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Introduction

Oral squamous cell carcinoma represents a significant 
burden of morbidity and mortality worldwide, with an 
estimated 389,846 new cases and 188,438 deaths reported 
in 2022 alone [1]. Tobacco use, in smokeless and smoking 
forms, betel quid use and alcohol consumption contribute 
to nearly 70% of all oral cancers (OC) [2-4]. In recent 
times, around 4% of all OC have been attributed to Human 
Papillomavirus (HPV) infection, particularly by type 16 
[5]. This implies that nearly 25% of OC can be attributed 
to other causes [6-8]. Among these, environmental factors 
such as second-hand smoke, heavy metal exposure, 
lifestyle choices like mate drinking, opium consumption, 
mouthwash use and oral health factors including history 
of periodontal disease, poor dentition induced chronic 
mechanical irritation and oral infections have been 
proposed. However, the evidence of causation for these 
potential risk factors is limited [3, 9]. 

Mutational patterns as signatures of underlying 
carcinogenic exposures have been characterized, 
particularly for tobacco smoking, UV exposure, aflatoxin, 
among others [10-12]. The contribution of recurrent 
somatic mutations as key driver genes has been established 
for all major cancers [13-18]. The Cancer Genome Atlas 
(TCGA) and the International Cancer Genome Consortium 
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(ICGC), together with other individual efforts have created 
a comprehensive catalogue of significantly mutated genes 
in OC that include TP53, CDKN2A, CASP8, NOTCH1, 
FAT1 and PIK3CA [19-21]. Gene expression profiling 
of head and neck cancer has identified and validated 
molecular classes based on enrichment of specific gene 
sets into basal, mesenchymal and classical subtypes that 
are characterized by expression of gene signatures related 
to hypoxia, neuregulin and epithelial to mesenchymal 
transition (EMT); cell cycle, xenobiotic metabolism; and 
inflammation, immune response respectively [22]. Taken 
together, significant advances have been made in our 
understanding of the molecular pathways towards OC. 

Notably, these studies have been predominantly 
conducted in ever tobacco/ alcohol user patient cohorts 
(proportion of tobacco/alcohol users in TCGA and ICGC 
were 70% and 100% respectively) [19-21]. However, 
oral cancer develops sporadically among individuals 
with no history of tobacco or alcohol consumption. We 
hypothesize that oral cancers of such unknown etiology 
will represent a distinct genomic landscape unique to the 
molecular pathways underlying them. Here, we present 
the descriptive genomic analysis using publicly available 
data in never smokers and never drinkers (also referred to 
as habit-free) diagnosed with oral cavity cancer.
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Materials and Methods

Study design
To examine the mutational landscape of habit-free 

OC, we performed primary analysis in eligible subjects 
within TCGA (https://tcga-data.nci.nih.gov/tcga). External 
independent whole exome sequencing datasets comprising 
of habit free subjects were accessed to validate observed 
mutations (two studies and 20 subjects) [23, 24]. The 
mutation profile observed in TCGA habit-free OC were 
contrasted against habit-related OC from TCGA and 
ICGC (http://www.icgc.org/) for further validation. 
Transcriptomic datasets of TCGA habit-free subjects was 
examined to uncover global gene expression patterns, and 
further integrated with copy number variation (CNV) and 
methylation datasets to functionally validate mutational 
findings. Figure S1 shows the overall study design. 

Data accession and mutation analysis
We obtained genomic, transcriptomic and epigenomic 

data through the Genomic Data Commons (GDC) portal 
using the TCGAbiolinks R package v2.31.3 for oral 
squamous cell carcinoma (last accessed on 7th January, 
2025). Patient associated clinical metadata, including 
demographic and lifestyle information were accessed 
from CBioportal (https://www.cbioportal.org/). Tumors 
comprising oral tongue (n = 128), base of tongue, buccal 
mucosa (n = 23), alveolar ridge (n = 18), floor of mouth 
(n = 63), hard palate (n = 7) and non-specified sites of 
the oral cavity were included. The present habit-free 
analysis included forty-two oral cancer subjects recorded 
as non-smokers (≤100 cigarettes in lifetime), never 
alcohol drinkers and HPV-negative based on surrogate 
P16 positivity ascertained by immunohistochemistry. 
Subjects with missing data for exposures (n=40) and HPV 
status were excluded. Somatic variants were processed 
and summarized using the TCGAbiolinks and maftools 
packages (v.2.10.5) in R v.4.1.2 [25]. The top 50 most 
frequently mutated genes were visualized through an 
oncoplot. Mutational impact was predicted using Sorting 
Intolerant from Tolerant (SIFT) and variant effector 
predictor [26, 27]. Tumor mutation burden (TMB) for 
each sample was calculated by dividing the total number 
of non-synonymous somatic mutations by the size of the 
human exome (38 Mb). Patterns of mutual exclusivity 
and co-occurrence among recurrently mutated genes were 
assessed using the somaticInteractions function in the R 
Bioconductor package (v.4.1.2). 

