT1, SOX2,
FIGURE 4 | Mutation signature decomposition in oral squamous cell carcinoma samples from chewers, smokers, and tobacco non-users. Columns represent
COSMIC signatures, and row represents samples. The percentage contribution of COSMIC signature predicted by Mutalisk is presented in the matrix where the row-
wise lowest percentage is depicted by white, and the highest percentage is depicted by blue.
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and TP63 are associated with defective squamous differentiation
(47). We observed SNVs in NOTCH1 in all cohorts, NOTCH3 in
smoker and non-user cohort, and FAT1 in chewer and non-user
cohorts. We observed eight missense and five non-sense SNVs in
NOTCH1. NOTCH1 is predicted to have tumor suppressive roles
in HNSCC where loss of function mutations in NOTCH1 were
found in domains important for its activation and its
translocation to the cell membrane (44). In OSCC patients,
mutations in NOTCH1 were found to have significant
correlation with worse overall survival (46). Also, genes
regulated by the NOTCH pathway are significantly altered in
carcinoma of the oral tongue (OTSCC) from the Asian cohort,
and it is significantly associated with poor disease-free survival
(9). Interestingly, we observed a deleterious positional recurrent
variant p.Cys438Trp/Phe/Gly in NOTCH1 gene in patients with
history of tobacco consumption, and it is not reported earlier in
TCGA-HNSC datasets or Indian cohort of OSCC patients (12).
This variant is in the calcium binding EGF domain of the protein
and is known to play a role in calcium-dependent binding of
tetrameric complexes to ligand-expressing cells (48). NOTCH1 is
reported to have oncogenic properties in OSCC, and we
speculate the role of this novel variant in the process of
tumorigenesis. Further validation to assess the impact of such
recurrent variant is vital in studying its role in OSCC. We
observed NOTCH1 gene with both missense and non-sense
variants in ten samples. Genes affected by somatic SNVs from
samples with NOTCH1 missense variant were found to be
involved in GPCR signaling. GPCRs have been shown to play
significant roles in the progression of various cancers including
OSCC (49). FBXW7 targets various proteins for degradation
including NOTCH1, c-MYC, and Cyclin E. We identified FBXW7
mutated at hotspot variant in WD40 domain which blocks the
degradation of active NOTCH1 which eventually results in
tumorigenesis (50). These observations confirm the role of the
NOTCH signaling pathway in the pathogenesis of oral cancer.
FAT1 and FAT4 have been reported to be frequently mutated in
gingivo-buccal OSCCs in an Indian cohort and are associated
with tumorigenesis in various cancers including HNSCC (12).
Mutations in tumor suppressor gene FAT1 were found to be
significantly correlated with poor disease-free survival in
HNSCC patients (51).

Human papillomavirus is a known risk factor of OSCC, and
multiple studies have reported that HPV infection is predominantly
observed in wild-type TP53 tumors (52). We observed TP53
mutation in 43% of the samples. Hence, we further analyzed
whole-exome sequencing datasets for reads from human
papillomavirus. However, we did not find HPV infection in any
of the 30 OSCC samples. Further, we observed HRAS mutation in
four samples, which is also associated withHPV-ve tumors (47).We
observed HRASmutation in 13% of the samples, comparable to the
10% mutation frequency reported in the Indian cohort in contrast
to 5% in the TCGA dataset and 8% in the Taiwanese population
(53). Mutation in HRAS is significantly associated with recurrence-
free survival in the Indian cohort (54). TP53 and HRAS mutations
alter different pathways which lead to distinctive immune response
in HNSCC (55). Hotspot mutation in PIK3CA is frequently
Frontiers in Oncology | www.frontiersin.org 9
observed in HPV-induced oropharyngeal carcinoma; however, we
observed missense variants in only two samples (6). These
mutations are reported to increase kinase activity of PIK3CA
which constitutively keeps AKT phosphorylated thereby inducing
oncogenic transformation of cells (56). Hotspot mutation H1047R
was found to be associated with positive response to PI3K pathway
inhibitors in HNSCC (57).

