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A B S T R A C T   

Gingivobuccal oral squamous cell carcinoma (OSCC-GB) occurs among persons who excessively chew smokeless 
tobacco in India. To understand the role of cancer stem cells (CSCs) in the disease, we have performed tran-
scriptomics analysis on RNA-seq data from OSCC-GB primary tumors. The mutational signature analysis of the 
identified novel and Catalogue of Somatic Mutations in Cancer (COSMIC) variants reveals DNA damage asso-
ciated etiology based on identified COSMIC signatures showing a higher prevalence of C > T mutations and 1 bp 
T/(A) nucleotide insertions, pointing to the role of smokeless tobacco carcinogens. The differential somatic 
mutational, functional impact predictions, and survival analysis reveals the role of DNA damage response-related 
genes, with the CREBBP gene as a major player. The new CSC somatic variants identified in the study may play a 
crucial role in cancer metastasis, local-regional recurrence, chemo- and/or radioresistance that contributes to 
high mortality of the Indian OSCC-GB patients.   

1. Introduction 

Head and Neck Squamous Cell Carcinoma (HNSCC) arise in the 
mucosal lining of the oral cavity, oropharynx, and larynx. Oral squa-
mous cell carcinoma (OSCC), the major subtype of oral cancer, is the 
second most prevalent cancer (11.42% of all cancers) and also the sec-
ond foremost cause of death (10.09% of all cancers) in India, as per 
GLOBOCAN factsheet (2018) (http://cancerindia.org.in/globocan-20 
18-india-factsheet/) [1]. OSCC is a prominent clinical and histological 
subtype of HNSCC [2]. It occurs primarily in the oral gingivobuccal 
region involving the gingivobuccal sulcus, buccal mucosa, and retro-
molar area and is collectively called the gingivobuccal oral squamous 
cell carcinoma (OSCC-GB) or the ‘Indian Oral Cancer’ [3,4]. Excessive 
chewing of smokeless tobacco, which includes chewing of khaini, gutka, 
paan (Piper betel) with areca nut (Areca catechu), and slaked lime is the 
primary cause of the disease in India. The other major risk factors 
involve smoking cigarettes, alcohol consumption, and human papillo-
mavirus (HPV) infection [5]. OSCC-GB patients suffer local-regional 
cancer recurrence with large mortalities due to failure of cancer treat-
ment that typically involves surgical resection, with adjuvant radiation 
and chemotherapy [6,7]. Cancer stem cells (CSCs) are small sub- 
populations of cancer-initiating undifferentiated tumor cells that 

survive after surgery and therapy [8]. CSCs may arise via epithelial-to- 
mesenchymal transition (EMT) and may lapse to a quiescent state and 
re-grow in the favorable tumor microenvironment. CSCs exhibit com-
parable molecular properties related to normal adult and embryonic 
stem cells, like multipotency and self-renewal. Due to their quiescent 
nature, CSCs remain refractory to radiation and chemotherapy and are 
often enriched following therapy. Thus, CSCs are implicated in cancer 
metastasis, local-regional recurrence, and drug/chemo-radioresistance 
[8–11]. Therefore, identifying the molecular drivers of CSCs may help 
mitigate the stem-cell phenotype of cancer and improve treatment 
responsiveness. In HNSCC, CSCs have been successfully enriched and 
isolated based on cell surface marker CD44+Lineage− (higher number of 
CD44 associated cells; CD44+Lin− ) expression using flow cytometry and 
indicate poor prognosis with higher expression of CD44 [12,13]. CD44 is 
a transmembrane glycoprotein that promotes EMT and participates in 
self-renewal, metastasis, and drug resistance [9,11,14]. The Cancer 
Genome Atlas (TCGA) HNSCC data reveal higher messenger RNA 
(mRNA) expression of the CD44 gene in tumors relative to normal tissue 
samples. The differential transcriptomic gene expression analysis in oral 
CSCs enriched by cell surface marker CD44+Lin− in contrast to 
CD44− Lin− in OSCC-GB reveals decreased cell adhesion genes expres-
sion [15]. This differential gene expression could be due to activating 
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mutations in oncogenes or inactivating mutations in tumor suppressor 
genes producing distinct CSC phenotypes in OSCC-GB. These somatic 
mutational processes may involve DNA damage/repair response char-
acterized by distinct mutational signatures such as single/multiple base 
substitution, chromosome copy number change, small insertion and 
deletions (indels), and genomic rearrangement [16]. DNA damage 
response is a known indicator of genome instability, mutation, and is 
one of the major cancer hallmarks [17]. The International Cancer 
Genome Consortium (ICGC) Oral Cancer India project reported many 
frequently mutated genes involved in diverse oncogenic pathways such 
as TP53 (p53 signaling pathway), CASP8 (apoptosis), FAT1 (Wnt 
pathway), NOTCH1 (Notch pathway), and mutational signatures 
include C > A transversion, C > G transversion, and C > T transition 
based on DNA sequencing in OSCC-GB patients exposed to tobacco 
(chewing and/or smoking) [18]. Therefore, investigation of somatic 
mutational signature of CSCs associated with OSCC-GB due to smokeless 
tobacco exposure is expected to reveal important genes driving oral 
cancer, and thus help identify novel targets/biomarkers for effective 
therapies. 