Trinucleotide mutational signatures were extracted and 
compared against reference signatures from the COSMIC 
(Catalogue of Somatic Mutations in Cancer) database 
(https://cancer.sanger.ac.uk/cosmic/signatures) using the 
SomaticSignatures framework. Somatic single-nucleotide 
variants were classified into 96 trinucleotide contexts 
[11]. A mutation count matrix (96×n) was generated for 
all samples and decomposed using non-negative matrix 
factorization (NMF) to extract underlying mutational 
signatures. Extracted signatures were normalized to unit 
sum and compared to COSMIC v3.3 reference signatures 
using cosine similarity, where values ≥0.85 indicated high 
concordance. All analyses were performed in R (version 

4.1.2).
The replication dataset included 10 OC subjects 

identified as tobacco and alcohol never users from 
BioProject PRJNA740146 [24]. Raw reads were aligned 
to the GRCh38 reference genome using BWA-MEM 
(v0.7.17) [28]. Duplicate reads were marked, and base 
quality score recalibration was performed using Genome 
Analysis Toolkit, Broad Institute (GATK v4.3.0) [29]. 
Somatic variants were called using GATK Mutect2, 
employing a panel of normal to suppress sequencing 
and mapping artefacts. Variants were filtered using 
FilterMutectCalls and annotated using ANNOVAR 
[30]. High-confidence non-synonymous mutations 
(depth ≥20×, allelic depth≥5) that passed filtering were 
used for downstream analysis. Filtered VCFs were 
used to examine the mutational profile. Additionally, 
for replication, summary-level mutation data from 10 
never- chewing/ smoking/ alcohol subjects were available 
from another independent study and were included [23]. 
Curated mutation summary files included annotated 
lists of all observed somatic variants with gene names, 
variant classifications, and functional consequences. Top 
50 significantly mutated genes in these analyses were 
classified into known oral cancer genes, MUC16/MUC5B 
related genes based on STRING network analysis [31] and 
other mucin genes. 

Copy number analysis
Segmented copy number variation (CNV) data for 

42 habit-free TCGA OC subjects were obtained from the 
GDC portal as a masked copy number segment file. CNV 
segments were matched to the 42 habit-free OC tumors 
and filtered to retain only those overlapping the genomic 
coordinates of MUC16 (chr19) and MUC5B (chr11). For 
each of these genes, overlapping segments were extracted 
and the dominant segment per sample was defined as the 
one with the highest absolute log2 copy-number value. 
Gene-level CNV calls for MUC16 and MUC5B were 
summarized using R (v 4.1.2) for downstream integration 
with methylation and expression analyses.

Methylation analysis
DNA methylation data (level 3 β-values) for 42 habit-

free TCGA OC subjects were obtained from the GDC 
portal. CpG probe annotations were retrieved from the 
Illumina HumanMethylation450 (HM450) manifest file 
[32], and probes mapping to the promoter and gene body 
regions of MUC16 and MUC5B were extracted.  In the 
case of MUC16, of the total 5 probes, 1 mapped to the 
gene body and 3 to the promoter (one probe matched 
the 3’UTR). Similarly, for MUC5B, 62 and 8 of total 
74 mapped to the gene body and promoter respectively 
(three probes matched the 3’UTR). For each of these 
genes, average CpG-level β-values for the gene body 
and promoter were estimated. Group-wise comparisons 
between tumor and normal, of the calculated average 
β-value distribution for promoter and gene body were 
performed to discern the contribution, if any, of these 
gene methylation in habit-free oral carcinogenesis. 
The resulting per-sample methylation estimates for 
MUC16 and MUC5B, were subsequently integrated with 
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confidence intervals were obtained. MUC16/MUC5B 
gene expression counts in tumor and normal samples 
from bulk transcriptomic data were compared to estimate 
fold change in expression for each participant. Average 
MUC16/MUC5B gene expression levels for all forty-
two tumors and 95% confidence interval of means was 
calculated. A single outlier value for MUC16 was observed 
with an expression value greater than 650 times the group 
average. This datapoint was excluded from all analyses 
pertaining to MUC16 expression to avoid bias. Impact of 
MUC16/ MUC5B gene mutations as deleterious, moderate 
or unknown estimated as mentioned above were used 
in stratified analysis. CNV and promoter or gene body 
methylation status of MUC16/ MUC5B were determined 
as described above. Average MUC16/MUC5B gene 
expression levels and 95% confidence interval of means 
for stratified analysis by mutation and copy number status 
was calculated and P-values were derived using t-test or 
Analysis of variance (ANOVA), as applicable. Pearson’s 
correlation test was employed to estimate the r-squared 
value between MUC16/ MUC5B promoter or gene body 
methylation and expression. The association between 
MUC16/ MUC5B gene mutation status, molecular subtype 
and TMB was examined through logistic regression 
models and odds ratios and 95% confidence intervals 
were obtained. Univariate and multivariate models 
adjusted for age, sex and stage at diagnosis (early and 
late) were examined. Survival associations for MUC16/ 
MUC5B gene mutations were tested using univariate and 
multivariate Cox proportional hazards models adjusted for 
age, sex and stage as applicable. Statistical significance 
for mutual exclusivity was determined with Fisher’s exact 
test, with a significance threshold of p < 0.05. Mutation 
frequencies between TCGA habit-free and TCGA or ICGC 
habit-related subjects were compared using two sample 
tests of proportions, p-value less than 0.05 was considered 
significant. Tumor infiltration level comparison between 
habit-free and habit-related subjects were tested using a 
two-way ANOVA. All statistical tests were performed 
using STATA statistical software, version18 (StataCorp, 
College Station, TX), and all reported P-values are two 
sided. Statistical significance was set at P-value less than 
0.05. 