Patients recruited in this study were categorized into three
cohorts based on the self-reported tobacco consumption habit.
We observed that differences in the percentage contribution of
transition C:G>T:A and transversion C:G>A:T in three cohorts
were statistically insignificant. Signature 15, which is associated
with defective DNA mismatch repair, is predicted in 24 samples.
Signature 29, characterized by C:G>A:T transversion reported in
gingivo-buccal oral squamous cell carcinoma patients with a
history of chewing tobacco consumption from the Indian cohort,
is observed in all the cohorts. In concordance with previous
studies, we do not observe distinct enrichment of tobacco-
induced signatures (9, 58).

Downregulation of DMBT1 is associated with carcinogenesis in
OSCC. However, we observed copy number gain in six samples
from the tobacco user cohort (59). Genes CASP8 and FAT1 are
reported to co-occur in TCGA-Head and Neck Squamous Cell
Carcinoma (60); however, we observe similar incident in only one
out of 11 samples with these SNVs. In concordance with previous
reports, we observed higher mutation frequency in CASP8 gene in
oral cancer patients (12). Mutations in CASP8 are reported to be
higher in oral cancer tissues than in leukoplakia tissues and can be
used to profile progression of leukoplakia to oral cancer (33).
Although loss of function mutations in CASP8 are a rare event in
epithelial cancers, inactivating mutations in CASP8 have been
shown to stimulate tumoral growth, cell migration, and reduced
apoptosis in OSCC (61). Out of 30 samples, 20 samples had <50
genes affected by copy number alterations. A subset of oral cavity
tumors in the TCGA-HNSCC study with fewer CNAs is broadly
categorized as M-class cancer suggesting tumorigenesis driven by
point variants instead of copy number alteration. We observed the
typical three gene pattern of M-class tumors consisting of activating
mutation in HRAS, inactivating mutation in CASP8, and wild-type
TP53 in one sample out of 20 (6). Besides, patients with fewer CNA
affected genes are reported to have better overall survival (62).
Further, we observed exclusive copy number gain of 23 genes from
11q22 in two out of 10 samples in the tobacco user cohort with a
relatively higher number of CNA affected genes. These two samples
belonged to patients from the chewer and smoker cohorts. Out of
23, 15 (65.2%) genes were observed to have overexpressed in TCGA
Head and neck squamous cell carcinoma (TCGA-HNSCC) dataset.
Among these 15 genes, eight (34.7%) are significantly overexpressed
in HPV negative tumors as per UALCAN analysis.
CONCLUSIONS

Here we have investigated the mutation spectrum associated with
oral cancer in Indian patients based on their history of tobacco use.
Higher contribution of transition C:G>T:A related signature is
May 2021 | Volume 11 | Article 660696
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observed in all the cohorts, and in chewer cohort elevated
contribution of C:G>A:T transversion signature was observed
compared to smoker and non-user cohorts; however, the change
was not statistically significant. Signature 6 and signature 15,
which are associated with defective DNA mismatch repair, are
predicted in 80% of OSCC samples. Signature 29 associated with
gingivo-buccal oral squamous cell carcinoma was enriched in 40%
of tumors with a history of tobacco consumption. NOTCH1 and
HRAS mutations were more prevalent in the Indian cohort
compared to the TCGA-HNSCC and Taiwanese cohorts.
NOTCH1 and HRAS mutations were more prevalent in the
Indian cohort compared to the TCGA-HNSCC and Taiwanese
cohorts. Both missense and non-sense mutations were identified
in NOTCH1. EGFR is amplified in 25% of OSCC samples with a
history of tobacco consumption. We report here that 70% of
OSCC tumors from Indian patients were M-class (classification
proposed based on TCGA studies) cancer suggesting
tumorigenesis driven by point variants instead of copy number
alterations. This is a pilot study to identify genomic alterations
associated with tumors from OSCC patients who smoke tobacco,
chew tobacco, and those with no habit of using any tobacco
product. One of the major limitations of the study is the small
sample size and heterogeneous nature of the samples. Due to the
small sample size, we did not observe a significant association of
variant types between the three cohorts. A reliable comparison
would require data from a larger cohort. Further validation of
these genomic anomalies in a larger cohort that is well stratified
with due consideration for covariates is warranted. This study
provides novel insights about molecular alterations at the gene
level which can be further explored for effective treatment
modalities of oral cancer.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found here: NCBI repository,
accession number: PRJNA700466.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Human Ethics Committee,
Burdwan Dental College and Hospital, Burdwan, Kolkata-
700014. The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