The primary patient-derived OSCC-GB tumor samples present a more 
realistic representation of cancer etiology compared to cell line-based 
samples [19]. The immortalized cell line-based samples may acquire 
cell culture-based heterogeneity that lacks CSCs niche or tumor micro-
environment, eventually affecting therapy response and patient 
outcome [19–21]. The fluorescence-activated cell sorting (FACS) based 
workflow uses a small population of CSCs with CD44 marker from a 
large heterogeneous primary tumor sample subdivided into matched 
groups of CD44+Lin− and CD44− Lin− from the same OSCC-GB samples 
[15,22]. Due to clonal or tumor cell evolution, the intra-tumor hetero-
geneity acquired within CSC-enriched samples showed poor patient 
outcomes with increased intra-tumor heterogeneity in HNSCC [23,24]. 

RNA sequencing-based data analysis can recognize novel variants 
with low allelic fractions located in differentially/high expressed genes 
relevant to cancer compared to whole-exome sequencing-based DNA 
variants [25,26]. A mature pipeline exists for this purpose for analysis 
against the background of variants from normal subjects, screen against 
aggregated data from large-scale sequencing projects, knowledge of 
single nucleotide polymorphism (SNP) in SNP databases, soft clipping 
information on reads, and RNA editing site information. The genetic 
variants/alterations could also induce altered phenotype through 
changes in protein flexibility, loss of protein function, protein-protein/ 
ligand interactions, and stability driven by altered local protein resi-
dues environment. These could be studied by molecular dynamics of 
proteins to understand the phenotypic modification [27]. 

Our study focuses on RNA sequencing data published previously, and 
we used it to investigate differential somatic variants in FACS based 
CD44+Lin− compared to its matched CD44− Lin− cells from the same 
Indian OSCC-GB primary samples with smokeless tobacco exposure 
[15]. The analysis reveals differentially mutated somatic variants in 
candidate genes associated with DNA damage response-mediated 
stemness phenotype based on the mutational signature, functional 
impact, and survival analysis in the subgroups of OSCC-GB samples. 

2. Materials and methods 

2.1. Data sources 

The RNA-seq FASTQ files of OSCC-GB patients of Indian origin (N =
5) were acquired from the collaborators and the detailed experimental 
design can be found from their publication [15]. In brief, each OSCC-GB 
primary tumor sample (stage III-IV) and age (45–56 years) were sorted 
into two matched groups based on enriched CSCs surface marker as 
CD44+Lin− in contrast to CD44− Lin− cells from the same patients using 
FACS (Table S1). The FACS sorted cells were further subjected to RNA 
isolation, amplification using quantitative polymerase chain reaction, 
quality check, and library preparation. RNA sequencing was performed 

on the Illumina HiSeq1000 system based on paired-end chemistry. The 
OSCC-GB samples were not associated with HPV infection, cigarette 
smoking, alcohol consumption, and chemo-radiotherapy. The OSSC-GB 
patients were treated with surgery as the first line of treatment and had 
smokeless tobacco exposure. For creating the panel of normals (PoN), 
we downloaded Indian normal control OSCC-GB raw RNA sequencing 
BAM files (N = 30) sequenced on Illumina HiSeq 2500 after controlled- 
data access agreements with ICGC. The European Genome-phenome 
Archive (EGA) dataset accession codes were EGAD00001004430 and 
EGAD00001003981. All studies cited the approval of the respective 
institutional ethics committee in their study. 

2.2. Quality control, sequence alignments, and pre-processing of BAM 
files 

ICGC acquired BAM files converted to FASTQ files using SamToFastq 
(Picard) tool of Genome Analysis Toolkit (GATK) v4.1.6.0 [28] (htt 
ps://github.com/broadinstitute/gatk/releases/download/4.1.6.0/gat 
k-4.1.6.0.zip) (Table S2). Both acquired CD44+Lin− and CD44− Lin−

OSCC-GB, and ICGC normal control patients OSCC-GB FASTQ files 
containing paired-end reads were verified for base quality, adapter 
contamination, and other quality parameters using FastQC v0.11.8 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The 
quality-checked FASTQ files were aligned to the human genome using 
Gencode GRCh38.p12 (ftp://ftp.ebi.ac.uk/pub/databases/gencode/Ge 
ncode_human/release_31/) and its corresponding gene annotation file 
[29]. The genome alignment was performed using transcript-aware 
STAR (Spliced Transcripts Alignment to a Reference) v2.7.1a (https:// 
github.com/alexdobin/STAR.git) aligner in two steps, genome index-
ing and followed by aligning the reads to the indexed genome (Table S3, 
S4). The output BAM files were examined for the number of uniquely 
mapped read in the respective STAR log files [30]. Before somatic 
variant calling, the BAM files were first preprocessed following GATK 
best practices by adding reading group and sorted by coordinate 
(AddOrReplaceReadGroups (Picard), GATK v4.1.6.0), marked for du-
plicates reads (MarkDuplicates (Picard), GATK v4.1.6.0), split into 
intron and exon segments (SplitNCigarReads, GATK v4.1.6.0), and base 
scores recalibration using dbSNP b151 build [31] on the GRCh38 
reference (BaseRecalibrator, ApplyBQSR, GATK v4.1.6.0) (Table S5, S6) 
[28]. 

