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Abstract
A thickened, white patch— leukoplakia— in the oral cavity is usually benign, but sometimes (in ~9% of individuals) it
progresses to malignant tumour. Because the genomic basis of this progression is poorly understood, we undertook
this study and collected samples of four tissues— leukoplakia, tumour, adjacent normal, and blood— from each of 28
patients suffering from gingivobuccal oral cancer. We performed multiomics analysis of the 112 collected tissues
(four tissues per patient from 28 patients) and integrated information on progressive changes in the mutational
and transcriptional profiles of each patient to create this genomic narrative. Additionally, we generated and analysed
whole-exome sequence data from leukoplakia tissues collected from 11 individuals not suffering from oral cancer.
Nonsynonymous somatic mutations in the CASP8 gene were identified as the likely events to initiate malignant
transformation, since these were frequently shared between tumour and co-occurring leukoplakia. CASP8 alterations
were also shown to enhance expressions of genes that favour lateral spread of mutant cells. During malignant
transformation, additional pathogenic mutations are acquired in key genes (TP53, NOTCH1, HRAS) (41% of
patients); chromosomal-instability (arm-level deletions of 19p and q, focal-deletion of DNA-repair pathway genes
and NOTCH1, amplification of EGFR) (77%), and increased APOBEC-activity (23%) are also observed. These
additional alterations were present singly (18% of patients) or in combination (68%). Some of these alterations
likely impact immune-dynamics of the evolving transformed tissue; progression to malignancy is associated with
immune suppression through infiltration of regulatory T-cells (56%), depletion of cytotoxic T-cells (68%), and
antigen-presenting dendritic cells (72%), with a concomitant increase in inflammation (92%). Patients can be
grouped into three clusters by the estimated time to development of cancer from precancer by acquiring additional
mutations (range: 4–10 years). Our findings provide deep molecular insights into the evolutionary processes and
trajectories of oral cancer initiation and progression.
© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Globally, oral squamous cell carcinoma (OSCC) is the
16th most common malignancy and causes high levels
of mortality in India; ranking highest among men, and
sixth among women [1]. OSCC is highly prevalent in
East Asia and the Indian subcontinent, where tobacco
chewing is popular [1,2]. Although early detection and
treatment can result in longer disease-free survival [3],
OSCC patients in these regions are usually diagnosed
at advanced stages with poor disease-free prognosis

and low overall survival after treatment [2]. Epithelial
cancers are known to progress from precancerous
lesions [4,5]. Leukoplakia, mostly dysplastic, white,
thick tissue often present in the oral cavity, serves as a
precursor to oral cancer [6,7] in a fraction (~9%) of
patients [8]. Prolonged chewing of tobacco damages
DNA and results in protumorigenic mutations in oral
epithelial cells [9,10]. We posit that epithelial cells that
acquire specific genomic alterations develop tissue dys-
plasia that sometimes becomes neoplastic with acquisi-
tion of additional genomic changes. Among oral cancer
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patients, recurrentmutations and copy number variations in
several cancer driver genes, some with large-scale genome
alterations [2,11], APOBEC enzymatic activity [12], and
immune cell dysregulation [13] are often detected. Only a
fraction of individuals with leukoplakia eventually develop
oralcancer[8]. Individualswith leukoplakiaareusuallyclin-
ically examined for progression every 6 or 12 months [14].
Althoughmultiple loss of heterozygosity (LOH) loci have
been identified [15], biomarkers based on genome-wide
studies have not been identified to predict malignant trans-
formation in an individual with oral premalignant lesions.
We undertook this study to gain insights into the

molecular events associated with malignant progression
of leukoplakia to cancer (OSCC) that may help identify
biomarkers to guide clinical management. We also
sought to obtain evidence of a sequential accumulation
of genomic alterations during the evolution of normal
to malignant tissue in the oral cavity.
Earlier studies on oral cancer with similar objectives

have the indicated involvement of TP53 mutation
[16–18], amplification, and deletion of specific chromo-
somal arms [19,20]. These studies, however, were based
on small sample sizes of independent sets of patients
with leukoplakia and cancer, and lacked a genome-wide
approach. The strength of our study is that we recruited
oral cancer patients with concomitant leukoplakia and
collected and carried out a genome-wide search for alter-
ations from normal to premalignant and malignant tis-
sues in each patient.
Among OSCC patients in India, the most frequently

(~60%) affected site is the gingivobuccal region of the
oral cavity, comprising buccal mucosa, retro-molar tri-
gone, and the lower gum [2]. We therefore focused on
this subset (OSCC-GB) of OSCC patients. We collected
multiple tissue samples from tumour, leukoplakia, adja-
cent normal and blood from OSCC-GB patients, and
performed DNA and RNA sequencing. We adopted a
multiomics approach in identifying recurrent somatic
genomic alterations associated with progression from
leukoplakia to OSCC-GB, by analysing tissues from
only patients with a concomitant presence of leukoplakia
and malignant tumour.