KP: Formal analysis, investigation, software, writing original draft,
visualization, and data curation. FB: Formal analysis, investigation,
writing original draft, and data curation. SP: Writing—review and
editing. SR: Writing—review and editing. NM: Writing—review
Frontiers in Oncology | www.frontiersin.org 10
and editing. BN:Writing—review and editing. DS: Writing—review
and editing. MG: Methodology. JR: Methodology and resources.
HG: Conceptualization, methodology, resources, supervision,
project administration, and funding acquisition. AC:
Conceptualization, methodology, resources, writing original draft,
supervision, project administration, and funding acquisition. All
authors contributed to the article and approved the
submitted version.
FUNDING

We thank the Department of Biotechnology (DBT), Government
of India, for research support to the Institute of Bioinformatics
(IOB), Bangalore. IOB was supported by DBT Program Support
on Neuroproteomics and infrastructure for proteomic data
analysis (BT/01/COE/08/05).
ACKNOWLEDGMENTS

We thank the patients for their generosity and courage. KP was
the recipients of a Senior Research Fellow from the Council of
Scientific and Industrial Research (CSIR). FB was the recipient of
Senior Research Fellow from University Grants Commission
(UGC). HG was supported by a career development fellowship
from NHMRC (APP1148551).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.660696/
full#supplementary-material

Supplementary Figure 1 | Distribution of different type of variants identified in
OSCC whole-exome sequencing data.

Supplementary Figure 2 | Distribution of transitions and transversion in OSCC
samples.

Supplementary Figure 3 | Mutation signatures deduced by linear decomposition
method using Mutalisk in each OSCC sample.

Supplementary Figure 4 | Schematic representation of mutual exclusivity of
mutant TP53 and HRAS in (A) Current study, (B) Published TCGA-OSCC studies.
Blue circles indicate the mutation in the respective tumor sample, and the gray circle
indicates the WT allele. The column represents examined samples, and the row
represents genes.

Supplementary Figure 5 | The landscape of genomic amplifications and
deletions in each oral squamous cell carcinoma sample investigated in the study.
Green one-point-outlier, Dark Gray surroundings: frequent one-point-outlier, Brown
>1 level gain, Brown surroundings: 1 level gain, Blue: >1 level loss, Blue
surroundings: 1 level loss.

Supplementary Figure 6 | Gene ontology enrichment analysis of CNA affected
genes on cytoband 11q22 using FunRich keeping default human as a background
database.
May 2021 | Volume 11 | Article 660696

https://www.frontiersin.org/articles/10.3389/fonc.2021.660696/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.660696/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Patel et al. Tobacco Associated Alterations in Oral Cancer
REFERENCES
1. Sharma S, Satyanarayana L, Asthana S, Shivalingesh KK, Goutham BS,

Ramachandra S. Oral Cancer Statistics in India on the Basis of First Report
of 29 Population-Based Cancer Registries. J Oral Maxillofac Pathol (2018) 22
(1):18–26. doi: 10.4103/jomfp.JOMFP_113_17

2. RamH, Sarkar J, Kumar H, Konwar R, Bhatt ML, Mohammad S. Oral Cancer:
Risk Factors and Molecular Pathogenesis. J Maxillofac Oral Surg (2011) 10
(2):132–7. doi: 10.1007/s12663-011-0195-z

3. Scott S, McGurk M, Grunfeld E. Patient Delay for Potentially Malignant Oral
Symptoms. Eur J Oral Sci (2008) 116(2):141–7. doi: 10.1111/j.1600-
0722.2007.00520.x

4. Guneri P, Epstein JB. Late Stage Diagnosis of Oral Cancer: Components and
Possible Solutions. Oral Oncol (2014) 50(12):1131–6. doi: 10.1016/
j.oraloncology.2014.09.005

5. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68
(6):394–424. doi: 10.3322/caac.21492

6. Cancer Genome Atlas N. Comprehensive Genomic Characterization of Head
and Neck Squamous Cell Carcinomas. Nature (2015) 517(7536):576–82.
doi: 10.1038/nature14129

7. Nakagaki T, Tamura M, Kobashi K, Omori A, Koyama R, Idogawa M, et al.
Targeted Next-Generation Sequencing of 50 Cancer-Related Genes in
Japanese Patients With Oral Squamous Cell Carcinoma. Tumour Biol
(2018) 40(9):1010428318800180. doi: 10.1177/1010428318800180