2.3. Creation of the panel of normals (PoN) 

The PoN was created using ICGC downloaded RNA-seq data based on 
primary samples of Indian origin OSCC-GB patients-acquired normal 
control adjacent to the tumor. The samples (N = 30) were selected based 
on the age (32–59) and tumor stage (III-IV). The GATK preprocessed 
BAM files were subjected to Mutect2 pipeline (Mutect2, GenomicsD-
BImport, CreateSomaticPanelOfNormals, GATK v4.1.6.0) [28,32] for 
the normal control variants calling. The variants present in at least three 
out of thirty samples (3/30) were considered normal control variants for 
creating the PoN variants filter (− -min-sample-count 3, Crea-
teSomaticPanelOfNormals, GATK v4.1.6.0). This RNA-seq based PoN 
filter accounts for variants from ‘normal contamination’ in the tumor 
samples and several method-specific RNA sequencing artifacts 
(Table S7). 

2.4. Somatic variants identification 

The somatic variants were identified using GATK preprocessed BAM 
file following Mutect2 pipeline (GATK v4.1.6.0) in single-sample or 
tumor-only mode for the genome intervals (chr1–22, XY) following 
GATK best practices (https://gatk.broadinstitute.org/hc/en-us/arti 
cles/360035531132). The potential somatic variants were selected 
after filtering PoN variants (− -panel-of-normals, Mutect2, GATK 
v4.1.6.0), gnomAD [33] germline variants (− -germline-resource, 
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Mutect2, GATK v4.1.6.0), variants in soft clipped bases (− -dont-use- 
soft-clipped-bases, Mutect2, GATK v4.1.6.0), strand-orientation bias 
artifacts (LearnReadOrientationModel, GATK v4.1.6.0). The variants 
were further selected after applying hard filtering parameters such as 
SNP clusters with three SNPs in thirty-five base pair (bp) window 
(− -window 35 –cluster 3), minimum of ten reads supporting variants 
(DP <10.0) with at least two for alternate reads (− -unique-alt-read- 
count 2) with at least 1 read for each strand (− -min-reads-per-strand 1), 
minimum allele frequency 0.01 (− -min-allele-fraction 0.01), Phred- 
scaled quality score of at least 40 to discard potential germline vari-
ants (GERMQ<40.0), known RNA editing sites (RADAR database, − XL 
RADAR_hg38.bed) [34], and ensuring other quality parameters of reads 
to enforce high-quality screening using GATK pipeline (FilterMutect-
Calls, VariantFiltration, SelectVariants, GATK v4.1.6.0) (Table S8) [32]. 

2.5. Variant annotation 

The selected somatic variants were annotated using Ensembl Variant 
Effect Predictor (VEP v97), using the human GRCh38.p12 gene assembly 
[35]. VEP annotated the variants use one ensemble transcript per 
variant (− -pick), known Single Nucleotide Polymorphism Database 
(dbSNP) build 151 [31] and Catalogue of Somatic Mutations in Cancer 
variants (COSMIC v88) [36] (− -check_existing), the predicted func-
tional impact score of amino acid substitution (missense mutations) 
based on SIFT v5.2.2 [37], and the Polyphen2 v2.2.2 [38]. The anno-
tated VCF files were then passed through a series of filters by excluding 
minor allele frequency variants (gnomAD r2.1 AF < 0.05, ./filter_vep), 
dbSNP variants using BCFtools v1.9 (https://samtools.github.io/bcft 
ools/bcftools.html), and non-coding variants (− -ontology -filter 
“Consequence is coding_sequence_variant”, ./filter_vep) (Table S9). The 
functional impact of coding indels was predicted using SIFT Indel al-
gorithm (https://sift.bii.a-star.edu.sg/www/SIFT_indels2.html). SIFT 
Indel prioritized frameshift variants using rules-based functional impact 
prediction considering DNA sequences conservation, indel location in 
the transcript, amino acid conservation, and indel distance to the exon 
boundary [39]. 

2.6. Mutation annotation analysis 

The final Variant Call Format (VCFv4.2) files containing exonic or 
coding sequence variants were converted to Mutation Annotation 
Format (MAF) files using the vcf2maf v1.6.18 tool (Table S10) (htt 
ps://github.com/mskcc/vcf2maf). The MAF file containing genes 
mutated (novel and COSMIC variants [36]) in three or more samples for 
each CD44+Lin− and CD44− Lin− OSCC-GB cohort (N = 5) were further 
visualized, annotated, and analyzed using Bioconductor v3.6 
(https://www.bioconductor.org/) R programming (https://www.r-pro 
ject.org/about.html) package Maftools (v2.0.16) [40]. The differential 
mutational analysis for CD44+Lin− versus CD44− Lin− samples of the 
OSCC-GB cohorts was conducted by Fisher’s exact test on all genes using 
Maftools-mafCompare. The differentially mutated gene variant allele 
frequencies (VAF) were clustered to infer intra-tumor heterogeneity 
among the two subgroups of OSCC-GB samples using Maftools- 
inferHeterogeneity. The VAF distribution’s width was represented in 
the quantitative term as mutant-allele tumor heterogeneity (MATH), 
and the higher the MATH score, the more the heterogeneity and a poorer 
the survival outcome can be inferred [23]. 