Materials and methods

Patient recruitment, characteristics, and sample
acquisition
Our study was approved by the Institutional Ethics
Committees of all collaborating institutions in India:
Dr. R. Ahmed Dental College & Hospital, Kolkata
(RADCH); the Indian Statistical Institute (ISI), Kolkata;
and the National Institute of Biomedical Genomics
(NIBMG), Kalyani. Data and biospecimens were col-
lected with voluntary informed consent, including con-
sent to publish. From RADCH, treatment-naive OSCC-
GB patients (n = 28; 21 men and 7 women; age range:
32–70 years; median age: 53 years) with the concomi-
tant presence of pathological dysplastic lesion (clinically

reported as leukoplakia) and malignant lesion in the gin-
givobuccal region of the oral cavity were recruited. Self-
reported information on consumption of tobacco (100%)
and alcohol (14.3%), and other relevant variables were
collected (supplementary material, Table S1). For each
patient, the clinician recorded precise locations of
sampling of tissue during surgery from the tumour,
leukoplakia, and adjacent normal (all tissue samples were
collected at the same time for a given patient). Represen-
tative fresh tissue sections from tumour core, leukoplakia
(whitish keratinised lesion with dysplasia) and adjacent
normal (from the opposite cheek) were surgically micro-
dissected, collected in RNAlater (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA), and stored as
per recommended protocols for DNA and RNA sequenc-
ing. Sections of collected tissues were formalin-fixed and
characterised histopathologically after hematoxylin and
eosin (H&E) staining to determine grades of dysplasia
and invasiveness. DNA and RNA were isolated from
the stored blood samples and tissues. Additionally, we
recruited 11 patients who were diagnosed with leukopla-
kia, but without any oral tumour. From each of them,
we collected blood samples and leukoplakia tissue.
DNA was isolated from these samples.

Whole-exome sequence data generation and
detection of somatic and germline alterations
Whole-exome sequencing (WES) was performed for
blood, leukoplakia, and tumour tissue samples using Illu-
mina HiSeq-2500 at ≥100� depth of coverage (supple-
mentary material, Table S2) as described in the
Supplementary materials and methods. An approach pre-
viously published by us [2,11] was used to identify
somatic and germline single nucleotide alterations and
somatic copy number alterations (sCNA) fromWES data
(see Supplementary materials and methods for details).
Briefly a suite of packages was used for quality control
(QC), alignment, and postalignment processing that
includes FastQC [21], BWA-MEM [22], PICARD [23],
and GATK [24] tools. Somatic variant calling was inde-
pendently performed using four variant callers, i.e.
Mutect2 [24], MuSE [25], strelka-2 [26], and
BaseByBase-variant-caller [2]; somatic variants detected
by at least two of the four callers were accepted for further
analysis (details described in Supplementary materials
and methods). Variants were filtered for sequencing
artefacts (e.g. low-frequency, strand bias, Oxo-G, low-
complexity-regions, etc.) and polymorphic germline loci
(in 1000G [27] and Genomeasia100K [28]) to get a
high-confidence somatic variant set. Further somatic
mutations in known cancer driver genes were manually
verified by IGV [29] and validated from the available
RNAseq data. Arm-level and focal sCNAs were detected
using GISTIC [30] and ASCAT [31] algorithms. Muta-
tional signatures were estimated from data on somatic sin-
gle nucleotide variants of tumour and leukoplakia lesions,
by Signal Analyse (v. 2) [32] package (https://signal.
mutationalsignatures.com/analyse2) with 100 bootstraps
and a p value cutoff of 0.05 for signature fitting. Further,
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a method previously described by Noë et al [33] was uti-
lised to estimate progression time of leukoplakia to a
malignant tumour from information on the number of
additional nonsynonymous mutations acquired in tumour
than leukoplakia of the same individual. Germline vari-
ants for each patient were detected using the GATKHap-
lotypeCaller joint calling algorithm. Annotation and
classification of variants were obtained usingANNOVAR
[34] and Oncotator [35], respectively. Methodological
details of the above-mentioned steps (tools, parameters,
databases used) are provided in the Supplementary mate-
rials and methods.

Whole transcriptome sequence data generation,
expression quantification, and identification of
differentially expressed genes
Whole transcriptome sequence data on tumour, leukopla-
kia, and adjacent normal tissue samples were performed
to obtain ~100 million reads (supplementary material,
Table S3) (see Supplementary materials and methods
for details). RNA sequence data were analysed as per
GDC recommendations (https://docs.gdc.cancer.gov/
Data/Bioinformatics_Pipelines/Expression_mRNA_Pip
eline/). Briefly, FastQC, STAR [36] and HTSeq [37]
packages were used for QC, alignment, and gene expres-
sion quantification. The method encoded in the DESeq2
[38] package was used to detect differentially expressed
genes between various comparison groups. Additional
details of methodology of analysis are provided in the
Supplementary materials and methods.

Deconvolution of immune cell composition from bulk
RNA sequence data
The immune cell compositions in normal oral tissue, leu-
koplakia, and oral tumour were deconvoluted separately
for each patient (n = 25, for whom RNAseq data were
available) using CIBERSORT [39] with LM22 signature
genes (provided with CIBERSORT) and 100 permuta-
tions (tool default) for the statistical analysis. Further,
findings on the abundance of CD8+ T cell was validated
using an orthogonal method encoded in EPIC [40]. The
gene expression TPM (transcript per million) values for
immune deconvolution analysis was computed using
the method included with TPMCalculator [41] package.