8. Farah CS, Jessri M, Bennett NC, Dalley AJ, Shearston KD, Fox SA. Exome
Sequencing of Oral Leukoplakia and Oral Squamous Cell Carcinoma
Implicates Dna Damage Repair Gene Defects in Malignant Transformation.
Oral Oncol (2019) 96:42–50. doi: 10.1016/j.oraloncology.2019.07.005

9. Vettore AL, Ramnarayanan K, Poore G, Lim K, Ong CK, Huang KK, et al.
Mutational Landscapes of Tongue Carcinoma Reveal Recurrent Mutations in
Genes of Therapeutic and Prognostic Relevance. Genome Med (2015) 7:98.
doi: 10.1186/s13073-015-0219-2

10. Shaikh I, Ansari A, Ayachit G, Gandhi M, Sharma P, Bhairappanavar S, et al.
Differential Gene Expression Analysis of HNSCC Tumors Deciphered
Tobacco Dependent and Independent Molecular Signatures. Oncotarget
(2019) 10(58):6168–83. doi: 10.18632/oncotarget.27249

11. Rajagopalan P, Patel K, Jain AP, Nanjappa V, Datta KK, Subbannayya T, et al.
Molecular Alterations Associated With Chronic Exposure to Cigarette Smoke
and Chewing Tobacco in Normal Oral Keratinocytes. Cancer Biol Ther (2018)
19(9):773–85. doi: 10.1080/15384047.2018.1470724

12. Maitra A, Biswas NK, Amin K, Kowtal P, Kumar S, Das S, et al. Mutational
landscape of gingivo-buccal oral squamous cell carcinoma reveals new
recurrently-mutated genes and molecular subgroups. Nat Commun (2013)
4:2873. doi: 10.1038/ncomms3873

13. Patil S, Patel K, Advani J, Subbannayya T, Rajagopalan P, Babu N, et al.
Multiomic Analysis of Oral Keratinocytes Chronically Exposed to Shisha.
J Oral Pathol Med (2019) 48(4):284–9. doi: 10.1111/jop.12828

14. Andrews S. Fastqc: A Quality Control Tool for High Throughput Sequence Data.
(2010). Available at: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

15. Aronesty E. Tobioij: Comparison of Sequencing Utility Programs. (2013).
doi: 10.2174/1875036201307010001.

16. Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics (2009) 25:1754–60. doi: 10.1093/
bioinformatics/btp324

17. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
Sequence Alignment/Map Format and Samtools. Bioinformatics (2009) 25
(16):2078–9. doi: 10.1093/bioinformatics/btp352

18. Saunders CT, Wong WS, Swamy S, Becq J, Murray LJ, Cheetham RK. Strelka:
Accurate Somatic Small-Variant Calling From Sequenced Tumor-Normal
Sample Pairs. Bioinformatics (2012) 28(14):1811–7. doi: 10.1093/
bioinformatics/bts271

19. Sherry ST, Ward M, Sirotkin K. dbSNP-database for Single Nucleotide
Polymorphisms and Other Classes of Minor Genetic Variation. Genome Res
(1999) 9(8):677–9. doi: 10.1101/gr.9.8.677

20. Clarke L, Fairley S, Zheng-Bradley X, Streeter I, Perry E, Lowy E, et al. The
International Genome Sample Resource (Igsr): A Worldwide Collection of
Frontiers in Oncology | www.frontiersin.org 11
Genome Variation Incorporating the 1000 Genomes Project Data. Nucleic
Acids Res (2017) 45(D1):D854–D9. doi: 10.1093/nar/gkw829

21. Karczewski KJ, Weisburd B, Thomas B, Solomonson M, Ruderfer DM,
Kavanagh D, et al. The ExAC Browser: Displaying Reference Data
Information From Over 60 000 Exomes. Nucleic Acids Res (2017) 45(D1):
D840–5. doi: 10.1093/nar/gkw971

22. Boeva V, Popova T, Lienard M, Toffoli S, Kamal M, Le Tourneau C, et al.
Multi-Factor Data Normalization Enables the Detection of Copy Number
Aberrations in Amplicon Sequencing Data. Bioinformatics (2014) 30
(24):3443–50. doi: 10.1093/bioinformatics/btu436

23. Wang Q, Jia P, Zhao Z. Virusfinder: Software for Efficient and Accurate
Detection of Viruses and Their Integration Sites in Host Genomes Through
Next Generation Sequencing Data. PloS One (2013) 8(5):e64465. doi: 10.1371/
journal.pone.0064465