2.7. Mutational signature analysis 

Mutational signatures were identified for genes mutated in three or 
more patients for each CD44+Lin− and CD44− Lin− OSCC-GB cohort (N 
= 5) MAF files using the nonnegative matrix factorization (NMF) based 
SignatureAnalyzer python tool with default parameters. The mutational 
signature was assigned to a sample based on the known COSMIC [36] 
signature for single base substitution (SBS): cosmic2 and 

cosmic3_exome, and small insertion and deletion: cosmic3_ID when the 
cosine similarity score was >0.75 (Table S11) [41]. 

2.8. Expression and survival analysis of TCGA data 

The nonparametric Wilcoxon paired test (Wilcoxon signed-rank test) 
for gene expression analysis was performed on our genes of interest 
using the batch normalized (log2) RNA-Seq by Expectation Maximiza-
tion (RSEM) method on Illumina Hiseq mRNA gene expression data from 
HNSCC TCGA PanCancer cohort downloaded from cBioPortal (https:// 
www.cbioportal.org; 22 Nov 2021). The boxplot plotted using ggplot2 
based ggpubr v0.4.0 package in Rstudio R version 4.0.2. The 
Kaplan–Meier plots were generated for our genes of interest to explore 
the correlation between mRNA gene expression and survival outcome in 
the HNSCC TCGA PanCancer cohort (data from cBioPortal; 10 Jan 2021) 
[42]. 

2.9. Molecular dynamics (MD) simulation 

The MD simulation inputs for CREBBP (CBP) histone acetyl-
transferase (HAT) domain having residues 1323–1700 (378 amino 
acids) was prepared using the molecule p300 (EP300) from the Protein 
Data Bank (PDB ID: 4PZS, htps://www.rcsb.org/structure/4PZS). The 
template PDB 4PZS showed 88.06% protein sequence identity, and the 
missing coordinates were modeled using the Modeller software [43]. We 
used three structures: CREBBP wild type, CREBBP protein-truncating 
variant with p.R1360Ter (identified from [44]), and p.I1493NfsTer26 
(the somatic variant of our interest) for all-atom MD simulation at 
temperature 300 K for 1 μs time utilizing GROMACS v2021.4 software 
[45] (https://ftp.gromacs.org/gromacs/gromacs-2021.4.tar.gz). We 
generated the topology files for each case with CHARMM27 [46] 
forcefield (gmx pdb2gmx). The resulting topology file was solvated with 
SPC/E (SPC216) water in a triclinic box containing the protein at the 
center and approximately 20 Å box edge distance (gmx editconf, gmx 
solvate). The solvated charged protein system was neutralized (gmx 
grompp, gmx genion) followed by steepest descent energy minimization 
to remove the steric clashes and relax the maximum force to 1000 kJ. 
mol− 1.nm− 1 (gmx grompp, gmx mdrun). The energy minimized protein 
structure system was subjected sequentially to NVT (constant Number, 
Volume, and Temperature) and NPT (constant Number, Pressure, and 
Temperature) equilibration simulation using the modified Berendsen 
thermostat and Parinello–Rahman pressure coupling, respectively, with 
2 fs time step at 300 K for 2 ns (gmx grompp, gmx mdrun). Finally, the 
desired equilibrated protein system was subjected to MD simulations for 
1 μs (gmx grompp, gmx mdrun) (Table S12). The simulated protein 
trajectory was first processed and then analyzed for the root mean 
square fluctuation (RMSF) of protein residue using GROMACS (gmx 
trjconv, gmx rmsf) (Table S13). Our MD trajectories of interest were 
extracted (gmx trjconv), superimposed, and visualized using PyMOL 
v2.1.0 Open-Source (https://pymol.org/2/). 

3. Results 

3.1. Somatic mutational landscape of patient-matched CD44+Lin− and 
CD44− Lin− from OSCC-GB cohorts 

The somatic mutational landscape was assessed from somatic vari-
ants of five patient-matched CD44+Lin− and CD44− Lin− RNA-seq data 
sets of the Indian OSCC-GB cohort. It was observed that CD44+Lin−

OSCC-GB data presented 893 somatic variants in 212 genes, containing 
736 frameshift insertions, 13 frameshift deletions, 4 inframe deletions, 
127 missense mutations, and 13 nonsense mutations (Figure 1a), 
excluding 20 silent mutations. In contrast, CD44− Lin− OSCC-GB data 
revealed 915 somatic variants in 211 genes, containing 732 frameshift 
insertions, 7 frameshift deletions, 3 inframe deletions, 155 missense 
mutations, and 18 nonsense mutations (Figure 1a), excluding 26 silent 
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mutations. It was also noticed that 100 mutated genes were present in 
CD44+Lin− and 99 mutated genes were present in CD44− Lin− OSCC-GB; 
additionally, 112 mutated genes were common in both subgroups. The 
median number of variants per sample was 171 and 189 in CD44+Lin−

and CD44− Lin− OSCC-GB, respectively (Figure 1b). In addition, 736 
insertion (INS) variant types and 68 C > T Single Nucleotide Variant 
(SNV) mutations were identified in CD44+Lin− and 732 insertion (INS) 
variant types and 90 C > T SNV mutations in CD44− Lin− OSCC-GB 
(Figure 1c-d). 