Results

Number and characteristics of somatic mutations
correlate with distance between tumour and
leukoplakia lesion
WES data, at ~100X coverage, of DNA from blood, leu-
koplakia, and tumour tissues of 28 patients (described in
supplementary material, Table S1) were generated and
analysed (Figure 1A). Histopathological characteristics
of representative tissue sections are described in
Figure 1B. A total of 2,355 somatic protein-coding

mutations were identified in tumour tissues and 1,237 in
leukoplakia tissues (supplementary material, Tables S4
and S5). The mean number of somatic mutations in
tumour (84.1; range: 10–248) was significantly higher
(p < 0.01, t-test for equality of means) than in leukoplakia
tissue of the same patient (mean = 44.2; range: 3–164)
(Figure 1C). Somatic mutational landscapes of tumour
and leukoplakia are depicted in Figure 2A–C. Among
somatic alterations, frameshift deletion was significantly
more frequent (p < 0.02, Kolmogorov–Smirnov test) in
tumour (range: 0–10.53%, mean = 3.13%) than in leuko-
plakia (0–5.26%, mean = 1.28%) (Figure 1D). Overall, a
significantly higher (p < 0.0004, t-test for equality of
means) somatic mutation rate per Mb was observed in
tumour (0.14–8.84/Mb, mean = 2.88/Mb) than in leuko-
plakia (0.17–5.06/Mb, mean = 1.21/Mb); the rate was
even lower (0.03–0.89/Mb, mean = 0.39/Mb) in leuko-
plakia without the presence of tumour in the oral cavity
(n = 11, additionally recruited patients; supplementary
material, Table S6).
From the diagrammatic records kept by the clinician

on the physical locations of leukoplakia and tumour
within the oral cavity, we measured the angular distance
between tumour and leukoplakia as described in supple-
mentary material, Figure S1A. Based on the angular dis-
tance (φ), which ranged from 10�–180� (median =
37.5�, supplementary material, Table S1), we categorised
the patients into the following groups: (1) leukoplakia
patch in proximity (n = 22, having φ ≤ 80� [i.e. below
the upper quartile of φ distribution]; median = 22�;
mean = 31.75�), and (2) leukoplakia patch at a distance
(n = 6, remaining patients; median = 101.5�; mean-
= 115�). Themeanφ for group-2was significantly larger
(p < 0.001, t-test for equality of means) than for group-1.
The proportion of mutations shared between leukoplakia
and tumour decreased with an increase in the distance
(φ) between their locations (Pearson’s correlation coeffi-
cient, r = �0.72; p < 0.0001) (supplementary material,
Table S7 and Figure S1B). The mean number of somatic
mutations in the leukoplakia tissue was significantly
higher (p < 0.001, t-test for equality of means) if it
was located in proximity to a tumour than if it was dis-
tantly located, although the mean number of mutations
in the tumour was the same (p > 0.2, t-test for equality
of means) irrespective of the distance of the leukoplakia
patch from the tumour.
Of the somatic mutations present in the leukoplakia of