24. Chandrani P, Kulkarni V, Iyer P, Upadhyay P, Chaubal R, Das P, et al. Ngs-
Based Approach to Determine the Presence of HPV and Their Sites of
Integration in Human Cancer Genome. Br J Cancer (2015) 112(12):1958–
65. doi: 10.1038/bjc.2015.121

25. Kautto EA, Bonneville R, Miya J, Yu L, Krook MA, Reeser JW, et al.
Performance Evaluation for Rapid Detection of Pan-Cancer Microsatellite
Instability With Mantis. Oncotarget (2017) 8(5):7452–63. doi: 10.18632/
oncotarget.13918

26. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-
Rodriguez I, Chakravarthi B, et al. Ualcan: A Portal for Facilitating Tumor
Subgroup Gene Expression and Survival Analyses. Neoplasia (2017) 19
(8):649–58. doi: 10.1016/j.neo.2017.05.002

27. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The Cbio
Cancer Genomics Portal: An Open Platform for Exploring Multidimensional
Cancer Genomics Data. Cancer Discovery (2012) 2(5):401–4. doi: 10.1158/
2159-8290.CD-12-0095

28. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using
the Cbioportal. Sci Signal (2013) 6(269):pl1. doi: 10.1126/scisignal.2004088

29. Cotto KC, Wagner AH, Feng YY, Kiwala S, Coffman AC, Spies G, et al. Dgidb
3.0: A Redesign and Expansion of the Drug-Gene Interaction Database.
Nucleic Acids Res (2018) 46(D1):D1068–D73. doi: 10.1093/nar/gkx1143

30. Croft D, O’Kelly G, Wu G, Haw R, Gillespie M, Matthews L, et al. Reactome: A
Database of Reactions, Pathways and Biological Processes. Nucleic Acids Res
(2011) 39:D691–7. doi: 10.1093/nar/gkq1018

31. Gehring JS, Fischer B, Lawrence M, Huber W. Somaticsignatures: Inferring
Mutational Signatures From Single-Nucleotide Variants. Bioinformatics
(2015) 31(22):3673–5. doi: 10.1093/bioinformatics/btv408

32. Lee J, Lee AJ, Lee JK, Park J, Kwon Y, Park S, et al. Mutalisk: A Web-Based
Somatic Mutation AnaLyIS toolKit for Genomic, Transcriptional and
Epigenomic Signatures. Nucleic Acids Res (2018) 46(W1):W102–8.
doi: 10.1093/nar/gky406

33. Singh R, Das S, Datta S, Mazumdar A, Biswas NK, Maitra A, et al. Study of
Caspase 8 Mutation in Oral Cancer and Adjacent Precancer Tissues and
Implication in Progression. PloS One (2020) 15(6):e0233058. doi: 10.1371/
journal.pone.0233058

34. Schmitt K, Molfenter B, Laureano NK, Tawk B, Bieg M, Hostench XP, et al.
Somatic Mutations and Promotor Methylation of the Ryanodine Receptor 2 is
a Common Event in the Pathogenesis of Head and Neck Cancer. Int J Cancer
(2019) 145(12):3299–310. doi: 10.1002/ijc.32481

35. Tamborero D, Rubio-Perez C, Deu-Pons J, Schroeder MP, Vivancos A, Rovira
A, et al. Cancer Genome Interpreter Annotates the Biological and Clinical
Relevance of Tumor Alterations. Genome Med (2018) 10(1):25. doi: 10.1186/
s13073-018-0531-8

36. Biswas NK, Das C, Das S, Maitra A, Nair S, Gupta T, et al. Lymph Node
Metastasis in Oral Cancer is Strongly Associated With Chromosomal
Instability and DNA Repair Defects. Int J Cancer (2019) 145(9):2568–79.
doi: 10.1002/ijc.32305

37. Choi M, Kipps T, Kurzrock R. Atm Mutations in Cancer: Therapeutic
Implications. Mol Cancer Ther (2016) 15(8):1781–91. doi: 10.1158/1535-
7163.MCT-15-0945