Results

Mutation Profiling of habit-free oral cancers
TCGA habit-free oral cancers were frequently seen 

in oral tongue, tended to be women, diagnosed at later 
stages and had a median survival of 4.49 years (Table 1). 
A total of 4146 mutations in 3351 genes were found 
in 42 samples, with every sample carrying at least one 
mutation. There were 539 genes mutated in at least two 
samples or more, with 8 gene mutations present in more 
than 20% of the samples (8 samples or more). An oncoplot 
of frequently occurring somatic mutation are depicted in 
Figure 1. The tumor mutation rate per individual was 2.7 
in this group. Somatic mutations in previously known 
oral cancer genes were replicated in this habit-free group; 
TP53 (78%), TTN (43%), CASP8 (26%), CDKN2A 
(26%), FAT1 (24%), KMT2D (19%), HUWE1 (19%), 

expression counts of respective genes.

Differential expression analysis
The gene expression raw count data for 42 habit-free 

TCGA OC subjects was obtained from the GDC (project: 
TCGA-HNSC, harmonized STAR-counts, release 2025-
01-07). The dataset included 42 primary tumours and 7 
adjacent normals.  Only genes expressed at counts ≥10 in 
at least 25% of samples were retained. Count data were 
normalized using the DESeq2 package (v1.34.0) [33] 
with variance stabilizing transformation and principal 
component analysis. Tumor versus normal were compared 
to determine differential gene expression.  Genes with 
a log two-fold change ≥ 1 and Benjamini–Hochberg 
adjusted p < 0.05 were considered differentially expressed. 
Hierarchical clustering of differentially expressed genes 
(DEGs) was performed and heatmap were generated using 
R pheatmap package (v1.0.13). Functional annotation 
was carried out using gene ontology (GO) categories 
and pathway enrichment was assessed using the KEGG 
database [34]. Enrichment results were visualized 
using the ggplot2 package (version 3.0.4). Significance 
thresholds were set at a false discovery rate (FDR) < 0.25 
and p < 0.05.

Molecular subtyping OC subjects
We classified habit-free oral tumors into established 

molecular subtypes using a centroid-based approach. 
RNA-seq expression data were processed by estimating 
the average of duplicate genes following normalization 
of the expression values. Subtype reference centroids for 
the four recognized head and neck cancer subtypes (basal, 
mesenchymal, classical, and atypical) were obtained from 
the Keck dataset [35]. Pearson correlation coefficients 
were calculated between each sample and the subtype 
centroids, and samples were assigned to the subtype with 
the highest correlation. PCA of the common genes was 
performed to visualize sample distribution and subtype 
separation. All analyses were conducted using R (v4.1.2).

Immune cell composition analysis
The relative fractions of immune cell types were 

estimated using CIBERSORTx, applying the LM22 
leukocyte signature (22 immune cell subtypes) and 100 
permutations for significance testing [36]. Correlations 
among immune cell types were assessed, and immune 
infiltration levels were compared between TCGA habit-
free (n = 42) and habit-associated OC using ANOVA, 
p-value for significance was set at <0.05.

Statistical analysis 
Two sample tests of proportions were employed 

to compare patient characteristics of tumors carrying 
TP53 and FBXW7 mutations. Survival associations 
were tested using univariate and multivariate Cox 
proportional hazards models adjusted for age, sex and 
stage as applicable. The association between TMB and 
focussed gene mutation status of TP53 and FBXW7 
were examined through logistic regression in univariate 
and multivariate models adjusted for age, sex and stage 
at diagnosis (early and late) and odds ratios and 95% 
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Variables Habit-free oral cancers (n= 42)
N (%)

Age (years)
     Mean ± SE 64.19± 16.03
     Median 65
     Range 19- 87
Gender
     Male 11 (26.19)
     Female 31 (73.80)
Cancer subsite a