3.2. Somatic mutational signature analysis reveals DNA damage-related 
mutational etiology 

Somatic mutational signatures investigated for genes mutated in 
three or more patients for each CD44+Lin− and CD44− Lin− OSCC-GB 
cohort (N = 5) reveals DNA damage response. The most enriched 
mutational signature (cosine similarity score > 0.75) identified in both 
CD44+Lin− and CD44− Lin− OSCC-GB relate to DNA mismatch repair 
deficiency (COSMIC ID1) and ultraviolet light exposure (COSMIC SBS7a, 
COSMIC Signature 7) (Figure 2a-f, S1a-l). The characteristic feature of 
identified single base substitution (SBS) and small insertion and deletion 
(ID) were predominant C > T pyrimidine transition or C > T SBS or 
mutation, and T/(A) nucleotide (1 base pair) insertion in the repetitive 
context, respectively, in both sub-group of OSCC-GB primary tumors. 

3.3. Identification of differentially mutated and functionally damaging 
DNA damage-related somatic variants in CD44+Lin− versus CD44− Lin−

OSCC-GB cohort 

The comparative somatic mutational gene analysis yielded 55 sta-
tistically significant differentially mutated unique genes with a p-value 
<0.05 for the two sub-groups of OSCC-GB tumors, precisely 27 in 
CD44+Lin− and 28 in CD44− Lin− (Table S14). The identified mutated 
genes were present in four or five samples, although the somatic variants 
vary per gene. Therefore, the somatic variants recurrently mutated in 
three or more patients were prioritized based on the functional impact 
prediction for missense mutations using SIFT and PolyPhen2 and 
frameshift insertion mutations using SIFT Indel. Additionally, SIFT Indel 
also provided nonsense-mediated decay (NMD) information that helped 
prioritize the frameshift insertion somatic variants (Table S15). 

In CD44+Lin− OSCC-GB cohort, the identified NMD-associated 
frameshift insertion DNA damage-related/response somatic variants 
that were predicted as damaging with a confidence score of 0.858 
included CREB-binding protein (CREBBP, p.Ile1493AsnfsTer26), Rap1- 
interacting factor 1 homolog (RIF1, p.Asn1654LysfsTer2; p.Ala1765-
GlyfsTer16), and Structural maintenance of chromosomes protein 1A 
(SMC1A, p.Asp845ArgfsTer2) (Figure 3a, S2a–b). 

Similarly, in CD44− Lin− OSCC-GB cohort, the identified NMD- 
associated frameshift insertion DNA damage-related/response somatic 
variants that were predicted as damaging with a confidence score of 
0.858 were Bromodomain-containing protein 4 (BRD4, p. 

Fig. 1. RNA-sequencing based somatic variants summary for patient-matched CD44+Lin− and CD44− Lin− Indian OSCC-GB cohorts (N = 5). a Grouped bar plot for 
variant classification revealing more frameshift insertions than frameshift deletions, inframe deletions, missense mutations, and nonsense mutations annotated using 
VEP. b Stacked bar plot showing cumulative variants frequency per sample/patient (P1, P2, P3, P4, P5) in CD44+Lin− (L2, L5, L7, L9, L11) and its corresponding 
CD44− Lin− (L1, L4, L6, L8, L10) OSCC-GB samples. c Grouped bar plot showing more insertions than single-nucleotide polymorphism, di-nucleotide polymorphism, 
and deletion. d Grouped bar plot for conferring a higher number of C > T single-nucleotide variants (SNV) class than other SNV classes. 
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Ile161AsnfsTer3) and Serine/threonine-protein phosphatase 4 regula-
tory subunit 1 (PPP4R1, p.Pro427ThrfsTer3) (Fig. S2c–d). In addition, 
DEAD/H-box helicase 11 (DDX11) with a di-nucleotide polymorphism 
missense mutation (p.Gln765Pro) was predicted as tolerant (Score: 
0.55) using SIFT and benign (Score: 0) using PolyPhen2. DDX11 pro-
motes DNA double-strand break repair during DNA replication [47]. 

Also, the Kaplan–Meier survival analysis correlating mRNA gene 
expression was performed for CREBBP, RIF1, and SMC1A genes in 
CD44+Lin− and BRD4, PPP4R1 in CD44− Lin− OSCC-GB cohort using the 
HNSCC TCGA PanCancer cohort in cBioPortal (Fig. S3 a-d). CREBBP 
exhibited decreased expression associated with poor progression-free 
survival outcomes with the statistically significant Logrank test p- 
value (3.275e-03) (Figure 3b). 

