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Abstract
Oral Squamous Cell Carcinoma (OSCC) is the sixth most aggressive type of oral cancer. Mutations in cancer-driving 
genes such as protein kinase are well known in cancer progression. We selected candidate genes (PIK3CA, BRAF, 
EGFR, ALK, and ROS1) for mutations exploration in the OSCC patients belonging to Khyber Pakhtunkhwa (KP) 
through Next Generation-Whole Exome Sequencing (NG-WES) using Formalin Fixed Paraffin Embedded (FFPE) 
tissue blocks (27 tumor and 7 paired normal) for the 1st time followed by in-silico characterization. A total of 33 
mutations were identified which constituted 28/33 (84.84%) SNVs, 4/33 (12.12%) frameshift deletions and 1/33 
(3.03%) stop-gain mutation. While, of the 33 mutations, 12.6% (4/33) were novel and had not been previously 
reported in public mutation databases such as COSMIC or dbSNP. Among the total somatic mutations (24/33; 
72.72%), 08/33 mutations were observed in multiple patients. Mutations of the ALK i.e. ALKp.I1461V, ALKp.K1491R 
and ALKp.D1529E were found in 27/27, 21/27 and 20/27 tumor samples and hence can have potential biomarker 
applications. ISPRED-SEQ identified 07/33 interaction site mutations i.e. EGFRp.R521K, EGFRp.R831C, ROS1p.S2229C, 
ROS1p.E1902K, ROS1p.K2228Q, ROS1p.D2213N, and ROS1p.P221S. SAAFEQ-SEQ predictions revealed that (28/29; 96.5%) SNVs 
destabilize protein except for ROS1p.D2213N. ConSurf predictions indicated 17.3% (5/33) mutations (e.g., ROS1p.N2240K 
(score 9) and ROS1p.L567V (score 8), as highly conserved, likely disrupting kinase function and stability, unlike variable 
mutations with milder effects. MD simulations for interacting sites (IS) SNVs revealed structural deviations, with 
mutant proteins revealing larger gyration radius and fluctuations in root mean square deviation (RMSD) studies 
indicating a disrupted folding behavior. To conclude, we identified potential mutations on ROS1 that can have 
potential biomarker applications, however, we recommend studies in large Pakhtun cohorts in KP, Pakistan.
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Introduction
Oral Squamous Cell Carcinoma (OSCC) is one of the 
most prevalent and aggressive types of cancer, constitut-
ing a significant global health burden [1]. It is the sixth 
most common oral cancer mainly arises from the tongue, 
buccal, palate, and floor of the mouth and offers a sig-
nificant clinical challenge due to its high mortality and 
morbidity [2]. OSCC accounts for over 90% of all oral 
malignancies, with nearly 400,000 new cases reported 
annually [3]. Globally, OSCC has an incidence of 0.6 mil-
lion and a mortality rate of 0.35 million, with South and 
Southeast Asia having exceptionally high incidence rates, 
according to the Global Cancer Observatory (2020) [4]. 
In Pakistan, OSCC is the most prevalent malignancy 
(incidence and mortalities) in terms of males, whereas it 
is second after breast cancer in females. Out of the total 

185,748 new cases in 2022, 8.6% were of lip and oral cav-
ity. Specifically in males, the prevalence is 12.3% and in 
females the prevalence is 5.3%. Figure 1, shows the most 
prevalent cancers in males and females of Pakistan and 
is derived from the Globcon report 2022 [5]. OSCC has 
a multifactorial etiology, with risk factors such as smok-
ing, alcohol use, snuff dipping, and the use of smokeless 
tobacco and betel quid being notably common in South 
Asia [6]. According to estimates, in 2022, ~ 120,000 new 
cases of oral cancers were attributed to the use of smoke-
less tobacco and areca nut with a high proportion espe-
cially in South-Central Asia and LMIC’s [7]. The five year 
survival rate in oral cancers is < 50%, with comparatively 
better outcomes in women [8].

Surgery is the most practiced option but leads to sig-
nificant deformity, usually causing the inability of mouth 
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functions, psychosocial stress and extensive rehabilita-
tion. The application of chemotherapy and radiotherapy 
is limited because of intolerance and toxicity. Immu-
nological treatments are still in their infancy. Given the 
limitations of current treatments and the high morbidity 
of OSCC, identifying driver mutations as biomarkers is 
critical for advancing early diagnosis and targeted thera-
peutic strategies [8, 9].

Despite advancements in treatment strategies, the 
prognosis for OSCC remains poor. High rates of recur-
rence and metastasis, contributes to its elevated mor-
tality and morbidity. Therefore, understanding the 
molecular processes that drive OSCC growth is crucial 
[10]. Recently, the conception of the molecular mecha-
nisms underlying OSCC has expanded significantly, 
with a growing emphasis on the role of specific genetic 
mutations in its pathogenesis [11]. Kinase genes, such 
as PIK3CA, BRAF, EGFR, ALK, and ROS1, are criti-
cal signaling mediators regulating cellular processes 

like proliferation and apoptosis, and their dysregulation 
drives OSCC oncogenesis [12, 13].

Despite the clinical relevance of kinase genes mutations 
in cancer, research on their profiles in the Pakistani pop-
ulation, particularly in Khyber Pakhtunkhwa, remains 
largely unexplored. By using whole-exome sequencing 
data, this study focuses on profiling genetic mutations 
and their correlation with histopathological and sociode-
mographic variables in five key kinase genes: PIK3CA, 
BRAF, EGFR, ROS1, and ALK in patients with OSCC. 
Furthermore, through in-silico approaches including, 
computational protein modeling and bioinformatics 
analyses, we aim to identify the functional consequences 
of these mutations and assess their prognostic and 
therapeutic potential as biomarkers. Identifying these 
genetic drivers and mapping their mutational profiling 
in OSCC will be pivotal for tailoring precision medicine 
approaches, thus contributing to more individualized and 
effective cancer management.

Fig. 1  Incidence, mortality and number of new cases in Pakistan according to the country factsheet from Global Cancer Observatory (Globcon)
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Materials and methods
Inclusion/exclusion criteria
Patients of both genders and all age groups who were 
clinically and histologically confirmed to have OSCC 
(Stage I-IV) were included. While patients who experi-
enced tumor recurrence, received alternative treatments 
such as chemotherapy or radiotherapy, or had other types 
of cancers were excluded from the study.