a patient with a tumour in proximity, a high proportion
(median 73.3%; range 16.4–94.1% across patients) was
shared with somatic mutations present in the tumour.
No somatic mutation was shared between leukoplakia
and tumour if these were distantly located (φ > 80�).
The results of sharing of mutations are indicative of a
proximal leukoplakia being a potentially malignant
lesion that progressed to cancer. Each somatic mutation
can be placed in one of three distinct classes: (1) shared
between paired leukoplakia and tumour, (2) unique to
tumour, and (3) unique to leukoplakia (Figure 2B).
A somatic mutation that is shared between the
leukoplakia and tumour is indicative of having arisen
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Figure 1. (A) To understand the genomic underpinnings of malignant progression of oral potentially malignant lesion (leukoplakia), oral cancer
patientswere recruited inwhomtherewas thepresenceof leukoplakiawithcancer. Fromeachpatient, tissue samples fromtumour, leukoplakia, adja-
cent normal, and blood were collected. Good-quality DNA was extracted from tumour, leukoplakia, and blood and sequenced for whole-exome at
about 100Xdepth; RNAwas extracted fromtumour, leukoplakia, andadjacentnormal tissueandwhole transcriptome sequencedatawere generated
(the right-hand portion represents mRNA expression patterns of differentially expressed genes in leukoplakia and tumour with respect to adjacent
normal tissue, described in the supplementary information). (B) Additionally, we recruited 11 individuals diagnosed having oral leukoplakia without
thepresenceoforal tumour. The left-hand-sideH&E-stained imageshowinga leukoplakia lesion insquamousepitheliumwithfeaturesofdysplasia in
patientswithout thepresenceof tumour in theoral cavity. Themiddle image represents thehistopathologyof leukoplakiawith the concomitant pres-
ence of tumour within the oral cavity, revealing progression frommildly dysplastic epithelium to invasive squamous cell carcinomawith infiltrating
dyscohesiveneoplastic epithelial cells.And the right-hand-side imageshows thehistopathological featuresof invasive squamouscell carcinomawith
invadingneoplastic squamouscells islands inconnective tissue stroma. (C) Thenumbersof somaticmutations in leukoplakiaof11 individualswithout
tumour in theoral cavity, and inboth leukoplakiaandtumour in28patientswithconcomitant leukoplakiaandcancerareprovided. Thesomaticmuta-
tionrate inoral tumours (2.88/Mb)washigher than in leukoplakia (1.21/Mb). Themeannumberofsomaticmutations intumours (84)wassignificantly
higher than in leukoplakia lesions (44) of the samepatient. Additionally,wegeneratedwhole-exomesequencedata fromtheoral leukoplakia tissueof
11individualswithoutoralcancer,amongwhomthemeannumberofsomaticmutations (14)wassmaller. (D)Theproportionofframeshiftdeletions in
tumours was significantly higher than in leukoplakia tissue. Frameshift deletions in known oral cancer driver genes are provided for each patient.
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Figure 2. Mutational landscapes of OSCC-GB patients with the concomitant presence of oral potentially malignant lesions.
(A)Histopathological gradeof tumour and leukoplakia, clinical information, and locationof leukoplakia. (B) Somaticmutations identified in leu-
koplakia lesion and tumour were grouped as: (1) present in both leukoplakia and tumour, (2) present only in tumour, and (3) present only in leu-
koplakia. Although none of the mutation signatures associated with tumour age, tobacco smoking, or APOBEC activity showed a statistically
significant difference between the leukoplakia lesion and tumour; for the APOBEC mutational signature the difference was high between the
leukoplakia lesion (11%) and tumour (21%). The proportion of mutations in a leukoplakia lesion that was shared with the paired tumour was
negatively correlatedwith theangular distancebetween leukoplakia and tumour (φ). Distant (φ > 80�) leukoplakia lesions (n = 6) didnot share
any somatic mutation with paired tumours. (C) Nonsynonymous somatic mutations were found in the known driver genes of oral cancer in
tumour and leukoplakia. Recurrent somatic mutations in CASP8 were found to be shared among 43% of patients. (D) Amplification of EGFR
was found only in the tumour tissue (29%), but not in the leukoplakia lesion. NOTCH1was deleted in both tumours (29%) and the leukoplakia
state (29%). (E) Rare germlinemutations in DNA repair pathways—BER (Base Excision Repair) and HR (Homologous Recombination)— in these
patients were significantly higher than in the normal healthy Indian population (GenomeAsia100K data).
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in the nonmalignant lesion and possibly early in tumori-
genesis; unshared mutations are likely to have arisen
independently and later. Variant allele frequency
(VAF) can be used to assess the time of occurrence of
somatic mutations in tumour evolution; the expectation
is that a mutation that arose early will have a higher
VAF and will be present in a larger number of cells than
one that arose later [42–44]. The median VAFs of shared
somatic mutations between leukoplakia and tumour
located in proximity were similar or higher compared
to mutations that were unique to the tumour in 91%
(20 of 22) of patients, consistent with the expectation
of early origins for shared mutations. It may be argued
that somatic mutations are shared between the proximal
leukoplakia and tumour tissues of a patient because the
tissue surgically resected from the leukoplakia also con-
tained some tumour tissue and is therefore ‘contami-
nated’. Using an approach adopted in a recent study
[33] on malignant progression in neoplastic pancreatic
cysts, we systematically investigated and excluded this
possibility, as described in the Supplementary materials
and methods. Further, analysis of available mRNA
expression data also showed distinct gene expression
patterns even in leukoplakia and tumour located in prox-
imity within the same oral cavity (Figure 1A, supple-
mentary material, Figures S2 and S3).

Mutations in the CASP8 gene are early events in oral
cancer evolution
Nonsynonymous somatic mutations in all protein coding
genes (~20,000 genes) were identified fromWES data of
tumour and leukoplakia tissues (28 patients). The muta-
tional landscapes of oral cancer driver genes [2,45–47]
and additionally in the head and neck cancer driver
genes [48] (FBXW7, TGFBR2) are described in supple-
mentary material, Table S8 and Figure 2C. These muta-
tions were validated using the RNA sequence data from
tumour and leukoplakia tissue that were available for a
subset of patients (n = 22). Somatic mutations identified
from tumour and leukoplakia tissues were not detected
from RNAseq data available for paired adjacent normal
tissues. TP53, CASP8, FAT1, PIK3CA, NOTCH1,
KMT2B, HRAS, ARID2, EPHA2, HLA-B, and TGFBR2
genes were found mutated in both tumour and leukopla-
kia, while FBXW7 mutations were only detected in
tumour samples (Figure 2C). The vast majority (71%
on average) of somatic mutations present in driver genes
in the leukoplakia tissue of a patient were also present in
their tumour. We found CASP8 to be the most frequently
mutated gene in these OSCC-GB tumours. A high level of
co-occurrence of mutations, along with those in CASP8,
were found in NOTCH1 (62.5%), TP53 (43.7%), and
FAT1 (43.7%), while the level of co-occurrencewasmod-
erate for HRAS (25%) and FBXW7 (25%). The same
somatic mutation was shared between leukoplakia and
tumour most frequently for the CASP8 gene (in 43% of
patients; 55% among patients in whom the leukoplakia
lesion was in proximity to the tumour), but not for the
most recurrently mutated gene—TP53—in OSCC-GB,