     Oral tongue 24 (57.14)
     Buccal mucosa 18 (42.85)
Cancer stage at diagnosis b

     Stage I&II 16 (38.09)
     Stage III & IV 27 (64.28)
Overall survival status
     Alive 23 (53.65)
     Dead 19 (46.35)

Table 1. Demographic and Clinical Characteristics of 42 
Habit-Free OC Patients

a, Oral tongue includes base of tongue and buccal mucosa includes 
floor of mouth, gum and overlapping sites; b, 1 subject missing stage 
information 

NOTCH1 (17%), PCLO (14%), PIK3CA (14%), SYNE1 
(14%), among others[19]. Further, pathogenic positional 
mutations in TP53 (p.R248W, p.R273H, and p.R175H) 

CDKN2A (p.R58*, p.R80*), CASP8 (p. Q398*, p.R494*), 
NOTCH1 (p.R1984*,p.Q803*) and FAT1 (p.R628*) 
were also replicated. Notably, in addition to the above 
known oral cancer genes, this analysis revealed MUC16 
(24%) and MUC5B (10%) as frequent mutational targets, 
together contributing to at least 30% of all mutations 
in this cohort (12 of 42). Two of the ten mutations in 
MUC16 were truncating and categorized as high impact 
by variant effect predictor tool and one of them (8976759 
C>A) was further identified as deleterious based on 
SIFT prediction. Mutations identified in MUC16 were 
distributed in the N- terminal domain and 40% at the 
C-terminal tandem repeat domain, while MU5B mutations 
were predominantly localized in the C-terminal domain 
(Figure S2).

MUC16, MUC5B mutations in habit-free oral cancers
In order to ascertain the validity of the observed 

mutation profile of habit-free OC, we examined additional 
publicly available data from independent studies of OC 
that included subjects with no reported tobacco/alcohol 
history. Results are presented in Table 2. A total of 20 
subjects from two independent studies were examined 
and showed that MUC16/MUC5B mutations were indeed 
present, and at higher mutation frequencies, in both the 
independent replication datasets. The somatic mutation 
frequency for MUC16 was 40% in the replication series 
compared to 24% in TCGA habit-free oral cancers and 
20-30% for MUC5B in the replication series compared 
to 10% in TCGA habit-free subjects. Further, genes 

Figure 1. Somatic Mutation Landscape of the TCGA habit-Free Oral Cancer Cohort. Non-synonymous mutations 
in 50 most frequently mutated genes across 42 habit-free oral cancers are depicted in this oncoplot. Each column 
represents an individual tumor sample and each row represents a gene. Colored blocks indicate different mutation 
types, as shown in the legend. Bar plots at the top indicate the total number of somatic mutations per sample, while 
bar plots on the right represent the mutation frequency of each gene in the cohort. Clinical annotations, including vital 
status, tumor stage, anatomical subsite, and gender, are displayed at the bottom of the oncoplot.



Asian Pacific Journal of Cancer Prevention, Vol 27 2327

DOI:10.31557/APJCP.2026.27.6.2323
Genomic Landscape of Habit-Free OC

Habit-free oral cancer (n=42) Replication cohort 1a (n=10) Replication cohort 2b (n=10)
Gene Name Variant 

class c
Mutation 

Frequency d
Mutation 

Frequency d
Variant 
class

Mutation 
Frequency d

Variant 
class

Known Oral Cancer Genes 
TP53 Missense 76.19 60 Missense 50 Missense
TTN Missense 42.86 30 Missense 40 Missense
CASP8 Truncating 26.19 40 Missense 20 Missense
CDKN2A Truncating 26.19 20 Missense 10 Truncating
FAT1 Truncating 23.81 10 Truncating 10 Truncating
HUWE1 Missense 19.05 10 Missense 20 Missense
KMT2D Missense 19.05 20 Missense 10 Silent
NOTCH1 Missense 16.67 30 Missense 50 Missense
PCLO Missense 16.67 30 Missense 0 Nil
PIK3CA Missense 14.29 20 Missense 10 Silent
SYNE1 Missense 14.29 30 Missense 10 Intronic

Mucin and associated genes identified in TCGA
MUC16 Missense 23.81 40 Missense Missense
MUC5B Missense 9.52 40 Missense Silent
HMCN1 Missense 9.52 20 Missense Truncating
AHNAK2 Missense 7.14 10 Missense Missense
HYDIN Missense 9.52 10 Missense Missense
LRP1B Missense 11.9 20 Missense Missense

Other Mucin genes observed in the replication cohorts e

MUC4 NA Nil 20 Intronic Missense 
MUC5AC NA Nil 10 Missense Missense 
MUC3A NA Nil 10 Missense Missense 
MUC15 NA Nil 10 Truncating Missense 
MUC17 NA Nil 10 Missense Missense 
MUC12 NA Nil 10 Missense  NA
MUC2 NA Nil 10 Missense  NA
MUC6 NA Nil 20 Missense  NA
MUC19 NA Nil 30 Missense  NA
MUC20 NA Nil 10 Missense  NA