Subject characteristics and sample processing
A total of 27 tumor tissue samples and 7 paired normal 
samples were selected for this study. The tumor tissues 
were obtained from patients diagnosed with Oral Squa-
mous Cell Carcinoma (OSCC) at Hayatabad Medical 
Complex (HMC) and Khyber College of Dentistry (KCD), 
Peshawar, KP, Pakistan. A pathologist identified the 
paired normal tissues. The samples were obtained in 10% 
buffered formalin and transported to the Khyber Medical 
University (KMU) laboratory, where their formalin-fixed 
paraffin-embedded (FFPE) blocks were made for further 
processing. Moreover, Hematoxylin and eosin (H&E) 
staining was performed on the sections from these blocks 
for histopathological analysis. All the steps and proce-
dures were conducted in line with the ethical guidelines 
of the Declaration of Helsinki. Approval for the study 
was obtained from the research ethics committee of Khy-
ber Medical University, Peshawar (Reference number 
Dir/Ethics/KMU/2020/17; dated 29/01/2020). Written 
informed consent was obtained from all patients prior to 
sample collection. Based on inclusion criteria, patients of 
all ages and both genders who were clinically and histo-
logically confirmed OSCC patients were included.

DNA extraction and quality assessment
Genomic DNA was isolated from the formalin fixed par-
affin embedded tumors using QIAmp DNA FFPE Tissue 
Kit (Catalog No. 56404) by following the kit protocols. 
The quality of isolated DNA was evaluated by 2% aga-
rose gel electrophoresis while the concentration of DNA 
was assessed using high sensitivity (HS) double stranded 
DNA Qubit kit by Qubit Fluorometer 2.0 (Thermo 
Fisher). The good quality isolated DNA was stored at −20 
oC till further process.

DNA library preparation and sequencing
High quality isolated DNA (200 ng) was processed for 
library preparation using Illumina DNA Prep with Exome 
2.5 Enrichment Kit (Illumina), following the manufactur-
er’s protocol. Briefly, genomic DNA was fragmented into 
about 300 bases using transposes followed by adapter 
ligation at the blunt end followed by few PCR cycle 
amplification. The amplified products were purified by 
Agencourt Ampure magnetic beads and the concentra-
tion of the purified library was evaluated by HS dsDNA 

Qubit kit. DNA fragments containing exonic regions 
were captured by hybridizing with specific coding oli-
gos (CEX). The captured coding fragments were purified 
followed by enrichment with few PCR cycle amplifica-
tion. The enriched library was purified using Agencourt 
Ampure magnetic beads. Size distribution of the library 
was evaluated by 2% Agarose gel electrophoresis and the 
concentration was assessed by Qubit Fluorometer. The 
library was normalized and diluted to 20 pmole using 
hybridization buffer (HT1). The library was further 
diluted to 1.8 pmole for high through put sequencing 
using high through put NextSeq500/550 sequencing car-
tridge. The paired end sequencing was performed using 
2 × 150 cycle flowcell chemistry on NextSeq500 Illumina 
platform.

Analysis and annotation of sequence data
To analyze sequence data, the raw sequencing data was 
demultiplexed and converted to fastq using bcl2fastq. 
The quality of sequencing reads was evaluated by fastQC 
(​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​.​b​​a​b​r​​a​h​a​m​​.​a​​c​.​u​​k​/​p​​r​o​j​e​​c​t​​s​
/​f​a​s​t​q​c​/). Adapter sequences and the poor-quality reads 
were removed using fastp tool (​h​t​t​p​​:​/​/​​o​p​e​n​​g​e​​n​e​.​​o​r​g​​/​f​
a​s​​t​p​​/​f​a​s​t​p). Good quality sequencing data was aligned 
with hg38 reference genome (hg38-UCSC) using Bur-
rows − Wheeler aligner (BWA-mem) tool. The sequenced 
aligned reads in the bam format were sorted and the 
PCR duplicated reads were marked and removed using 
PICARD tool. Base recalibration and haplotype calling 
was carried out by standard GATK pipeline. Variants 
with a quality score (QUAL) greater than 30, read depth 
(DP) less than 20, genotyping quality (GQ) above 20, and 
minor allele frequency (MAF) below 0.01 in the gnomAD 
v4.1 were used as thresholds for variant calling. The data 
was processed using the ANNOVAR tool to generate a 
comprehensive CSV file containing all relevant informa-
tion. Further filtration of the data was carried out with 
the help of R program.

Bioinformatics analysis
To predict the pathogenicity of all the nonsynonymous 
SNVs, five different tools SIFT, Polyphen-2, Mutation 
Taster, Mutation Assessor, PROVEAN, FATHMM were 
used. ISPRED-SEQ (​h​t​t​p​​s​:​/​​/​i​s​p​​r​e​​d​w​s​​.​b​i​​o​c​o​m​​p​.​​u​n​i​b​o​.​i​t​/​s​
e​q​u​e​n​c​e​/) was used to predict the mutations of the ​i​n​t​e​r​
a​c​t​i​o​n sites. SAAFEQ-SEQ (​h​t​t​p​​:​/​/​​c​o​m​p​​b​i​​o​.​c​​l​e​m​​s​o​n​.​​e​d​​u​
/​l​a​b​/) was used to predict the effect of mutations on ​p​r​
o​t​e​i​n stability. For predicting the evolutionary conserva-
tion of the mutated residue position, and for determining 
the other attributes i.e. functional, structural, buried and 
exposed nature, “ConSurf” tool ​(​​​h​t​t​p​s​:​/​/​c​o​n​s​u​r​f​.​t​a​u​.​a​c​.​i​l​/​​​​​
) was utilized.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://opengene.org/fastp/fastp
http://opengene.org/fastp/fastp
https://ispredws.biocomp.unibo.it/sequence/
https://ispredws.biocomp.unibo.it/sequence/
http://compbio.clemson.edu/lab/
http://compbio.clemson.edu/lab/
https://consurf.tau.ac.il/


Page 5 of 22Nawab et al. BMC Cancer         (2025) 25:1333 

Molecular modeling and mutation mapping
“maftool” in R-Studio was used to create the lollipop 
plots in order to show location and distribution of dif-
ferent mutations across PIK3CA, BRAF, EGFR, ALK and 
ROS1 genes in the recruited oral squamous cell carci-
noma (OSCC) cancer patients [14]. For molecular mod-
eling, the proteins with mutations on interaction site 
residues were modeled using “Swiss-Model” (​h​t​t​p​​s​:​/​​/​s​w​
i​​s​s​​m​o​d​​e​l​.​​e​x​p​a​​s​y​​.​o​r​g​/) and then were superimposed and 
visualized using “PyMOL” software [15]. Furthermore, 
interaction networks for its proteins were analyzed using 
STRING and GeneMANIA databases. The mutational 
spectrum of these kinase genes were associated with clin-
icopathological and sociodemographic determinants in 
OSCC patients.