38. Cooper DN, Bacolla A, Ferec C, Vasquez KM, Kehrer-Sawatzki H, Chen JM.
On the Sequence-Directed Nature of Human Gene Mutation: The Role of
Genomic Architecture and the Local Dna Sequence Environment in
May 2021 | Volume 11 | Article 660696

https://doi.org/10.4103/jomfp.JOMFP_113_17
https://doi.org/10.1007/s12663-011-0195-z
https://doi.org/10.1111/j.1600-0722.2007.00520.x
https://doi.org/10.1111/j.1600-0722.2007.00520.x
https://doi.org/10.1016/j.oraloncology.2014.09.005
https://doi.org/10.1016/j.oraloncology.2014.09.005
https://doi.org/10.3322/caac.21492
https://doi.org/10.1038/nature14129
https://doi.org/10.1177/1010428318800180
https://doi.org/10.1016/j.oraloncology.2019.07.005
https://doi.org/10.1186/s13073-015-0219-2
https://doi.org/10.18632/oncotarget.27249
https://doi.org/10.1080/15384047.2018.1470724
https://doi.org/10.1038/ncomms3873
https://doi.org/10.1111/jop.12828
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.2174/1875036201307010001
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/bts271
https://doi.org/10.1093/bioinformatics/bts271
https://doi.org/10.1101/gr.9.8.677
https://doi.org/10.1093/nar/gkw829
https://doi.org/10.1093/nar/gkw971
https://doi.org/10.1093/bioinformatics/btu436
https://doi.org/10.1371/journal.pone.0064465
https://doi.org/10.1371/journal.pone.0064465
https://doi.org/10.1038/bjc.2015.121
https://doi.org/10.18632/oncotarget.13918
https://doi.org/10.18632/oncotarget.13918
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1093/nar/gkx1143
https://doi.org/10.1093/nar/gkq1018
https://doi.org/10.1093/bioinformatics/btv408
https://doi.org/10.1093/nar/gky406
https://doi.org/10.1371/journal.pone.0233058
https://doi.org/10.1371/journal.pone.0233058
https://doi.org/10.1002/ijc.32481
https://doi.org/10.1186/s13073-018-0531-8
https://doi.org/10.1186/s13073-018-0531-8
https://doi.org/10.1002/ijc.32305
https://doi.org/10.1158/1535-7163.MCT-15-0945
https://doi.org/10.1158/1535-7163.MCT-15-0945
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Patel et al. Tobacco Associated Alterations in Oral Cancer
Mediating Gene Mutations Underlying Human Inherited Disease. Hum
Mutat (2011) 32(10):1075–99. doi: 10.1002/humu.21557

39. Li JC, Zhao YH, Wang XY, Yang Y, Pan DL, Qiu ZD, et al. Clinical
Significance of the Expression of EGFR Signaling Pathway-Related Proteins
in Esophageal Squamous Cell Carcinoma. Tumour Biol (2014) 35(1):651–7.
doi: 10.1007/s13277-013-1089-0

40. Chien HT, Cheng SD, Liao CT, Wang HM, Huang SF. Amplification of the
EGFR and CCND1 are Coordinated and Play Important Roles in the
Progression of Oral Squamous Cell Carcinomas. Cancers (Basel) (2019) 11
(6):760. doi: 10.3390/cancers11060760

41. Aubele M, Auer G, Walch AK, Munro A, Atkinson MJ, Braselmann H, et al.
Ptk (Protein Tyrosine Kinase)-6 and HER2 and 4, But Not HER1 and 3
Predict Long-Term Survival in Breast Carcinomas. Br J Cancer (2007) 96
(5):801–7. doi: 10.1038/sj.bjc.6603613

42. Kamalati T, Jolin HE, Fry MJ, Crompton MR. Expression of the BRK Tyrosine
Kinase in Mammary Epithelial Cells Enhances the Coupling of EGF Signalling
to PI 3-Kinase and Akt. via erbB3 phosphorylation. Oncogene (2000) 19
(48):5471–6. doi: 10.1038/sj.onc.1203931

43. Su SC, Lin CW, Liu YF, Fan WL, Chen MK, Yu CP, et al. Exome Sequencing
of Oral Squamous Cell Carcinoma Reveals Molecular Subgroups and Novel
Therapeutic Opportunities. Theranostics (2017) 7(5):1088–99. doi: 10.7150/
thno.18551