Table 2. Replication of Frequently Mutated Genes in Independent Cohorts of Habit-Free Oral Cancer

a, Previously published whole exome data accessed (PRJNA740146); b, Previously published whole exome data accessed (PRJNA700466); c, Vari-
ant class represents type of non-synonymous mutation, when mutation of corresponding gene was not noted, represented as NA; d, denotes number 
of samples carrying non-synonymous mutations in each gene by the total number of samples. Nil when no variant observed; e, Genes associated 
with mucins extracted from STRING network 

reported to be associated with MUC16/MUC5B, such 
as HMCN1, AHNAK2, HYDIN and LRP1B were also 
targeted for mutation at higher rates in the replication 
series. Interestingly, additional mucin genes, such as 
MUC4, MUC5AC, MUC3A, MUC15, MUC17 were also 
identified as frequent mutational targets in the replication 
studies examined. Further, 10 to 20% of tumors carried 
mutations in MUC12, MUC2 and MUC6 in any one of 
the two studies included for replication. 

Co-occurring and exclusive mutations in habit-free oral 
cancers

Mutational co-occurrence plot in the 42 habit-fee OC 
are depicted in Figure 2. These analyses identified TP53 
and FBXW7 as mutually exclusive mutations in this 
group. Only 5 tumors harboured FBXW7 mutations that 

included the previously known hotspots at Arg479, Arg505 
and Val475 deletion [37] (data not shown). Clinical and 
patient characteristics differed between TP53 and FBXW7 
mutated tumors (Table 3). While TP53 mutation carrying 
tumors showed a TMB of 2.56, FBXW7 mutated tumors 
reflected a higher average TMB of 4.81 (p-value: 0.007). 
This translated to a significant association between 
FBXW7 mutation status and high TMB, both in the 
univariate (OR, 95% CI: 1.88, 1.08- 3.27) and multivariate 
model (OR, 95% CI: 1.89, 0.98- 3.66). Further, TP53 
mutations carrying tumors were tongue cancers, a subsite 
of higher prevalence in this cohort (66%); while FBXW7 
mutated tumors were more common in buccal mucosa 
and related sites (80%) (p-value: 0.07), appeared to be a 
late event in oral cancer as noted only in advanced stage 
disease (p-value: 0.06), however did not translate to a 
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Figure 2: Mutational Co-Occurrence and Exclusivity Analysis in 42 Habit-Free OC Tumors. Pairwise heatmap 
visualizes the co-occurrence and mutual exclusivity of mutations among the top recurrently mutated genes across 42 
habit free oral squamous cell carcinoma samples. Each cell indicates the statistical association between mutations in 
two genes, color-coded by the –log₁₀ (P-value). Green indicates co-occurrence, and brown indicates mutual exclusivity. 
Significant interactions are denoted by asterisk.  

TP53
N=32

FBXW7
N=5

Characteristic Descriptive (N) N (%) N (%) P- value a

Sex 0.78
Male (11) 8 (25.0) 1 (20.0)

Female (31) 24 (75.0) 4 (80.0)
Subsite 0.07

BM (19) 12 (32.0) 4 (80.0)
Tongue (24) 20 (62.5) 1 (20.0)

Stage 0.06
I-II (16) 14 (37.5) 0

III-IV (26) 18 (56.3) 5 (100.0)
Vital status

Alive (23) 18 (56.3) 1 (20.0)
Dead (19) 14 (43.8) 4 (80.0)

HR (95% CI) b 0.94 (0.34-2.62) 1.85 (0.61-5.63)
HR (95% CI) c 1.04 (0.37-2.97) 1.00 (0.30-3.35)

TMB d (2.8) 2.56 4.81 <0.01
OR (95% CI)e 0.74 (0.50- 1.10) 1.88 (1.08- 3.27)
OR (95% CI)f 0.75 (0.48- 1.18) 1.89 (0.98- 3.66)

a, p-value derived from two sample test of proportions; b, Hazards ratio from univariate Cox proportional models, associated p-values were 0.90 for 
TP53 mutated tumors and 0.28 for FBXW7 mutated tumors; c, Hazards ratio from multivariate Cox proportional models adjusted for age, sex and 
early/ late stage at diagnosis, associated p-values were 0.94 for TP53 mutated tumors and 0.99 for FBXW7 mutated tumors; dTMB, Tumor Mutation 
Burden; e, Odds ratio & 95% CI from univariate logistic regression models, associated p-values were 0.14 for TP53 mutated tumors and 0.03 for 
FBXW7 mutated tumors; f, Odds ratio & 95% CI from multivariate logistic regression models adjusted for age, sex and early/ late stage at diagnosis, 
associated p-values were 0.75 for TP53 mutated tumors and 0.06 for FBXW7 mutated tumors. Bold represents statistically significant values. 