Molecular dynamics (MD) simulation
The selected interaction site mutations were subjected to 
molecular dynamics (MD) simulations using GROMACS 
5.1. Firstly, the 3D structures of the proteins were pre-
pared using Swiss-Model, and the resultant Pdb files were 
used for simulations. Next, a topology file was generated, 
incorporating the appropriate force field (OPLS-AA/L 
all-atom) parameters and molecular types to define the 
molecular structure and interactions within the system. 
Solvation was performed, for which the solvated system 
was prepared by embedding the protein in a box with the 
solvent model SPC216.gro, providing a realistic aqueous 
environment. Further, to neutralize the system, counter 
ions were added to offset any residual net charge in the 
system. We then subjected the system to an energy mini-
mization step, aiming to relieve unfavorable contacts and 
ensure a stable starting configuration. This initial minimi-
zation was essential to eliminate steric clashes and allow 
the system to begin from a low-energy state [16]. Equili-
bration was performed in two sequential phases to sta-
bilize both the temperature and pressure of the system. 
First, an NVT (constant number of particles, volume, and 
temperature) equilibration phase was applied to stabilize 
the temperature, ensuring a consistent thermal environ-
ment. This was followed by an NPT (constant number of 
particles, pressure, and temperature) equilibration phase 
to bring the system to equilibrium at a constant pressure 
and density. These equilibration steps were crucial to pre-
pare the system for the subsequent production MD simu-
lation phase, ensuring that the system parameters were 
stabilized under physiological conditions. The final step 
was to run apo simulations lasting 50ns.

Furthermore, during the production of MD simulation, 
a range of structural and dynamic analyses were con-
ducted over time to evaluate differences between mutant 
(MT) and wild-type (WT) structures. Root-mean-square 
deviation (RMSD) was calculated to monitor the over-
all stability of the protein backbone throughout the 

simulation. The root-mean-square fluctuation (RMSF) 
was determined to assess local structural variations, 
allowing us to identify residues with increased flexibility 
due to mutation. To evaluate the protein’s folding and 
compactness, the radius of gyration (Rg) was tracked 
over time, providing a measure of the protein’s overall 
structural stability [17]. Additionally, GROMACS energy 
parameters (including; temperature, pressure, density, 
and potential) were recorded and all the results were 
visualized using ORIGIN PRO 2024b. The wild type and 
mutant protein models were evaluated for further vali-
dation by making Ramachandran plots using the PRO-
CHECK server.

Results
Sample characteristics
A total of 27 patients that met the inclusion criteria par-
ticipated in the study. Our findings revealed a higher 
prevalence of OSCC cases in male (19/27; 70.4%) as com-
pared to female (8/27; 29.6%) population. Regarding age, 
16 patients were above 56 years (16/27; 59.3%), while 11 
patients were under 56 years (11/27; 40.7%). Anatomi-
cally, the tumors were distributed across several sites, 
including the tongue (10/27; 37% cases), lip (5/27; 18.5% 
cases), buccal mucosa (4/27; 14.8% cases), and other 
areas i.e. Mandible, Oral cavity, palate and floor of mouth 
(8/27; 29.6% cases). Histopathological analysis revealed 
that 14 cases (51.8%) were well differentiated, while 13 
(48.1%) were moderately differentiated. Furthermore, 
with respect to sociodemographic factors, the analysis 
of tobacco consumption revealed that 10 patients (10/27; 
37%) were non- tobacco users, 15 (15/27; 55.5%) used 
naswar, and 2 (2/27; 7.4%) were smokers. Additionally, 
12/27; 44.44% patients had a favorable family history of 
cancer, while 15/27; 55.55% patients did not have a posi-
tive family history. In terms of dental issues, 8 (8/27; 
29.6%) patients reported a history of dental problems, 
whereas 19/27 (70.37%) did not have any history of dental 
issues.

Mutational profiling
For mutation analysis of selected genes; PIK3CA, BRAF, 
EGFR, ALK, and ROS1, the whole-exome sequencing 
(WES) data were analyzed using several mutation data-
bases, including the COSMIC database and dbSNP. 
Variants found in both tumor and paired normal tissue 
samples were classified as germline mutations, whereas 
the gene variants found only in tumor tissue samples 
were labelled as somatic mutations [18]. The overall 
spectrum of mutations identified in the selected genes 
is summarized in Table  1. These included 28 nonsyn-
onymous SNVs (28/33; 84.84%), 4 frameshift deletions 
(4/33; 12.12%), and 1 stop-gain mutation (1/33; 3.03%) 
(Fig.  2C). Among the total 33 mutations, 24 (72.72%) 

https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
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were somatic and 9 (27.27%) were germline mutations, 
as determined by comparison with paired normal tis-
sues (27 tumor tissue samples and 7 paired normal tis-
sues) (Fig. 2B). Notably, 4 out of the 33 mutations (12.1%) 
are novel and reported here for the first time. The gene-
wise incidence of somatic mutations on PIK3CA, BRAF, 
EGFR, ALK, and ROS1 were 25% (6/24), 8.33% (2/24), 
4.16% (1/24), 12.5% (3/24) and 50% (12/24). No germline 
mutation was identified on PIK3CA. On BRAF, EGFR, 
ALK, and ROS1 the germline mutations were 11.1% 
(1/9), 11.1% (1/9), 44.4% (4/9), and 44.4% (3/9) respec-
tively. All the six mutations on PIK3CA were somatic (5 
SNVs and 1 Frameshift Deletion). One novel frameshift 
deletion i.e. PIK3CAp.A518Efs*5 was identified on PIK3CA. 
The BRAF gene had three mutations, including one non-
synonymous SNV; BRAFp.P253A (germline) and two novel 
frameshift deletion mutations i.e. BRAFp.M187Ifs*4 and 
BRAFp.T526Lfs*31 (somatic). EGFR gene had two nonsyn-
onymous mutations (including 1 somatic and 1 germ-
line). The ALK gene had seven mutations, consisting of 
six nonsynonymous SNVs and one frameshift deletion as 
a novel mutation; ALKp.G640Efs*25. Moreover, ROS1 gene 
had a total of 15 mutations including 14 nonsynonymous 
and one stop gain somatic mutation. Mutations on ALK 
i.e. ALKp.I1461V was found in all patients (27/27; 100%), 
whereas, ALKp.K1491R (21/27; 77.77%) and ALKp.D1529E 
(20/27; 74.07%) were also found in majority of the popu-
lation indicating their potential biomarker applications 
in local population. Similarly, mutations on ROS1, such 
as ROS1p.K2228Q,ROS1p.D2213N,ROS1p.S2229C,ROS1p.T145P 
was found to be recurring in 8/27 (29.62%) patients and 
can be further evaluated in larger cohorts for biomarkers 
applications (Fig. 2D).