3.4. CREBBP mediated stemness in CD44+Lin− OSCC-GB via DNA 
damage response 

The NMD-associated CREBBP (p.Ile1493AsnfsTer26) frameshift 
insertion somatic variant due to 1 bp T nucleotide insertion (c.4477dup) 
changes the affected amino acid isoleucine to asparagine at position 
1493. This results in a new reading frame with the asparagine 1493 and 
a frameshift at 26 positions downstream till the end in four out of five 
CD44+Lin− OSCC-GB patients (Figure 3a). 

This CREBBP (p.Ile1493AsnfsTer26) frameshift insertion somatic 
variant is newly identified and not reported in the COSMIC (v88; also the 
recent v94). Also, CREBBP protein position 1493 is conserved and acts as 
a binding site for acetyl-CoA via carbonyl oxygen based on shared 
protein sequence similarity with p300 for CBP/p300-type HAT domain 
and acetyl-CoA bound p300 crystal structure (PDB ID 4PZS) (Fig. S4a-b). 
CREBBP acetyltransferase activity is crucial for TP53 tumor suppressor 
transactivation, which plays a central role in the DNA damage response 

Fig. 2. Mutational signature profile of the CD44+Lin− and CD44− Lin− OSCC-GB cohorts (N = 5). a-b DNA mismatch repair deficiency (COSMIC ID1) characterized 
by predominant T/(A) nucleotide (1 base pair) insertion in repetitive context (motif) compared to other small insertions and deletions (IDs). c-f Ultraviolet light 
exposure (COSMIC SBS7a, COSMIC Signature 7) showing the prevalence of C > T single base substitution. Here, S1 indicating the most prominent signature pattern 
of the respective COSMIC mutational signatures. 
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[48,49]. Intra-tumor heterogeneity analysis of differentially mutated 
genes reveals a relatively higher median MATH score in CD44+Lin−

(64.99) compared to CD44− Lin− (53.11) OSCC-GB cohorts (N = 5) of the 
same patients using Maftools (Fig. S5). Furthermore, the Kaplan–Meier 
survival analysis correlating mRNA gene expression of CD44 showed 
increased expression associated with poor overall survival outcome with 
the statistically significant LogRank test p-value (0.0131) in the HNSCC 
TCGA PanCancer cohort using cBioPortal (Figure 3c). In conclusion, 
NMD-associated CREBBP (p.Ile1493AsnfsTer26) frameshift insertion 
somatic variant/mutation appears to promote stemness and tumor 
progression risk in CD44+Lin− OSCC-GB in DNA damage response. This 
hypothesis was further supported by comparing the mean of RNA 
sequencing-based gene expression of TP53 in the CD44_High (EXP > 1), 
CD44_Low (EXP < -1), CREBBP_High (EXP > 1), and CREBBP_Low (EXP 
< -1) HNSCC TCGA PanCancer tumors cohort using the Wilcoxon paired 
test. This data analysis suggests relatively lower mRNA gene expression 

of TP53 in CD44_High tumors with a statistically significant p-value 
(3.572e-03) (Figure 3d). On the same line, the data analysis suggests 
relatively lower mRNA gene expression of TP53 in CREBBP_Low tumors 
with a statistically significant p-value (1.671375e-05) (Fig. S6). 

3.5. CREBBP HAT domain frameshift insertion somatic variant (p. 
I1493NfsTer26) induce a loss of acetyltransferase activity resulting in 
TP53-mediated DNA damage response in CD44+Lin− OSCC-GB 

The all-atom MD simulation of CREBBP HAT domain wild type, 
CREBBP protein-truncating variants with p.R1360Ter (identified from 
[44]), and p.I1493NfsTer26 (the somatic variant of our interest) showed 
relatively higher protein backbone fluctuation in protein-truncating 
variants compared to wild type CREBBP based on the RMSF calcula-
tion per residue (C-alpha atoms) (Figure 4a). CREBBP frameshift somatic 
variant (p.I1493NfsTer26) resulting in the alteration of the amino acid 