44. Agrawal N, Frederick MJ, Pickering CR, Bettegowda C, Chang K, Li RJ, et al.
Exome Sequencing of Head and Neck Squamous Cell Carcinoma Reveals
Inactivating Mutations in NOTCH1. Science (2011) 333(6046):1154–7.
doi: 10.1126/science.1206923

45. Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, Sivachenko A,
et al. The Mutational Landscape of Head and Neck Squamous Cell
Carcinoma. Science (2011) 333(6046):1157–60. doi: 10.1126/science.1208130

46. Nakagaki T, Tamura M, Kobashi K, Koyama R, Fukushima H, Ohashi T, et al.
Profiling Cancer-Related Gene Mutations in Oral Squamous Cell Carcinoma
From Japanese Patients by Targeted Amplicon Sequencing. Oncotarget (2017)
8(35):59113–22. doi: 10.18632/oncotarget.19262

47. Dotto GP, Rustgi AK. Squamous Cell Cancers: A Unified Perspective on
Biology and Genetics. Cancer Cell (2016) 29(5):622–37. doi: 10.1016/
j.ccell.2016.04.004

48. Hambleton S, Valeyev NV, Muranyi A, Knott V, Werner JM, McMichael AJ, et al.
Structural and Functional Properties of the Human Notch-1 Ligand Binding
Region. Structure (2004) 12(12):2173–83. doi: 10.1016/j.str.2004.09.012

49. Nohata N, Goto Y, Gutkind JS. Onco-GPCR Signaling and Dysregulated
Expression of microRNAs in Human Cancer. J Hum Genet (2017) 62(1):87–
96. doi: 10.1038/jhg.2016.124

50. Er TK, Wang YY, Chen CC, Herreros-Villanueva M, Liu TC, Yuan SS.
Molecular Characterization of Oral Squamous Cell Carcinoma Using
Targeted Next-Generation Sequencing. Oral Dis (2015) 21(7):872–8.
doi: 10.1111/odi.12357

51. Lin SC, Lin LH, Yu SY, Kao SY, Chang KW, Cheng HW, et al. Fat1 Somatic
Mutations in Head and Neck Carcinoma are AssociatedWith Tumor Progression
and Survival. Carcinogenesis (2018) 39(11):1320–30. doi: 10.1093/carcin/bgy107

52. Solomon B, Young RJ, Rischin D. Head and Neck Squamous Cell Carcinoma:
Genomics and Emerging Biomarkers for Immunomodulatory Cancer
Frontiers in Oncology | www.frontiersin.org 12
Treatments. Semin Cancer Biol (2018) 52(Pt 2):228–40. doi: 10.1016/
j.semcancer.2018.01.008

53. Chen TW, Lee CC, Liu H, Wu CS, Pickering CR, Huang PJ, et al. APOBEC3A
is an Oral Cancer Prognostic Biomarker in Taiwanese Carriers of an APOBEC
Deletion Polymorphism. Nat Commun (2017) 8(1):465. doi: 10.1038/s41467-
017-00493-9

54. Sathyan KM, Nalinakumari KR, Kannan S. H-Ras Mutation Modulates the
Expression of Major Cell Cycle Regulatory Proteins and Disease Prognosis in
Oral Carcinoma. Mod Pathol (2007) 20(11):1141–8. doi: 10.1038/
modpathol.3800948

55. Lyu H, Li M, Jiang Z, Liu Z, Wang X. Correlate the TP53 Mutation and the
HRAS Mutation With Immune Signatures in Head and Neck Squamous Cell
Cancer. Comput Struct Biotechnol J (2019) 17:1020–30. doi: 10.1016/
j.csbj.2019.07.009

56. Kang S, Bader AG, Vogt PK. Phosphatidylinositol 3-Kinase Mutations
Identified in Human Cancer are Oncogenic. Proc Natl Acad Sci USA (2005)
102(3):802–7. doi: 10.1073/pnas.0408864102

57. Lui VW, Hedberg ML, Li H, Vangara BS, Pendleton K, Zeng Y, et al. Frequent
Mutation of the PI3K Pathway in Head and Neck Cancer Defines Predictive
Biomarkers. Cancer Discovery (2013) 3(7):761–9. doi: 10.1158/2159-8290.CD-
13-0103

58. Pickering CR, Zhang J, Neskey DM, Zhao M, Jasser SA, Wang J, et al.
Squamous Cell Carcinoma of the Oral Tongue in Young non-Smokers is
Genomically Similar to Tumors in Older Smokers. Clin Cancer Res (2014) 20
(14):3842–8. doi: 10.1158/1078-0432.CCR-14-0565