The lollipop plots illustrate the location and sequence 
of the most notable genetic alterations are indicated in 
Fig. 3A−E.

The inset of Fig.  4A − E indicates the frequency of 
mutations on exons of PIK3CA, BRAF, EGFR, ALK and 
ROS1 to determine the exon locations where mutations 
occurred most frequently. For PIK3CA, ALK and ROS1, 
the highest mutation frequencies were observed on exon 
10, exon 29, and exon 42, respectively. However, for 
BRAF and EGFR gene, the mutations were found on exon 
4, 7, 12, 13 and 21.

Prediction of tolerated and deleterious SNVs
The pathogenic impact of mutations identified in the 
PIK3CA, BRAF, EGFR, ALK and ROS1 genes was pre-
dicted using a combination of in-silico tools, including 
SIFT, PolyPhen-2, Mutation Taster, Mutation Assessor, 
PROVEAN and FATHMM. These tools assess whether 
the identified mutations are likely to be deleterious or 
benign based on evolutionary conservation, protein 
structure, and biochemical properties [19]. The predicted Pa
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pathogenicity results of mutations in the selected genes 
are summarized in Figure S1 (A-F). According to SIFT 
prediction, overall, 11/33 (33.33%) predictions were con-
sidered as deleterious and 17/33 (51.51%) are tolerated. 
However, 5/33 (15.15%) mutations do not revealed any 
results in SIFT predictions. On the other hand, the SIFT 
prediction for PIK3CA, BRAF, EGFR, ROS1 revealed 
a total of 2/6 (33.3%), 1/3 (33.3%), 1/2 (50%), and 7/15 
(46.7%) mutations as deleterious respectively. While for 
ALK mutations, no such mutation was categorized as 
deleterious. The Polyphen-2 predictions for PIK3CA, 
EGFR and ROS1 revealed 2/6 (33.3%), 1/2 (50%) and 5/15 
(33.3%) as probably damaging and 3/6 (50%), 1/2 (50%) 
and 9/15 (60%) as benign mutations. However, 1/15; 
6.66% (ROS1), 1/7; 14.2% (ALK1), 1/6; 16.6% (PIK3CA) 
and 2/3; 6.6% (BRAF) had no prediction score according 
to polyphen-2 (Figure S1-B). The prediction from Muta-
tion Taster database revealed 4/6 (66.67%), 1/3 (33.3%), 
1/2 (50%), 3/7 (42.8%) and 5/15 (33.3%) mutations as 
disease causing in all the five genes. However, 1/7; 14.2% 
(ALK1), 1/6; 16.6% (PIK3CA) and 2/3; 66.6% (BRAF) 
were not predicted according to Mutation Taster (Figure 
S1-C). Similarly, based on the medium and low impact 
categories observed according to Mutation assessor, for 
ROS1, PIK3CA, and BRAF 6/15 (40%), 1/6 (16.6%) and 
1/3 (33.3%) of the mutations were classified as medium 

impact, 5/15; 33.3% (ROS1), 2/7; 28.6% (ALK) and 4/6; 
66.6% (PIK3CA) as low impact mutations. While, 1/15; 
6.66% (ROS1), 2/3; 66.6% (BRAF), 1/7; 14.3% (ALK) 
and 1/6; 16.6% (PIK3CA) as non-predicted mutations 
according to Mutation Assessor database (Figure S1-D). 
According to the PROVEAN analysis, out of 33, 5 muta-
tions (5/33; 15.15%) were predicted to be ‘deleterious’ in 
all the selected genes and 23 (23/33; 69.69%) mutations 
were predicted to be ‘neutral’ as shown in Figure S1-F. 
Similarly, according to FATHMM results, overall, 24 out 
of 33 (72.72%) mutations were considered as tolerated, 
while 4 out of 33 (12.12%) mutations were considered as 
deleterious mutations. Table S1 shows the unpredicted 
and predicted mutations from the various databases.

Prediction of protein structural stability and interacting 
site mutations
To further scrutinize these mutations, another tool 
SAAFEQ-SEQ predictions was used that relate to the 
effect of the SNVs on protein stability. Our results 
revealed the destabilizing effect predicted for all single 
nucleotide variants (SNVs) in the dataset, except for the 
ROS1D2213N mutation, which showed a stabilizing effect 
(Table S2). Additionally, we employed ISPRED-SEQ (an 
interaction site prediction tool) in order to determine 
SNVs (single nucleotide variations) of the selected gene 

Fig. 2  Mutational profile of selected key kinase genes (PIK3CA, ROS1, ALK, EGFR, BRAF) A Percentage of novel mutations and reported mutations from 
the data obtained using the COSMIC/dbSNP databases and literature survey; B Frequency of germline and somatic mutations; C Mutation type in the 
selected genes on basis of mutation rate; D Recurring mutations having Biomarker Potential
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Fig. 3  Lollipop plot presenting the distribution of different mutations in PIK3CA, EGFR, ALK, ROS1 and BRAF genes. The plots were created by the maftools 
in R-Studio
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at the interaction sites. From our results we found that, 
both mutations of EGFR (EGFRR521K, EGFRR831C) were 
interaction site (IS) mutations. Similarly, in ROS1 5/15 
(33.3%) mutations (ROS1S2229C, ROS1E1902K, ROS1K2228Q, 
ROS1D2213N, ROS1P221S) were present at the interacting 
sites. All mutations harbored by BRAF, ALK and PIK3CA 
were identified as non-IS mutations, with probability 
scores less than 0.5 (Table S3). The selected IS mutations 
in EGFR and ROS1 were visualized and superimposed in 
PyMOL as shown in Fig. 5.