Fig. 3. a LollipopPlot showing the position of CREBBP protein frameshift insertion somatic variant/mutation (p.Ile1493AsnfsTer26 / p.I1493Nfs*26 / p. 
I1493NfsX26) in histone acetyltransferase associated domain (KAT11) present in four out of the five CD44+Lin− OSCC-GB patients (80% somatic mutation rate) and 
known COSMIC missense mutation (R1446C) in one of the CD44+Lin− OSCC-GB cohort (N = 5) using Maftools. The NM_ stands for the RefSeq transcript identifier 
and the domains indicated with the different colors on the respective protein structure. b The Kaplan–Meier survival analysis was correlating CREBBP mRNA gene 
expression showing decreased expression (EXP < -1 indicating expression Z-score relative to all tumor samples (log RNA Seq V2 RSEM)) associated with poor 
progression-free survival outcome with the statistically significant Logrank test p-value (3.275e-03). c CD44 mRNA gene expression showing increased expression 
(expression Z-score or EXP > 1) associated with poor overall survival outcome with the statistically significant Logrank test p-value (0.0131) in the HNSCC TCGA 
PanCancer cohort using cBioPortal accessed on 10 Jan 2021 (https://www.cbioportal.org/). d Boxplot showing relatively lower expression of TP53 gene in the 
CD44_High (EXP > 1, N = 61) compared to CD44_Low (EXP < -1, N = 73) with a statistically significant Wilcoxon paired test p-value (3.572e-03) based on batch 
normalized (log2) RSEM Illumina Hiseq RNA sequencing mRNA gene expression in the HNSCC TCGA PanCancer cohort via cBioPortal downloaded on 22 Nov 2021. 
The boxplot was plotted using ggplot2 based ggpubr v0.4.0 package in Rstudio R version 4.0.2. The statistical significance is indicated as ***p-value < 0.001. 
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interactions for the conserved Isoleucine-1493, Arginine-1498, and 
Tryptophan-1502 to its corresponding changed amino acid Asparagine- 
1493, Threonine-1498, and Valine-1502, essential for acetyl-CoA ligand 
binding assessed based on the acetyl-CoA bound p300 crystal structure 
(PDB ID 4PZS). The superposition of the MD simulated 3D protein 
structure (last frame of the trajectory at 1 μs) of CREBBP wild type, 
CREBBP (p.R1360Ter), and CREBBP (p.I1493NfsTer26) indicate 
CREBBP HAT domain backbone flexibility potentially disrupts the 
acetyl-CoA ligand binding affinity conferred by loss (p.R1360Ter) and 
change in the amino acid composition of the ligand-binding site (p. 
I1493NfsTer26) (Figure 4b, S4a-c). The hydrogen bonding interaction 
with the acetyl-CoA and the key residues forming the binding pocket are 
disturbed. Previous experimental evidence using western blotting cor-
roborates that CREBBP HAT domain truncating mutation (R1360Ter) 
decreases its expression and expression of acetylated p53 in HEK293T 
immortalized cell line due to loss of CREBBP acetyltransferase activity 
[44]. These observations together with MD simulation results which 
suggest disrupted acetyl-CoA binding in the CREBBP somatic variant (p. 
I1493NfsTer26) indicate that impaired acetyltransferase activity may 
result in TP53-mediated DNA damage response CD44+Lin− OSCC-GB. 

4. Discussion 

The acquired FACS sorted sequencing data helped isolate the small 
population of CD44 associated CSCs from the large heterogeneous pri-
mary tumor sample redivided into two uniform groups as CD44+Lin−

and CD44− Lin− from the same OSCC-GB samples. The somatic muta-
tional signature analysis reveals COSMIC Signature 7 characterized by 
prominent C > T mutation known to be associated with skin and oral 
squamous cancers, indicating the possible role of reactive oxygen spe-
cies (as generated by UV exposure) or DNA damage response due to 
tobacco carcinogens in both sub-group of the OSCC-GB [18,50]. 
Although, COSMIC ID14 and COSMIC Signature 30 with unknown 

importance were exclusively identified in CD44+Lin− OSCC-GB samples, 
it indicates the presence of tumor cell heterogeneity within the OSCC-GB 
subgroup (Fig. S1c, S1e). Our somatic variant analysis highlights the 
possible role of NMD-associated frameshift insertion somatic variants/ 
mutations in the OSCC-GB subgroup. NMD-associated genes mutations 
lead to reduced gene expression due to loss-of-function (LoF) in the 
associated genes in several cancers [51–53]. Anticancer strategy against 
NMD-associated somatic variants/mutations helps re-express tumor 
suppressor genes, synthesizing truncated proteins and as the source of 
neoantigens, eventually results in apoptosis, cell death, and immune 
response, respectively [53]. 

The identified mutated genes in CD44− Lin− OSCC-GB, like the BRD4 
inhibit DNA damage response through remodeling chromatin structure 
[54]. The BRD4 knockdown results in reduced protein expression of 
CSCs markers CD44, Sox2, and Bmi1 in HNSCC [55]. PPP4R1 and the 
Protein phosphatase 4 catalytic subunit (PPP4C) of protein phosphatase 
4 (PP4) complex required for DNA double-strand breaks repair [56] and 
involved in dephosphorylation of Histone deacetylase 3 (HDAC3) that 
leads to reduced HDAC3 deacetylase activity [57], and inhibition of 
HDAC3 induces EMT in HNSCC [58]. The possible role of BRD4 (p. 
Ile161AsnfsTer3) and PPP4R1 (p.Pro427ThrfsTer3) frameshift somatic 
variants due to NMD-associated LoF may be related to decreasing 
stemness and need more investigation in the context of DNA damage 
response. 