Table 3. Patient Characteristics between TP53 and FBXW7 Mutated Tumors

difference in overall survival (HR, 95% CI for TP53: 
0.94, 0.34-2.62 compared to HR, 95% CI for FBXW7: 
1.85, 0.61-5.63). CNV profiling revealed that six TP53-

mutated samples also harbored deletions encompassing 
the FBXW7 locus (chr4:153,249,564–153,269,051) 
corresponding to the hemizygous loss of FBXW7 (data 
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not shown). In this group, FBXW7 mutated tumors 
also carried mutations in CASP8, EPHA2 and PIK3CA 
(p-value: ≤ 0.02) . Interestingly, CASP8 (n=11), the third 
most frequently mutated gene in this group, exhibited 
high co-occurrence with FAT1 and MUC16 (p-value: 
0.01) indicating at least 23% of the tumors carried 
CASP8-FAT1-MUC16 combined mutations. Additionally, 
EPHA2-MUC16 co-occurrence was also seen (p-value: 
0.02). In this group, USP34-MUC5B mutations were 
completely collinear (p-value: 0.04) and distinct from 
all other mutations. These data show substantial co-
occurrence of MUC16/MUC5B mutations with known 
oral cancer driver mutations. Among previously reported 
co-occurring mutations, we observed CDKN2A/ TP53 
were completely concurrent, CASP8/ FAT1 and FAT1/ 
NOTCH1 co-occurred in this population (p-value 0.04, 
0.01, 0.04 respectively).  

Mutational processes in habit-free oral cancers
The transition of C:G>T:A and T:A>C:G was 

contributed by 100% and 97% tumors, whereas 
transversion of T:A>G:C was contributed by 78% 
tumors. Overall, the average transition/transversion 
ratio across the cohort was 1.63 (median= 1.39, SD= 
0.75), reflecting a predominance of transition mutations. 
Deconstructed somatic mutation profiles showed two 
prominent mutational signatures as shown in Figure 3. 
One associated with Apolipoprotein B mRNA Editing 
Catalytic Polypeptide (APOBEC) cytidine deaminase 
activity (SBS2) and the other with defective DNA 
mismatch repair (SBS6). APOBEC signature was present 

in 79% tumors with a cosine similarity of 0.73, while 
mismatch repair signature was found in 45% tumors with 
0.86 cosine similarity contribution. Mutational profiling 
based on base substitutions confirmed the absence of 
smoking, chewing and alcohol signatures corresponding 
to SBS4 (7% representing 3 of 42 tumors showing >15% 
similarity), SBS29 (none of 42 tumors showing >15% 
similarity) and SBS16 (one of 42 tumors showing >15% 
similarity) respectively, thus validating the case inclusion 
based on clinical history of the participants.

Gene expression profiles of habit-free oral cancer
Tumor/ normal differential gene expression from 

transcriptome data of 42 tumors and 7 adjacent normal 
tissues were examined to identify the cancer subtype 
contribution, enriched pathways, immune fraction 
composition. Global differential gene expression between 
habit-free tumour and normal samples identified 1780 
upregulated and 2319 downregulated genes. Figure S3A 
and B represent the top 100 differentially expressed 
genes in a heatmap and significantly altered genes 
in a volcano plot. These analyses confirmed earlier 
observations reporting differential expression of known 
oral cancer genes including SLC2A1 (log2FC: 1.9), 
ITGA6 (log2FC : 1.80), LAMC2 (log2FC: 3.7), COL1A2 
(log2FC : 2.1), COL1A1 (log2FC : 3.1), TNC (log2FC: 
2.28) and CD276  log2FC : 1.7)[35]. Four of the five top 
differentially expressed genes (DEGs) in the habit free 
subset belonged to the MAGE family, MAGEB2 (log2FC 
= 8.6, FDR = 1.79511e-4), MAGEA12 (log2FC = 8.3, 
FDR = 2.6945e-4), and MAGEA3 (log2FC = 8.0, FDR = 

Figure 3. Mutational Processes Underlying Habit-Free Oral Cancers. Mutational signature analysis of habit-free oral 
tumors showing the extracted trinucleotide substitution patterns and their corresponding best matches to COSMIC 
single base substitution (SBS) signatures. The X-axis represents the proportion of mutation, and The Y-axis represents 
the seven base substitutions.  Signature 1 reflects APOBEC-mediated mutagenesis (cosine similarity: 073), while 
signature 2 closely matched defective DNA mismatch repair (cosine similarity: 086).  
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Figure 4. Immune Cell Composition of Habit-Free Oral Cancers. Stacked barplot illustrates the relative abundance 
of 22 immune cell types across 42 habit-free oral tumors. Each vertical bar corresponds to a single tumor sample, 
with colored segments representing the estimated proportions of distinct immune cell populations. Immune cell 
proportions were estimated from bulk RNA-seq expression profiles using the CIBERSORT deconvolution algorithm. 
The cumulative height of each bar represents 100% immune cell content per sample. 