ConSurf predictions
The evolutionary conservation of amino acid residues 
in the selected genes were analyzed using the ConSurf 
server. Among the identified mutations in all genes, over-
all, 12/33; 36.36% were identified with highly and moder-
ately conserved status having an exposed/buried nature, 
indicating their potential involvement in structural and 
functional alterations of the protein. Additionally, 12/33; 
36.36% mutations were identified as highly and mod-
erately variable status with exposed/buried nature resi-
dues, having a varied conservation scores, while 4/33; 
12.12% of the mutation have an average conservation 
score of 5 with exposed or buried nature. Five mutations 
i.e. ROS1p.N2240K, ROS1p.L567V, ROS1p.R167Q, ROS1p.E1690K, 
ROS1p.T145P in ROS1 gene were found to be located in 

highly conserved regions, each having the highest con-
servation scores of 9 and 8. ROS1p.N2240KROS1p.E1690K 
and ROS1p.R167Q were of exposed and functional nature 
while ROS1p.L567Vand ROS1p.T145P were predicted as 
residues with buried nature. For EGFR, the IS mutation 
EGFRp.R521K was predicted to be in an exposed region 
(moderately variable) status with a conservation score of 
3. In contrast, the EGFRp.R831C mutation was identified 
to be of moderately conserved status with buried nature 
(conservation score 6). The results are summarized in 
Fig. 6 and Table S4.

MD simulations
In our study, we utilized molecular dynamics (MD) simu-
lations to compare the structural stability and dynamics 
of seven different interacting sites mutations, analyz-
ing key parameters such as root mean square deviation 
(RMSD), root mean square fluctuation (RMSF), Radius 
of gyration (Rg), temperature, pressure, density and 
potential. Over the duration of 50 ns, by analyzing the 
structural compactness (Rg) plots for the selected muta-
tions (Figs. 7, 8, 9, 10, 11, 12 and 13A), compared to the 
wild type of proteins, all the mutant types have showed 
a greater Rg values, which generally illustrates abnor-
mal folding of protein and decreased stability. Among 
the examined mutations, for EGFRp.R521K, contrary to its 

Fig. 4  Frequency (%) of Mutations on Exons of A PIK3CA, B BRAF, C EGFR, D ALK, E ROS1
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wild type (WT), the mutant type (MT) shows a high Rg 
value of 2.7 nm in the first 20 ns with significant varia-
tions before dropping abruptly to 2.2  nm and remains 
fluctuating between 2.2 and 1.8  nm until the simula-
tion’s end. Major differences were seen in ROS1 IS vari-
ants (ROS1p.S2229C, ROS1p.P221S, ROS1p.D2213N), in which 
throughout the simulations (50 ns), the Rg values stays 
higher as compared to WT proteins. The difference 
between the average radius of gyration values is shown in 
Fig. 14 for all the IS mutations.

Major structural deviations were observed while com-
paring the mutant and wild type proteins during RMSD 
results. For EGFRp.R521K, a major deviation was observed 
at 25 ns and 33 ns compared to the wild type as shown in 
Fig. 7B. Major fluctuations were seen in EGFRp.R831C from 
10 ns to 20 ns and a significant change in the trajectory 
after 20 ns as indicated in Fig. 8B. Similarly, for ROS1, the 
mutations in targeted structures showed varied devia-
tions relative to their WT proteins (Figs.  9B, 10, 11, 12 

and 13B). ROS1p.S2229C exhibited major deviations after 
7 ns. (Fig.  9B). ROS1p.E1902K exhibited major deviations 
at 3 ns and minor fluctuations after 12ns (Fig. 10B). For 
ROS1p.K2228Q, the fluctuations of mutant protein starts 
at 2 ns then drops at 5ns and again deviates upward at 
16ns (Fig. 11B). Similarly, ROS1p.P221S mutant protein also 
showed major deviations as compared to WT, starting 
from 0 ns until the simulations end (Fig. 12B). Moreover, 
ROS1p.D2213N showed greater RMS deviations at different 
points as compared WT (Fig. 13B).

To study alterations in residue dynamics caused by 
selected IS mutations, RMSF values were computed. 
For ROS1, until the simulation’s last frame, all the MTs 
had higher RMSF scores than the WTs, with consider-
able variations, especially around the changed residues 
(Figs. 9C, 10, 11, 12 and 13C). Similarly, in case of EGFR, 
Fig.  7  C also revealed notable changes in amino acid 
variations compared to the WT. For EGFRp.R831C, over-
all, both the WT and mutant have a competing RMSF 

Fig. 5  EGFR and ROS1 interacting site mutations visualization and superimposition in PyMOL
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Fig. 7  Analysis of Wild and Mutant EGFRp.R521K Using Gromacs Molecular Dynamics Simulations (A-G) and Ramachandran Plot Profiles (H-I)

 

Fig. 6  ConSurf Scores Predictions of PIK3CA, BRAF, EGFR, ALK and ROS1 Mutations

 



Page 13 of 22Nawab et al. BMC Cancer         (2025) 25:1333 

Fig. 9  Analysis of Wild and Mutant ROS1p.S2229C Using Gromacs Molecular Dynamics Simulations (A-G) and Ramachandran Plot Profiles (H-I)

 

Fig. 8  Analysis of Wild and Mutant EGFRp.R831C Using Gromacs Molecular Dynamics Simulations (A-G) and Ramachandran Plot Profiles (H-I)
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Fig. 11  Analysis of Wild and Mutant ROS1p.K2228Q Using Gromacs Molecular Dynamics Simulations (A-G) and Ramachandran Plot Profiles (H-I)

 

Fig. 10  Analysis of Wild and Mutant ROS1p.E1902K Using Gromacs Molecular Dynamics Simulations (A-G) and Ramachandran Plot Profiles (H-I)
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Fig. 13  Analysis of Wild and Mutant ROS1p.D2213N Using Gromacs Molecular Dynamics Simulations (A-G) and Ramachandran Plot Profiles (H-I)

 

Fig. 12  Analysis of Wild and Mutant ROS1p.P221S Using Gromacs Molecular Dynamics Simulations (A-G) and Ramachandran Plot Profiles (H-I)
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value; however, the MT was observed to have a more 
pronounced deviation around the mutation residue. 
On the other hand, compared with that, in the mutant 
(EGFRp.R521K), fluctuations remain moderate up to resi-
due 200; however, after the mutation site (residue 201 in 
the graph), the fluctuations become more pronounced, 
with significant fluctuations observed between resi-
dues 300 to 400, as shown in Fig. 7C. Additional energy 
parameters such as temperature, pressure, and den-
sity also exhibited both minor and major fluctuations, 
demonstrating that these mutations influenced protein 
stability.