59. Imai MA, Moriya T, Imai FL, Shiiba M, Bukawa H, Yokoe H, et al. Down-
Regulation of DMBT1 Gene Expression in Human Oral Squamous Cell
Carcinoma. Int J Mol Med (2005) 15(4):585–9. doi: 10.3892/ijmm.15.4.585

60. Hayes TF, Benaich N, Goldie SJ, Sipila K, Ames-Draycott A, Cai W, et al.
Integrative Genomic and Functional Analysis of Human Oral Squamous Cell
Carcinoma Cell Lines Reveals Synergistic Effects of FAT1 and CASP8
Inactivation. Cancer Lett (2016) 383(1):106–14. doi: 10.1016/j.canlet.
2016.09.014

61. Stupack DG. Caspase-8 as a Therapeutic Target in Cancer. Cancer Lett (2013)
332(2):133–40. doi: 10.1016/j.canlet.2010.07.022

62. Smeets SJ, Brakenhoff RH, Ylstra B, van Wieringen WN, van de Wiel MA,
Leemans CR, et al. Genetic Classification of Oral and Oropharyngeal
Carcinomas Identifies Subgroups With a Different Prognosis. Cell Oncol
(2009) 31(4):291–300. doi: 10.3233/CLO-2009-0471

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Patel, Bhat, Patil, Routray, Mohanty, Nair, Sidransky, Ganesh,
Ray, Gowda and Chatterjee. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
May 2021 | Volume 11 | Article 660696

https://doi.org/10.1002/humu.21557
https://doi.org/10.1007/s13277-013-1089-0
https://doi.org/10.3390/cancers11060760
https://doi.org/10.1038/sj.bjc.6603613
https://doi.org/10.1038/sj.onc.1203931
https://doi.org/10.7150/thno.18551
https://doi.org/10.7150/thno.18551
https://doi.org/10.1126/science.1206923
https://doi.org/10.1126/science.1208130
https://doi.org/10.18632/oncotarget.19262
https://doi.org/10.1016/j.ccell.2016.04.004
https://doi.org/10.1016/j.ccell.2016.04.004
https://doi.org/10.1016/j.str.2004.09.012
https://doi.org/10.1038/jhg.2016.124
https://doi.org/10.1111/odi.12357
https://doi.org/10.1093/carcin/bgy107
https://doi.org/10.1016/j.semcancer.2018.01.008
https://doi.org/10.1016/j.semcancer.2018.01.008
https://doi.org/10.1038/s41467-017-00493-9
https://doi.org/10.1038/s41467-017-00493-9
https://doi.org/10.1038/modpathol.3800948
https://doi.org/10.1038/modpathol.3800948
https://doi.org/10.1016/j.csbj.2019.07.009
https://doi.org/10.1016/j.csbj.2019.07.009
https://doi.org/10.1073/pnas.0408864102
https://doi.org/10.1158/2159-8290.CD-13-0103
https://doi.org/10.1158/2159-8290.CD-13-0103
https://doi.org/10.1158/1078-0432.CCR-14-0565
https://doi.org/10.3892/ijmm.15.4.585
https://doi.org/10.1016/j.canlet.2016.09.014
https://doi.org/10.1016/j.canlet.2016.09.014
https://doi.org/10.1016/j.canlet.2010.07.022
https://doi.org/10.3233/CLO-2009-0471
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Whole-Exome Sequencing Analysis of Oral Squamous Cell Carcinoma Delineated by Tobacco Usage Habits
	Introduction
	Material and Methods
	Sample Details
	DNA Extraction
	Whole-Exome Sequence Analysis
	Bioinformatic Analysis
	Druggable Genome Analysis
	Pathway Enrichment Analysis
	Somatic Signature
	Statistical Analysis

	Results
	Clinical Characteristics of the Patient Cohort
	Mutational Landscape of Oral Squamous Cell Carcinoma
	Single Nucleotide Variants in OSCC Cohorts
	Mutational Signatures in OSCC Cohorts
	Transition and Transversion Mutational Signatures
	COSMIC Mutational Signatures

	Mutually Exclusive Variants
	Copy Number Alterations in Oral Squamous Cell Carcinoma
	Clinically Actionable Gene Targets

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