2.78e-05) showed the highest fold changes. Conversely, 
KRTAP13-1 (log2FC = -12, FDR = 0.008), BPIFA1 
(log2FC = -11, FDR = 2.01e-09), and KRT36 (log2FC = 
-10, FDR = 2.44e-32) were among the most downregulated 
genes. Gene Ontology based enrichment of biological 
process, cellular component, and molecular function 
analysis showed extracellular matrix reorganization, 
muscle structure, and transmembrane transporter activities 
(FDR < 0.001) were key biological processes relevant 
to habit-free OC (Figure S3C). As expected, human 
papillomavirus infection pathway, nicotine addiction and 
cytochrome p450 related xenobiotic metabolism pathways 
reflective of smoking/alcohol were not observed in this 
habit-free group.

Centroid based prediction of subtype contribution 
classified 69% of habit-free oral cancers as mesenchymal 
subtype (n=23) characterized by the expression of CD8A, 
ICOS, LAG3, HLA-DRA, VIM, ZEB1, ZEB2, MMP2, 
MMP9. A significant proportion of subjects also classified 
as basal subtype (n=20, 47%) based on HIF1A, CA9, 
VEGFA, EGFR, AREG, NRG1, CDH3, KRT1 and KRT9 
expression (Figure S4). 

Immune fraction deconvolution analysis showed 
presence of macrophages, T-regulatory cells, resting CD4+ 
and CD8+ T memory cells as the most common immune 
cell subtypes in habit-free OC (Figure 4). 

Functional relevance of MUC16/MUC5B genes in habit- 
free oral cancer

Given the emergence of mucins as important 
mutational targets in this analysis, we examined their 
potential functional relevance by integrating available 
transcriptomic, copy number and methylation data in 
TCGA. These data are shown in Table S1. In general, 
both MUC16 (log2FC= -1.34, FDR= 0.19) and MUC5B 
(log2FC= -4.01, FDR= 0.03) were downregulated in 
habit-free OC compared to normal tissues. To further 
elucidate the relevance of MUC16/MUC5B mutations, we 
examined the association of non-synonymous mutations 

in these genes with the corresponding expression. MUC16 
expression counts were lower in tumors carrying MUC16 
mutations compared to wildtype tumors (mean expression 
in MUC16 mutated vs wildtype tumors was 0.18 vs 2.55), 
albeit not statistically significant. Further, the two tumors 
with predicted potential high impact mutations reflected 
the lowest MUC16 expression levels (mean expression 
in tumors with MUC16 high impact mutations= 0.05 
compared to MUC16 mutations of unknown relevance= 
2.55). No association was noted between MUC5B 
mutations and its expression. We noted that chromosomal 
gains or losses at the MUC16 and MUC5B locus were 
uncommon. Only four of the 42 habit-free tumors (<10%) 
showed copy number alterations at these loci and these 
were equally distributed as gains or losses. In the case of 
MUC16, three tumors showed copy number loss, and 1 
tumor reflected amplification, while for MUC5B locus, 2 
tumors each showed losses and gains. Similarly, neither 
gene body nor promoter methylation in MUC16/MUC5B 
was associated with corresponding gene expression 
counts. 

In order to understand the cellular phenotype as the 
functional consequence of MUC16/MUC5B mutations, 
we examined their association with gene expression-
based tumor subtype classification, TMB and overall 
survival (Table S2). While MUC5B mutations were 
equally distributed in tumors classified as basal or 
mesenchymal, based on their gene expression program, 
MUC16 mutations were enriched in basal tumors. Tumors 
carrying MUC16 mutations were less likely to express 
mesenchymal genes than basal subtype related genes 
(OR, 95% CI: 0.12, 0.02-0.73). This observation remained 
significant following adjustment for age, sex and stage at 
diagnosis (OR, 95% CI: 0.12, 0.19-0.72). In this analysis, 
no association was noted between MUC16 mutation and 
TMB compared (OR, 95% CI: 1.39, 0.90- 1.96). MUC5B 
mutations were associated with a significant increase in 
TMB (OR, 95% CI: 1.79, 1.02-3.15). These results were 
slightly attenuated upon further adjustment for age, sex 
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and stage at diagnosis. We examined the clinical utility 
of MUC16/MUC5B gene mutations in predicting overall 
patient survival. Neither MUC16, nor MUC5B mutations 
were associated with all-cause mortality following OC 
diagnosis (OR, 95% CI for MUC16: 1.28, 0.46-3.56 and 
OR, 95% CI for MUC5B: 0.88, 0.20- 3.83), either in the 
univariate or multivariate models. 