Ramachandran plots were further created for specific 
interaction site (IS) alterations to examine changes in 
the favorable areas of both mutant and normal proteins, 
as illustrated in Figs. 7, 8, 9, 10, 11, 12 and 13 (H-I). For 
the ROS1p.S2229C (Fig. 9H-I) and ROS1p.P221S (Fig. 12H-I) 
mutations, the normal protein had 88.2% of its residues 
in favorable areas, whereas the mutant had 88.3%.

Association of genetic mutations with histopathological 
grading and sociodemographic parameters
Various clinical, histopathological and socio-demographic 
charactersitics of the sample were studied in the context of 
their association with the mutations as indicated in Fig. 15A-
E. The analysis of EGFR, BRAF, PIK3CA, ALK, and ROS1 
gene mutations revealed significant associations with vari-
ous demographic and histopathological parameters, high-
lighting key risk factors for oral cancer progression. Age, 
gender, tumor differentiation, anatomical tumor location, 
and tobacco use emerged as prominent factors influencing 

the mutation patterns. For EGFR, the EGFRp.R521K variant 
was notably associated with younger patients (≤ 56 years) 
occurring slightly higher in males (47.4%) as compared to 
female (37.5%) and with high prevalence in well differen-
tiated tumors (57.1%). This variant also showed a higher 
occurrence among non-tobacco users (60%) and individuals 
with dental problems (52.6%), while the EGFRp.R831C muta-
tion was slightly more common in younger patients (≤ 56 
years) and in females (12.5%). We found the EGFRp.R831C 
mutation in 13.3% of the naswar users’ patients. BRAF 
mutations, specifically BRAFp.P253A, BRAFp.T526Lfs31 and 
BRAFp.M187Ifs4, were linked to well-differentiated tumors 
(7.14%). The BRAFp.T526Lfs31 mutation was found in 
males (5.26% each), and mutations like BRAFp.P253A and 
BRAFp.T526Lfs31 were found in naswar users (6.66% each). 
The PIK3CA gene mutations, particularly PIK3CAp.I391M, 
were predominantly found in older male patients with mod-
erately-differentiated tumors, primarily located in buccal 
mucosa. All PIK3CA mutations were found in naswar (snuff 
or dipping tobacco) users and smokers. For the ALK gene, 
the results indicate that different mutations exhibit distinct 
associations with various clinical and demographic factors. 
Mutations such as ALKp.S639R and ALKp.G640Efs*25 were found 
to have an association with naswar use (6.66% each) and 
family history of cancer (8.33% each). In contrast, another 
mutation i.e. ALKp.T1012M was found only in younger 
patients (9.09%) and males (5.26%), primarily having a his-
tory of naswar (6.66%). In addition, ALKp.K1491R was identi-
fied slightly higher in younger patients (81.8%) as compared 
to older patients (75%) and also showed a strong association 
with smokers (100%), and naswar users (80%). Additionally, 

Fig. 14  Average Rg values of interacting sites mutations for EGFR and ROS1 (Both WT and MT)
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the ROS1 mutation p.I537M was more prevalent in males 
aged < 56 years (9.09%), with a stronger association to mod-
erately differentiated tumors and naswar use. Overall, age, 
gender, tumor location, and tobacco use, particularly naswar 
and smoking, emerged as key risk factors influencing the 
occurrence and distribution of mutations across the ana-
lyzed genes. These findings underscore the importance of 
understanding the interplay between genetic mutations and 
environmental risk factors in oral cancer progression.

Discussion
Kinase gene mutations drive oncogenesis by disrupting 
cellular processes like proliferation and apoptosis, mak-
ing them key targets for OSCC biomarker discovery [20]. 
Therefore, the hotspot mutations in kinases are consid-
ered important for understanding the genetic mecha-
nisms of cancer and tumor biomarker discovery. We 
present the first detailed mutational analysis of kinase 
genes in OSCC patients from Khyber Pakhtunkhwa 
which were further assessed in-silico for pathogenic-
ity and effect on protein using diverse bioinformatics 
tools. In addition, we performed variant association with 
diverse demographic and clinicopathological factors. In 
our study, we uncovered several critical mutations in the 
five key kinase genes PIK3CA, BRAF, EGFR, ALK, and 
ROS1, all of which have established roles in various can-
cers, including oral squamous cell carcinoma (OSCC).

PIK3CA (Phosphptidylinositol-3-kinase or PI3-kinase) 
mutations, frequent in various cancers (75%), includ-
ing OSCC, activate PI3K/AKT signaling, that results in 
increased cell proliferation and resistance to apoptosis 
[21, 22]. Our results revealed that out of six mutations, 
four mutations were located in the adapter domain of 
PIK3CA, i.e., PIK3CAE545G, PIK3CAE542K, PIK3CAE529Q, 
and PIK3CAS535F. In the c2 domain of the PIK3CA, one of 
the pathogenic mutation was identified, i.e., PIK3CAI391M. 
One novel mutation i.e. PIK3CAA518Efs*5 was found with-
out localized on any specific domain. A large volume of 
literature indicates two hotspot mutations (PIK3CAp.E542K 
and PIK3CAp.E545K at exon 9), in the PIK3CA gene, that 
are associated with nearly 80% of cancers and are consid-
ered the charge reversal mutations leading to oncogenic 
transformation [23, 24]. Interestingly, our findings also 
revealed the same mutations PIK3CAp.E542K and PIK-
3CAp.E545G but were positioned on exon 10. Other stud-
ies also discovered the hotspot mutations of PIK3CA 
(E542K & E545K) in the enrolled cancer patients. A study 
by Zhao et al.. (2022) and Beavers et al..(2021) reported 
PIK3CA hotspot mutations in 60.5% of patients, and 
(PIK3CAp.E542K) in primary tumor tissues using droplet 
digital PCR supporting the conception that these altera-
tions are common and may have clinical implications 
for targeted therapy [25, 26]. Another research from a 
South Indian cohort identified PIK3CA mutations in 20% 
of OSCC cases, predominantly affecting exons 9 and 20 

Fig. 15  A-E. Association of PIK3CA, EGFR, BRAF, ALK and ROS1 genes mutations with histopathological grading and sociodemographic parameters
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(E545K, H1047Y) [21]. Overall, our results are consistent 
with previous reports in terms of mutation types and 
locations (PIK3CA E542K/E545G and EGFR exon 18–21 
mutations), but also reveal novel mutation.