for which the frequency of such sharing was only 14%.
The presence of these CASP8 mutations in both tumour
and leukoplakia is indicative of their early origin in leu-
koplakia, likely providing it the initial drive to malig-
nancy. We also note that for 81.25% (n = 13 of 16)
patients harbouring CASP8 mutations in their tumour,
the VAF of the CASP8 mutation was greater than or
equal to the median VAF of all somatic mutations
(supplementary material, Table S9), providing further
supportive evidence for their early origin during tumori-
genesis. Most of the shared CASP8 mutations (83%)
were highly deleterious (stopgain/indel/hotspot) and
the remaining were predicted to be deleterious by multi-
ple prediction algorithms. Most (81.25%) CASP8 muta-
tions were found on the conserved protease domain
(supplementary material, Figure S4). We confirmed that
the evidence of mostCASP8mutations being confined to
the protease domain was not a chance finding (see details
in the Supplementary materials and methods).We reana-
lysed the data from multiple biopsies taken from an
OSCC patient by Tabatabaeifar et al [49] (supplemen-
tary material, Table S10) and found high VAF (0.26;
higher than 95% of all somatic mutations of the tumour
core) of CASP8 protease domain stopgain mutations to
be present in multiple tissue locations, including the
tumour core. This is consistent with our finding of an
early occurrence of deleterious mutations in CASP8 dur-
ing oral cancer evolution.

These findings prompted us to further investigate
the downstream transcriptional perturbations that are
specifically associated with CASP8 mutation. Genes
associated with cell survival, migration, and invasion
(e.g. FABP4 [50], TNFRSF17 [51], FMOD [52], CALB2
[53], etc.) and with cellular stemness (e.g. ALDH1L2
[54], WNT10A [55], etc.) were significantly upregulated
compared with adjacent normal tissue in both tumour
and leukoplakia with mutated CASP8, but not in those
without any CASP8 mutation (supplementary material,
Table S11). These results, with supportive evidence
from other studies [56,57], indicate that deleterious
CASP8 mutations in oral squamous cells may provide
increased survival potential to cells by inactivating apo-
ptosis. In turn, this may induce intraepithelial cell migra-
tion and facilitate the lateral spread of a protumorigenic
layer of cells as an initiator event in oral tumour evolu-
tion, possibly inducing field cancerization.

APOBEC activity contributes to elevate the mutation
rate, thereby promoting tumour development
An increase in the mutation rate in a nonmalignant tissue
can promote the development of cancer. The cytidine
deaminases of the APOBEC family deaminate cytosines
in single-stranded DNA and cause mutations in
human cancers [58]. In 21.4% of the OSCC-GB patients
recruited by us, the APOBEC mutational signature
(RefSig signatures 2 and 13) [32] was present in the
tumour (Figure 2B). However, the presence of this sig-
nature was less frequent in leukoplakia (10.7%);
Figure 2B. The mutation rate (number of somatic
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mutations per Mb of genome) was at least 2-fold higher
in tumour than in leukoplakia (n = 12), of which 42%
(n = 5) had a tumour-specific APOBEC mutational

signature (supplementary material, Table S12). In the
remaining patients (n = 10) with leukoplakia lesion in
proximity to tumour, the mutation rate in tumour was

Figure 3 Legend on next page.
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not elevated compared to the leukoplakia; none of these
patients possessed a tumour-specific APOBECmutation
signature. The enzymatic activity of APOBEC3A and
APOBEC3B has been shown to be responsible for
inducing this specific type of mutational signature in
multiple cancer types [32,59,60]. Compared to the nor-
mal tissue, both APOBEC3A (log2 fold-change = 3.67,
p false discovery rate [FDR] < 0.0001) and APOBEC3B
(log2 fold-change = 1.87, p[FDR] < 0.0001) genes
were significantly overexpressed in tumours but not in
leukoplakia tissues (log2 fold-change = 0.92 and 0.63,
p[FDR] > 0.1). Our in vivo results provide support for
a recent in vitro study that provided evidence of
APOBEC-induced mutagenesis in head and neck squa-
mous cell carcinoma (HNSCC) [12].

After initiation of tumorigenesis, pathogenic
mutations are required for development of tumour
Among 72% of patients (n = 16 of 22), oral cancer
driver gene mutations were shared between tumours
and paired leukoplakia located in proximity (φ < 80�).
However, all patients possessed additional mutations in
one or more driver genes in their tumours, indicating that
multiple driver mutations are required for eventual trans-
formation to malignant tumour (Figures 2C and 3A). We
have reconstructed the most probable trajectory of muta-
tions in driver genes for development of a potentially
malignant state and cancer in each patient (n = 28) and
the proportional contributions of these genes to cellular
transformation (Figure 3A), as estimated from VAFs of
driver mutations. These trajectories showed complex
patterns and histories of mutations in leukoplakia and
tumour tissues in the patients. Among patients in whom
the leukoplakia was located in proximity, 41% (n = 9)
harboured at least two additional oral driver gene muta-
tions in their tumours. Among the shared driver gene
mutations, ~83% had higher VAF in tumours than in leu-
koplakia (Figure 3C), consistent with cells with these
mutations clonally propagating rapidly to tumour
(Figure 3A,C,D). Most pathogenic mutations (frame-
shift indels, stopgain, and hotspot mutations) in fre-
quently mutated oral cancer driver genes, TP53,
NOTCH1, and HRAS, were present almost exclusively
in tumours but not in leukoplakia (Figure 3B); mutations

in these genes in leukoplakia were predominantly less
pathogenic (nonhotspot missense only) (Figure 3B).