Discussion

Tobacco smoking, chewing and alcohol consumption 
are strong risk factors for OC and are known to induce DNA 
damage and alter gene expression patterns [38, 39]. Little 
is known on the causation of oral cancers in the absence 
of these risk factors. We undertook a comprehensive 
analysis to uncover the mutational and gene expression 
changes associated with habit-free OC. Our results show 
that habit-free oral cancers are characterized by a lower 
tumor mutational burden, recurrent mutations in multiple 
mucin genes (particularly MUC16 and MUC5B), reflect 
APOBEC and DNA mismatch repair as underlying 
mutational processes, show a preponderance towards 
expression of mesenchymal genes, enrichment of extra 
cellular matrix components genes and significant tumor 
infiltration by CD4+, CD8+ T cells and macrophages. 

Majority of the frequently occurring mutations 
observed in this habit-free group have been reported in 
oral cancers previously, albeit with differing mutation 
frequencies [19-21] . These results confirm that a core 
set of mutational targets, potentially including TP53, 
NOTCH1, CASP8, PIK3CA, FAT1 may act as drivers 
in oral cancer progression. This analysis also showed 
MUC16 and MUC5B as frequent mutational targets 
in habit-free oral cancers. Importantly, these results 
are strengthened by replication in other independent 
habit-free OC datasets. Further, the identification of 
additional mucin gene members in the replication series 
could be indicative of their potential targeting in oral 
carcinogenesis. Mutations in the mucin gene family 
have been reported in many cancers, including head and 
neck cancer [40, 41]. Mucin gene mutations have been 
proposed as a marker for overall survival in cancer due to 
their association with higher TMB and improved immune 
cell infiltration in tumors [42, 43]. Although no direct 
association of MUC16/MUC5B was noted with overall 
survival, MUC5B mutated tumors had a higher overall 
mutation burden. Further, we observed that the habit-
free tumors were enriched for tumor infiltrating CD4+, 
CD8+ T-cell subpopulations. Therefore, it is possible 
that mucin mutations in habit-free OC may result in a 
proinflammatory tumor microenvironment. If validated, 
this finding could have significant clinical implications 
for targeted therapy of habit-free oral cancers.

We show that TP53 and FBXW7 are mutually exclusive 
mutational targets in this patient cohort. In addition, there 
were 6 tumors carrying TP53 mutations where FBXW7 
was deleted (data not shown), suggestive potential co-
inactivation with TP53 in these tumors. Both TP53 and 
FBXW7 are established tumor suppressor genes and 
known to be mutational targets in multiple cancers [37, 
44-47]. The oncogenic activity of mutant P53 has been 

well characterized [46, 48-50]. Contrarily, FBXW7 is the 
substrate recognition component of the ubiquitin ligase 
assembly known to degrade several cell fate regulating 
proteins, including p53 [37, 44, 45]. Mutations at Arg465 
and Arg505in the FBXW7 gene, also seen in this series 
of habit-free tumors, are known to abrogate its function 
thereby leading to TP53 accumulation [37, 51]. Therefore, 
depending on the cellular context, both TP53 and FBXW7 
can function as a tumor suppressor or an oncogene [45]. 
It is also important to note that these mutually exclusive 
mutations were uncommon in this cohort and require 
further validation in larger cohorts.

This analysis identified APOBECs, an enzyme family 
that catalyse cytosine deamination, as the predominant 
mutation signature in habit-free OC. APOBEC signatures 
are thought to be reflective of endogenous mutational 
processes, and have been previously reported in oral 
cancers [52] .These enzymes are known to contribute to 
mutation selection during the process of carcinogenesis 
[53] resulting in higher mutation rates of specific driver 
genes. APOBEC activity is also known to induce tumor 
immune signalling [54]. The identification of specific 
immune cell types is suggestive of tumor immune 
activation, however, the mutation rate of these habit-
free OCs were lower than that known for OC in general, 
indicating that the contribution of APOBEC signatures in 
these cancers are likely to be complex.

In summary, our observations confirm several 
previously reported features in oral cancer, including the 
mutational targeting of TP53, CAP8, CDKN2A, EPAH2, 
PIK3CA, etc [19-21]. We report a significant proportion 
of habit-free OC tumors exhibit a mesenchymal gene 
expression program. Recent single cell RNA sequencing 
studies, in addition to demonstrating tumor heterogeneity, 
have confirmed the existence of a mesenchymal subset 
in oral squamous cell carcinoma [55-57]. Similar to 
our observations, tumor infiltration with monocytes, 
CD4+, CD8+ and T-regs, have also been reported 
in oral squamous cell carcinoma [58]. Interestingly, 
mutational processes involving APOBEC hyperactivity 
and defective DNA repair have been confirmed in oral 
cancer recently[58]. Taken together, our results suggest 
MUC16/MUC5B mutations could be potential drivers of 
oral cancer among habit-free subjects. We postulate that 
intricate interplay of mucin deregulation, mesenchymal 
transition, tumor immune microenvironment modification 
underlies tumorigenesis in habit-free individuals.
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