EGFR, a transmembrane receptor tyrosine kinase, 
regulates cell proliferation and survival via MAPK and 
PI3K pathways, and its mutated, aberrant signaling is 
linked to tumor aggressiveness and poor prognosis in 
cancers including OSCC [27, 28]. Our data revealed 
EGFR mutations in approximately 55.55% (14/27) of 
cases, which while greater than mutation rates reported 
in some studies (6.7% of the HNSCC patients) [28]. Pre-
vious literature shows mutation on EGFR as one of the 
major reason for cancer progression [29, 30]. However, 
TCGA data other cohort studies reported lower EGFR 
mutation frequencies, ranging from 7 to 15.8% in Japa-
nese, Asian, Korean, and Greek HNSCC cohorts, with 
an exceptionally high prevalence of 81.39% observed 
in a southern Indian population [31, 32]. Further-
more, EGFR mutations were predominantly found in 
exons 18–21, regions frequently and were associated 
with tumor progression and responsiveness to tyrosine 
kinase inhibitors (TKIs) [28]. In lung adenocarcinoma 
EGFR mutations primarily occur in exon 19, exons 20 
and exon 21 with a rare mutation in exon 18 (3%) [33].
The detection of both somatic (EGFRp.R831C at exon 21) 
and germline EGFR mutations (EGFRp.R521K at exon 13) 
in our cohort further reinforces its potential as a target 
for personalized therapies.

BRAF, a serine/threonine kinase and key mediator of 
the RAS/RAF/MEK/ERK signaling pathway that regu-
lates cell division, harbors most activating non-synony-
mous mutations in exons 11 and 15 of its kinase domain. 
These mutations result in constitutive pathway activa-
tion, promoting uncontrolled cell growth and tumor pro-
gression, and have been implicated in various cancers, 
including melanoma, thyroid, lung, and colorectal can-
cers [34, 35]. BRAF mutations have been implicated to 
varying degrees in different cancers like melanoma, thy-
roid, lung and colorectal cancers etc [36]. Although less 
common in OSCC, BRAF mutations were also detected 
in our cohort, accounting for 11.11% (3/27) of the muta-
tions. Some studies found no mutations in the BRAF 
genes in OSCC [37, 38]. A study by Weber et al. reported 
a 3% BRAF mutation rate in pharyngeal and hypopharyn-
geal HNSCC specimens but found no mutations in oral 
cavity tumors [38]. Similarly, Davies et al., Al Sheikh Ali 
et al.., and Shelly et al.. detected no BRAF mutations in 
HNSCC tissues or oral cancer samples across various 
populations [37, 39]. We found both nonsynonymous 
and frameshift deletion mutations in BRAF, including the 
germline BRAFp.P253A mutation and two novel somatic 
frameshift mutations (BRAFp.M187Ifs*4 at exon 4 and 
BRAFp.T526Lfs*31 at exon 12). Their presence in our study 

suggests that BRAF-targeted treatments could be benefi-
cial for a subset of OSCC patients.

ALK (anaplastic lymphoma kinase) and ROS1 gene 
mutations (both receptor tyrosine kinases), are impli-
cated in oral cancer. Though less common, but having an 
oncogenic nature, mutations in these genes can results in 
constitutive kinase activity, promotes cell proliferation, 
and cell cycle progression leading to aberrant activa-
tion of downstream signaling pathways and cancer pro-
gression [40, 41]. Furthermore, both ROS1 and ALK are 
involved in fusion events that are key drivers of oncogen-
esis. These alterations have been identified in several solid 
tumors, including lung cancer [41, 42] but their roles in 
OSCC remain less well characterized. Intriguingly, ALK 
mutations were more prevalent in our cohort than previ-
ously reported in OSCC, with mutations found in 100% 
of cases (27/27). These included six nonsynonymous 
SNVs and a novel frameshift deletion, ALKp.G640Efs*25 that 
was not reported before and was neither predicted with 
any potential pathogenicity across SIFT, PolyPhen-2, and 
mutation taster. The higher-than-expected frequency of 
ALK mutations suggests that ALK may play a previously 
underappreciated role in OSCC tumorigenesis, poten-
tially through pathways like PI3K/AKT [43]. The recur-
rence of mutations such as ALKp.I1461V and ALKp.K1491R 
positions these as potential biomarkers, highlighting the 
possibility of ALK inhibitors as a novel therapeutic strat-
egy for OSCC, an area that has been underexplored com-
pared to other cancers.

ROS1 (c-ros oncogene 1) gene harbored the highest 
number of mutations (15/33; 45.45%) and was considered 
as the most commonly mutated gene in our study accord-
ing to mutation rate. In ROS1, 06 mutations were located 
in the fibronectin type III domain, two on the tyrosine 
kinase domain. In contrast to that, in one study on HNSC, 
only around 5.04% of patients have harbored somatic 
mutations in ROS1 gene [44]. Similarly, other study shows 
that in 9.9% patients (n = 10), ROS1 mutation was the only 
mutation detected [45]. ROS1 gene mutations are known 
to occur in various cancers, including NSCLC (1-2%), glio-
mas (6-7%), and cholangiocarcinomas (1.1%), and a num-
ber of studies have demonstrated the oncogenic potential 
of ROS1 fusions (commonly seen in NSCLC) [46, 47]. We 
also analyzed the interaction networks for PIK3CA, EGFR, 
BRAF, ALK, and ROS1 using the STRING server and Gen-
eMania (Figures S2-S3). The interactome pathways shows 
that these proteins are involved in diverse functions related 
to genome integrity and any mutation in those proteins 
can destabilize all the interactions and the cellular process 
leading to the tumor progression.