The most frequently mutated gene in many other can-
cers, TP53, was found to be mutated in 39% (n = 11) of
OSCC-GB tumours, significantly higher (Fisher’s exact
test, p < 0.04) than in leukoplakia tissues (14%, n = 4).
Among the tumour-specific mutations in TP53, 56%were
hotspot or frameshift; hotspot mutations (oncogenic
p.R273H, p.C176G) and were only detected in tumours
but not in leukoplakia tissues. One patient (patient 40)
harboured two TP53 mutations: (1) a missense mutation
(p.E258Q) that was shared with the leukoplakia tissue,
and (2) a hotspot mutation (p.C176G) that was present
only in the tumour. Among tumour-specific NOTCH1
mutations, 62.5% were stopgain or frameshift, whereas
all mutations in the leukoplakia tissue were missense.
Oncogenic mutations in HRAS (p.G12D, p.G12S,
p.G13D) were found in 21.4% (n = 6) of tumours, but
in only one (3.5%) leukoplakia tissue, with a very small
cellular fraction (VAF < 0.05) that was shared with the
tumour (VAF > 0.6 in tumour); details in supplementary
material, Table S8. The overall picture that emerges is that
malignant transformationfinally requires some aggressive
mutations in cancer driver genes in some cells of the leu-
koplakia tissue that results in clonal propagation of these
cells to form a malignant tumour.

Chromosome-level somatic structural alterations are
late events in malignant transformation
The mean number of somatic copy number alterations
(sCNA)—inparticular, chromosomalarm-level amplifica-
tions and deletions—identified fromhigh coverage exome
sequence data, was significantly greater (p < 0.001, t-test
for equality of means) in a tumour compared to the leuko-
plakia lesion of the patient (Figure 4A,B). Among patients
(n = 22) inwhom therewas the presence of leukoplakia in
proximity, the median proportion of chromosomal arm-
level alterations that were unique to tumour (that is,
unshared with leukoplakia tissue) was 80%, compared to
a significantly lower proportion (Kolmogorov–Smirnov
test, p < 0.01) of 56.3% for single nucleotide variants
(SNVs) (supplementary material, Table S13). This indi-
cates that sCNA events occur later and facilitate the transi-
tion from potentially malignant lesion to cancer. The
frequently amplified oncogenic oral cancer driver, EGFR,

Figure 3. (A) Landscape of shared and unique somatic mutations in oral cancer driver genes for each patient. The genes are colour-coded as
indicated. The height of the box representing a driver gene mutation is scaled in proportion to its variant allele frequency. Mutations in genes
that are shared between tumour (right) and leukoplakia (left) tissues are placed within the black box. Additional unique mutations in the
tumour (right) and/or leukoplakia (left) are placed on the top of each box. The heights of the colour-coded lines (yellow: shared, red: unique
to tumour; green: unique to leukoplakia) are proportional to the number of mutations. The angle between the two lines representing the
number of unique mutations in leukoplakia (green) and tumour (red) is proportional to the angular distance between them. (B) The number
of pathogenic somatic mutations (hotspot, frameshift InDel, and stopgain) in oral cancer driver genes is higher in tumours than in leukoplakia
lesions. (C) Numbers of somatic mutations in oral cancer driver genes in various allele frequency classes in (1) leukoplakia lesions, (2) adjacent
tumours, and (3) leukoplakia lesions without tumour in the oral cavity. Genes are coloured based on their presence: only in tumour (red), only
in leukoplakia lesion (green), and in both leukoplakia lesion and tumour (orange). (D) Allele frequencies (VAFs) of variants in tumours were
significantly higher than in leukoplakia tissues, indicative of larger clonal fractions with variants in tumours. The allele frequencies of shared
somatic variants were significantly higher than tumour- or leukoplakia-specific variants indicating that those shared mutations originate
early during tumorigenesis.
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was found to be amplified in 29% (n = 8) of tumours, but
completelyabsenteven ina leukoplakia tissue inproximity
(Figure 2D). NOTCH1, which is frequently mutated in
OSCC-GB, was found to be deleted (29%) in both tumour
and leukoplakia. Among all chromosomal arms, seven
arms (7p, 7q, 8p, 10p, 19p, 19q, and 20q) were amplified/
deleted in tumours in higher proportions compared to leu-
koplakia tissues (Fisher’s exact test, p < 0.05; Figure 4A,
B). Notable increases from leukoplakia to tumour were
on8p, from25 to46%;19p, from14 to61%; and19q, from
14 to 50%. We found that 13 DNA-repair pathway genes
(nucleotide excision repair, eight genes; base excision
repair, four genes; mismatch repair, three genes; Fanconi
anaemia, three genes; homologous recombination, two
genes) were deleted in tumour significantly more often
(p < 0.02, Fisher’s exact test) compared to leukoplakia
(supplementary material, Table S14). In sum, arm-level
sCNA events along with amplification of EGFR and dele-
tion of DNA-repair genes were more frequent in tumours
compared to leukoplakia tissues inproximity andare likely
late, but essential, events for transformation to cancer.