The identified mutated genes in CD44+Lin− OSCC-GB, such as RIF1 
recruited by TP53-binding protein 1 (TP53BP1) promote cell cycle- 
regulated DNA double-strand breaks repair [59]. SMC1A cohesion 
protein phosphorylated by Serine-protein kinase ATM/Nibrin (NBS1) 
activates cell cycle S-phase checkpoint during DNA damage response 
[60]. The microRNA-mediated decreased expression of SMC1B leads to 
increased genome instability and likely risk of cancer progression in the 
early-stage HNSCC [61]. The possible role of RIF1 (p.Asn1654LysfsTer2; 
p.Ala1765GlyfsTer16) and SMC1A (p.Asp845ArgfsTer2) frameshift 

Fig. 4. MD trajectory analysis of CREBBP HAT domain. a RMSF plot showing the fluctuation of the C-alpha atom of protein residue for CREBBP wild type (indicated 
by a black line with blue circle), CREBBP with frameshift somatic variant p.I1493NfsTer26 (indicated by a red line with maroon square), and CREBBP protein- 
truncating variants p.R1360Ter (indicated by a green line with violet diamond). The inset figure shows an enlarged view for RMSF fluctuation for CREBBP with 
somatic variant p.I1493NfsTer26 leading to the new reading frame, highlighting the conserved Isoleucine-1493, Arginine-1498, and Tryptophan-1502 and its 
corresponding changed Asparagine-1493, Threonine-1498, and Valine-1502, essential for acetyl-CoA ligand binding based on the acetyl-CoA bound p300 crystal 
structure (PDB ID: 4PZS). b 3D protein structural alignment superposition of CREBBP wild type (green), CREBBP p.R1360Ter (cyan), and CREBBP p.I1493NfsTer26 
(pink for wild type and red for new altered amino acid sequence), indicating alteration of ligand binding conserved Isoleucine-1493, Arginine-1498, and Tryptophan- 
1502 leading to protein residue flexibility for CREBBP p.I1493NfsTer26 compared to wild type CREBPP. Note the flexible loop region composing the Acetyl-CoA 
binding site and therefore its amenability for altered conformational behavior impairing the binding activity. The RMSF plot and 3D structure alignment were 
generated using xmgrace/Grace-5.1.23 and PyMOL 2.1.0 Open-Source, respectively. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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somatic variants due to NMD-associated LoF may be related to 
increasing stemness and needs to be further investigated in the context 
of DNA damage response. 

The CREBBP acetyltransferase activity is essential for TP53 tumor 
suppressor transactivation, which plays a pivotal role in the DNA 
damage response and is regarded as the guardian of the genome [48,49]. 
The NMD-associated CREBBP (p.Ile1493AsnfsTer26) frameshift inser-
tion somatic variant/mutation may lead to loss of acetyltransferase ac-
tivity and lower TP53 activity in DNA damage response. This hypothesis 
is also supported by experimental evidence that shows CREBBP HAT 
domain truncating mutation (R1360Ter) loses its acetyltransferase ac-
tivity in HEK293T immortalized cell line using western blotting [44]. 
Furthermore, our MD simulation results show that CREBBP somatic 
variants (p.Ile1493AsnfsTer26) may be similarly impaired in acetyl-
transferase activity due to perturbed acetyl-CoA ligand binding site 
compared to the wild type CREBBP HAT domain, which may result in 
the TP53-mediated DNA damage response CD44+Lin− OSCC-GB. On the 
same lines, TP53 tumor suppressor activity is vital for inhibiting CSCs’ 
CD44 gene expression via binding to its promoter in stress-induced 
conditions, including DNA damage response [62,63]. CD44-enriched 
CSCs might acquire intra-tumor heterogeneity due to clonal or tumor 
cell evolution [24] resulting in a higher MATH score that is negatively 
correlated to the survival outcome [23] than CD44-depleted tumor cells. 
In conclusion, NMD-associated CREBBP (p.Ile1493AsnfsTer26) frame-
shift insertion somatic variant/mutation may contextually drive stem-
ness and tumor progression risk in CD44+Lin− OSCC-GB via TP53 during 
DNA damage response due to smokeless tobacco carcinogens (Figure 5). 

5. Conclusion 

Our study showed increased genome instability characterized by 
predominant C > T mutation and T/(A) nucleotide insertion mutational 
signatures in OSCC-GB/Indian oral cancer putatively linked to smoke-
less tobacco carcinogen. The differentially mutated DNA damage 
response genes based on CD44 stem cell marker promote increased 
intra-tumor heterogeneity in OSCC-GB. These smokeless tobacco 
carcinogen-driven CD44-based CSC phenotypes were elucidated for 
CREBBP, and its lower expression correlated with poor progression-free 
survival outcomes in the large HNSCC TCGA PanCancer dataset. The 
identified CREBBP HAT domain frameshift somatic variant (p. 
Ile1493AsnfsTer26) potentially disrupts the acetyl-CoA ligand-binding 
site and impair the histone acetyltransferase activity, as revealed by the 
molecular dynamics studies, indicating its key role in the TP53- 
mediated DNA damage response in CD44+Lin− OSCC-GB. The anti-
cancer therapeutic strategy against the novel RNA-sequencing based 
NMD associated CREBBP (p.Ile1493AsnfsTer26) frameshift insertion 
somatic variant may allow re-expression of CREBBP to eventually 
reduce stemness and relapse in OSCC-GB patients. 
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