In-silico structural analysis using PyMOL revealed 
significant alterations in the structure of EGFR and 
ROS1 due to mutations, which may disrupt receptor-
ligand interactions and receptor activation, as reported 
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in previous studies [48]. The evolutionary conservation 
analysis using ConSurf revealed that five ROS1 muta-
tions (e.g., ROS1p.N2240K, ROS1p.L567V) are located in 
highly conserved regions (scores 8–9), indicating criti-
cal roles in kinase function and protein stability. In con-
trast, EGFR mutations like EGFRp.R521K (score 3) occur in 
variable regions, suggesting milder functional impacts. 
These findings align with prior studies, where con-
served mutations in oncogenes, such as BRAFp.V600E and 
PIK3CAp.H1047R, disrupt MAPK and PI3K/AKT signal-
ing, driving oncogenesis in cancers like melanoma and 
HNSCC [28, 49–51]. This underscores the potential of 
conserved ROS1 mutations as OSCC biomarkers in the 
Pakhtun population, warranting further validation.

Building on our in-silico findings, the identified 
mutations demonstrate significant therapeutic poten-
tial. PIK3CA mutations (e.g., PIK3CAp.E542K, PIK-
3CAp.E545G) and EGFR mutations within exons 18–21 
(e.g., EGFRp.R831C) are known to be targetable with 
alpelisib and erlotinib, respectively; however, the emer-
gence of resistance often via activation of downstream 
effectors such as AKT and MAPK remains a clinical chal-
lenge [52, 53]. The EGFRp.R521K polymorphism has also 
shown variable responses, with favorable outcomes to 
cetuximab and 5-FU but limited efficacy with gefitinib 
[54]. BRAF mutations, such as BRAFp.P253A, may respond 
to vemurafenib, yet the presence of frameshift mutations 
(e.g., BRAFp.M187Ifs*4, BRAFp.T526Lfs*31) could compro-
mise inhibitor efficacy due to disrupted kinase domain 
integrity [55]. Additionally, the high prevalence of ALK 
(100%) and ROS1 (45.45%) mutations suggests poten-
tial responsiveness to crizotinib, yet novel frameshifts 
(e.g., ALKp.G640Efs*25) may alter protein conformation and 
impair drug binding [56]. These findings highlight the 
existing kinase inhibitors’ potential, but resistance via 
pathway reactivation or structural alterations necessitates 
personalized strategies and further experimental valida-
tion and clinical correlation [52, 53, 55, 56]. Furthermore, 
beyond therapy, these mutations also carry prognostic 
value; for instance, PIK3CA mutations have been linked 
to poorer survival outcomes in head and neck cancers 
[57]. Moreover, as reported by other study, compared to 
those with wild-type EGFR, patients with exon 19 dele-
tions and exon 21 point mutations have shown markedly 
improved progression-free and overall survival with gefi-
tinib treatment [31] highlighting the importance of muta-
tion profiling in guiding therapy.

Finally, we conducted association of the variants with 
various demographic and clinicopathological factors and 
distinct patterns were revealed for all variants. Among 
them, ROS1 and ALK mutations were found mostly com-
mon across the naswar (snuff or dipping tobacco) users 
and smokers. The variation in mutation frequencies 
observed in our cohort compared to previous studies 

may be attributed to a combination of genetic, environ-
mental, and regional factors. Genetic susceptibility and 
population-specific allele frequencies (population spe-
cific molecular architecture) play a critical role in shaping 
somatic mutational landscapes, particularly in ethnically 
diverse regions such as South Asia. For instance, EGFR 
mutations have been shown to vary geographically, with 
higher prevalence reported in East Asian populations 
(e.g., 15.1% in Korea) compared to Western cohorts 
[58]. Similarly, pan-cancer studies have demonstrated 
significant differences in the frequency of ALK and 
ROS1 alterations between Asian and Caucasian popula-
tions, particularly in lung adenocarcinoma, reflecting a 
likely influence of ethnic background on mutation pat-
terns [59]. Our study population, based in Khyber Pak-
htunkhwa (KPK), represents a unique ethnic group with 
distinct genetic backgrounds and exposure to specific 
environmental risk factors, such as naswar (a smokeless 
tobacco product), cigarette smoking, and betel nut use 
[60–62]. All these carcinogens may contribute to DNA 
damage and influence the selection of mutations in key 
oncogenes including PIK3CA, ROS1. Together, these fac-
tors emphasize the importance of considering ethnic and 
environmental context when interpreting somatic muta-
tion data in oral cancer.

Conclusion
Gaining insights in to the genetic mutations in oral squa-
mous cell carcinomas not only enable a deeper under-
standing of the mutational drivers of the cancer but also 
provide data for tailored therapies. The current state of 
the knowledge on OSCC, especially from Pakistan, is 
constrained and the present study unravel the genetic 
paradigm of OSCC patients using WES for the 1 st time. 
Out of the 33 mutations identified across 5 kinase genes, 
84.4% were SNVs. Mutations on the ALK i.e. ALKp.I1461V, 
p.K1491R, p.D1529E were found in majority of the samples and 
therefore can be considered as a potential biomarker and 
may have a significant prognostic value. Results from the 
ConSurf predictions revealed that 17.3% (5/33) mutations 
were highly conserved. Molecular dynamics (MD) simu-
lations for Interacting sites (IS) SNVs revealed structural 
deviations, with mutant proteins revealing larger gyration 
radius with fluctuating RMSD and RMSF further confirm-
ing the perturbed nature of the mutant proteins. The asso-
ciation studies revealed that most variants on ROS1 were 
common to naswar (snuff or dipping tobacco) users. This 
work not only adds to the growing body of evidence under-
scoring the importance of kinases as both biomarkers and 
therapeutic targets in cancer but also provides the first 
detailed genetic landscape of OSCC patients from Khyber 
Pakhtunkhwa. The identification of recurrent pathogenic 
mutations in these kinase genes has the potential to inform 
targeted therapeutic strategies, offering new avenues for 
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personalized treatment in oral cancer, however, studies in 
large cohorts are highly recommended.

This study has certain limitations such as a small sample 
size and being conducted in limited centers, which may 
have contributed to bias into the final results. Similarly, 
due to small sample size, it is not possible to effectively 
integrate molecular research and clinical information.
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