Oral tumour progression is associated with depletion
of CD8+ T cells
Immune cell composition plays a pivotal role at various
stages of tumour development and modulation of the
tumour microenvironment [61]. The relative proportion

of immune cells in leukoplakia, tumour, and adjacent nor-
mal tissues were estimated using CIBERSORT [38] from
bulk RNAseq data (supplementary material, Table S15,
Figure 5 and supplementary material, Figure S5). We
have detected significantly higher abundance of CD4+
memory activated T cells (p < 0.004, Kolmogorov–
Smirnov test) and M1 macrophages (p < 0.04,
Kolmogorov–Smirnov test) in both tumours and leuko-
plakia tissues than adjacent normal tissues. This observa-
tion is also supported by transcriptomic data; CTLA4 [62]
(expressed by the subset of CD4+T cells called Treg cells)
was found upregulated in both tumour (log2 fold-
change = 2.83, p[FDR] < 0.0001) and leukoplakia tis-
sues (log2 fold-change = 2.44, p[FDR] < 0.0001) com-
pared to adjacent normal, which provided further
supportive evidence for Treg-mediated immunoregulatory
activity [62] in potentially malignant leukoplakia and
malignant tumour. The relative abundance of CD4+
memory activated T cells was at least 2-fold higher in
tumours of 56.52% patients compared to their adjacent
leukoplakia tissues (Figure 5). On the other hand, the
abundance of CD8+ T cells (cytotoxic T cells: TC) was
significantly lower (p < 0.02, Kolmogorov–Smirnov test)
in tumour than in the leukoplakia, in 68% of patients
(Figure 5 and supplementary material, Figure S6). This
possibly indicates the inability of cytotoxic T cells to enter
into the tumourmicroenvironment or to survive there after
entry, suggestive of an immunosuppression program

Figure 4. Profilesof somaticcopynumberalterations (sCNA) in (A) tumourand(B) leukoplakiashowedahigherproportionofchromosomalarm-level
alterations in tumours.Sevenchromosomal arms (7pandq, 8p, 10p,19pandqand20q)wereamplified/deleted ina significantlyhigher proportion in
tumours than in the potentiallymalignant lesions. (C) Among individualswith leukoplakia butwithout cancer, the proportion of chromosomal arm-
level alterations in the leukoplakia tissue was less. Our analysis showed that sCNAs occur late during the development of malignancy.
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during tumour progression. In support of this interpreta-
tion, we found that the immune regulatory gene IDO1,
which is known to suppress TC proliferation [63,64],
was significantly upregulated in tumour tissue than in both
leukoplakia lesion (log2 fold-change = 1.37, p[FDR]
< 0.01) and adjacent normal tissue (log2 fold-
change = 4.8, p[FDR] < 0.0001). Depletion of TC cells
in the tumour microenvironment was been noted earlier
[65]. Additionally, we observed a significant sequential
depletion in abundance of dendritic cells (resting) from
normal to leukoplakia (p < 0.0004, Kolmogorov–
Smirnov test) to tumour (p < 0.04, Kolmogorov–Smirnov
test), which is known to be associated with immune sup-
pression by adversely affecting the degree of antigen pre-
sentation [66] besides depletion of TC in the tumour
microenvironment (Figure 5). The abundances of M0

macrophages and activated mast cells were significantly
higher (p < 0.004, Kolmogorov–Smirnov test) in
tumours, compared to both leukoplakia lesions and adja-
cent normal tissues, possibly contributing to inflammation
in tumours [13]. A recent study on early lung cancer
patients also found similarly evolving patterns of compo-
sition of immune cells from early to late-stage [67].

The time to malignant transformation of a potentially
malignant leukoplakia ranges from 4 to 10 years
We estimated (supplementary material, Table S16) the
time required for a leukoplakia tissue to transform to a

malignant tumour, using a previously described method
[33] and a range of somatic mutation rates (1–10 muta-
tions per year). Among these patients, 27% had a APO-
BEC mutagenesis signature in tumour, which is known
to elevate the mutation rate. In our data, a >2-fold ele-
vated mutation rate was observed in tumour compared
to leukoplakia, likely due to APOBEC activity; thus,
we have taken the possible range of the somatic mutation
rate to be 6–10 mutations per year for patients with an
APOBEC mutational signature in tumours. The average
time to malignant transformation of leukoplakia located
in proximity to tumour was estimated to be ~7 years
(95% confidence interval [CI]: 3.8–9.8 years). Three
broad groups were observed on the basis of the time to
malignant transformation: Group I (11 patients), with
an average time of ~3 years (95% CI: 1.8–4.0 years)
(average number of additional mutations during trans-
formation ~18); Group II (nine patients) with an average
time of ~7 years (95% CI: 6.2–8.5 years) (average num-
ber of additional mutations ~45); and Group III (two
patients), patients 2 and 47 (with 184 and 140 additional
mutations in tumours), with estimated times as 34 and
18 years. For more than 80% patients, the time taken to
progress to malignancy after a potentially malignant
condition (leukoplakia) had arisen was over 3 years, pro-
viding a significant window of opportunity for observa-
tion and clinical management, consistent with findings
of some previous studies [68,69].

Discussion

In this study we sought to identify the genomic changes
that occur during the evolution of a normal tissue in the
oral cavity to a potentially malignant lesion (leukoplakia),
and finally to a malignant tumour. In particular, we inves-
tigated whether there is consistent sequential accumula-
tion of genomic alterations during this evolution. Our
analysis provides evidence for (1) early genomic alter-
ations in leukoplakia, and (2) the accumulation of addi-
tional alterations along with a change in the immune
dynamics that promote progression to malignancy.

Most patients in our cohort were habitual tobacco
chewers. Tobacco is a major source of ROS (reactive oxy-
gen species) that increases oxidative damage to DNA
[70]. DNA changes that are induced by oxidation are pri-
marily repaired by base excision repair (BER)-mediated
mechanisms [71]. We have found a significantly higher
(Fisher’sexact test,p < 0.03)numberof raregermlinealter-
ations in genes of the DNA repair pathway — BER and
homologous recombination (HR)— in patients compared
to normal healthy individuals (GenomeAsia100k-Indian
cohort; n = 533); details are in supplementary material,
Table S17 and Figure 2E. Rare germline alterations in
DNA repair pathway genes likely predispose individuals
to develop lesions [72,73] on habitual exposure to tobacco.

We observed that (1) there is considerable sharing of
genomic variants between a leukoplakia and a tumour
in the same oral cavity (79%, n = 22), and (2) the

Figure 5. Immune deconvolution analysis from a bulk RNA sequence
data showed: (A) depletion of relative abundance of (1) cytotoxic
CD8+ T cells; and (2) antigen-presenting dendritic cells; and
(3) increased infiltration of immune regulatory CD4+memory acti-
vated T cells in tumours compared to nonmalignant leukoplakia
lesions that provided evidence for immune suppression in oral
tumour progression. (B) The higher abundance of inflammatory
mast cells and M0 macrophages in tumours indicates increased
inflammation in tumours promoting tumorigenesis.
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number of shared variants between the two tissues
decreases with an increase of the distance between them.
The presence of shared somatic mutations in two physi-
cally distinct locations, i.e. tumour and leukoplakia in
proximity and their higher cellular fractions in tumours
further confirmed their early occurrence [42,74].
Somatic mutations that were specific to leukoplakia
and tumour likely arose after the committed transfor-
mation to malignancy.

CASP8 appears to be a major driver to initiate malig-
nant transformation in a benign leukoplakia lesion. The
proportion of shared somatic mutations in CASP8
between leukoplakia and cancer was significantly higher
(Fisher’s exact test, p < 0.02) than for any other gene.
Among OSCC-GB patients, we found that most CASP8
mutations are in the most conserved protease domain
[which is evolutionarily more conserved (Bit score:
341.12) than the known conserved DED domain (Bit
score: 132.23); https://www.ncbi.nlm.nih.gov/cdd/],
which is required for cleavage and activation of down-
stream caspases to trigger apoptosis [75]. Most (83%)
mutations in CASP8 shared between leukoplakia
and tumour were highly deleterious: stopgain, frame-
shift, or hotspot [R292Q (CASP8:NM_001080125) or
R233Q (CASP8:NM_033355)]; the remaining observed
missense mutations were also predicted to be highly del-
eterious by at least two of three mutation functional
effect prediction algorithms (MutationAccessor, SIFT,
and PolyPhen-2). CASP8 is a key regulator of the apo-
ptosis pathway, inactivation of which may result in cel-
lular immortality [76]. Genes linked to cellular
invasion, migration, and stemness were upregulated in
CASP8-mutated leukoplakia and tumours. Loss of func-
tion of CASP8 has been previously shown in head and
neck cancer [77], neuroblastoma [78], lung cancer cell
lines [79], and model systems [56] to be associated with
cell survival, migration, and invasive capacities, as well
as immune escape [80], especially in the case of head
and neck tumours. We infer from our data and support-
ive evidence from multiple functional studies that
CASP8mutations are early initiators of oral cancer facil-
itating survival advantage and lateral spread of mutant
cells.

Besides acquisition of additional pathogenic muta-
tions and CNAs, the immune contexture of the tumours
was found to be protumorigenic, i.e. abundance of regu-
latory T cells (Treg) and depletion of cytotoxic T cells
(TC) and antigen-presenting dendritic cells. We also ana-
lysed gene expression data from 43 paired tumour-
normal samples from the TCGA-HNSC cohort and
found that 55.8 and 65.1% of patients had at least a
2-fold greater abundance, respectively, of TC and resting
dendritic cells in adjacent normal than in their tumours,
adding further support to our observations on Indian oral
cancer patients. These findings indicate that immuno-
therapy can be used to stabilize cytotoxic T-cell and
antigen-presenting dendritic cells to retard malignant
transformation of oral, potentially malignant, disorders.
An increase of inflammatory immune cell infiltration
was observed from normal oral tissue to leukoplakia to

tumour. The expression of proinflammatory cytokines
and interleukins, e.g. CXCL8 [81], CXCL11 [82], IL24
[83], IL1A [84,85], and IL11 [86] were significantly
upregulated in tumours as compared to both adjacent
normal and leukoplakia tissues. Our gene expression
data showed tumour-specific upregulation of proangio-
genic factor VEGFC, due possibly to inflammation in
the tumour microenvironment.
Our multiomics characterisation of oral tumours and

associated potentially malignant lesions helped delineate
the sequence of genomic events during malignant trans-
formation and progression. We identified early events
(CASP8 and NOTCH1 alterations), intermediate events
(APOBEC activity and tumour-only additional patho-
genic mutations), late events (EGFR amplification, chro-
mosome arm-level instability), and deregulation of
immune contexture (depletion of antitumour immune
cells and increased inflammation) during the course of
oral tumour initiation and progression. Our findings also
open up possibilities for incorporation of: (1) therapy to
inhibit APOBEC activity [87] activity, and (2) immuno-
therapy in stimulating cytotoxic T cells [88] and den-
dritic cells [89], to prevent malignant transformation of
oral, potentially malignant, conditions.
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