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Abstract
The use of tobacco products is one of the established contributors toward the development and spread of oral cancer. Addi-
tionally, recent research has indicated oral microbiome, infections with Human papilloma virus (HPV), Epstein–Barr virus 
(EBV), Candida as significant contributing factors to this disease along with lifestyle habits. Deregulation of cellular path-
ways envisaging metabolism, transcription, translation, and epigenetics caused by these risk factors either individually or in 
unison is manifold, resulting in the increased risk of oral cancer. Globally, this cancer continues to exist as one of the major 
causes of cancer-related mortalities; the numbers in the developing South Asian countries clearly indicate yearly escalation. 
This review encompasses the variety of genetic modifications, including adduct formation, mutation (duplication, deletion, 
and translocation), and epigenetic changes evident in oral squamous cell carcinoma (OSCC). In addition, it highlights the 
interference caused by tobacco products in Wnt signaling, PI3K/Akt/mTOR, JAK-STAT, and other important pathways. The 
information provided also ensures a comprehensive and critical revisit to non-tobacco-induced OSCC. Extensive literature 
survey and analysis has been conducted to generate the chromosome maps specifically highlighting OSCC-related mutations 
with the potential to act as spectacles for the early diagnosis and targeted treatment of this disease cancer.
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Abbreviations
8-OHdG  8-Hydroxydeoxyguanosine
Akap9  A-kinase anchoring protein 9
Akt  Ak strain transforming
AluYb8  Jumping gene AluYb element 8
APC  Adenomatous polyposis coli
Arap2  Ankyrin repeat and pH domain 2
ARID2  AT-rich interaction domain 2
ATRX  A-thalassemia mental retardation X-linked 

protein
Bcl-2  B-cell leukemia/lymphoma 2 protein
BRAF  Serine/threonine-protein kinase B-Raf
CASP8  Cysteinyl aspartate protease
CD59  Protectin
CD8 + T  Cluster of Differentiation 8 T-cell receptor
CDH1  E-cadherin 1

Cdh11  Cadherin 11
CDKN2A  Cyclin-dependent kinase inhibitor 2A
CpGIs  CpG islands
CREBBP  Cyclic adenosine monophosphate response 

element-binding protein binding protein
CSMD3  CUB and Sushi multiple domain 3
CSp8  Caspase 8
CTNNB1’S  Catenin beta 1
DAPK1  Death-associated protein kinase 1
DNA  Deoxyribonucleic acid
DNMTs  DNA methyltransferases
dsDNA  Double-stranded DNA
E2F  E2 factor
EBNA  Epstein–Barr nuclear antigen 1
EBV  Epstein–Barr virus
EGFR3  Epidermal growth factor receptor 3
Ep300  E1A-binding protein P300
ERK-MAPK  Extracellular signal-regulated kinase
ESI  Electrospray ionization
FANCD2  FA complementation group D2
FAT1  FAT atypical cadherin 1
FAT2  FAT atypical cadherin 2
Fgf3  Fibroblast growth factor 3
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FGFR  Fibroblast growth factor receptor
GATA4  GATA-binding protein 4
GATS  Global adult tobacco survey
Hjurp  Holiday junction recognition protein
HPV  Human papilloma virus
H-ras  Harvey rat sarcoma virus
IARC   International agency for research on cancer
IgA  Immunoglobulin A
IgG  Immunoglobulin G
IgM  Immunoglobulin M
IL-8  Interleukin-8
in-NETO1-1  Neuropilin and tolloid-like 1
ISH  In-situ hybridization
IT-MS  Ion trap-mass spectroscopy
JAK-STAT   Janus kinase-signal transducer and activa-

tor of transcription
JNK  Jun N-terminal kinase
KMT2A  Lysine methyltransferase 2A
KMT2D  Lysine methyltransferase 2D
K-ras  Kirsten rat sarcoma viral oncogene 

homolog
LINE1  Long interspersed nuclear element 1
LMP-1  Latent membrane protein 1
lncPSD4-1  Long non-coding RNA PSD4-1
LRE1  Line retro-transposable element 1
LRP1B  LDL receptor-related protein 1B
M2BP  Mac-2-binding protein
MDM2  Murine double minute 2
MEF2A  Myocyte enhancer factor 2A
MGMT  O-6-methyl-DNA transferase
miR-181  Micro-RNA- 181
miR-196b  Micro-RNA 196b
miR-30a  Micro-RNA 30a
miR-934  Micro-RNA 934
miRNAs  Micro-RNAs
MLH1  MutL homolog 1
MMP9  Matrix metalloproteinase 9
MRP14  Migration inhibitory factor-related protein 

14
mTOR  Mammalian target of rapamycin
Muc4  Mucin 4, Cell surface-associated
Muc6  Mucin 6, oligomeric mucus/gel-forming
MYH1  Myosin heavy chain
NAB  Nitrosoanabasine
NAT  Nitrosoanatabine
NF1  Neurofibromatosis type 1
NF-kB  Nuclear factor kappa B
NNAL  4-(Methylnitrosamino)-1-(3-pyridyl)-1-

butanone (3-pyridyl)-1- butanol
NNK  4-Methyl nitrosamino 1,3-pyridyl butanone
NNN  Nitrosonornicotine
NOTCH1  Neurogenic locus notch homolog protein 1

N-ras  Neuroblastoma RAS viral oncogene 
homolog

NSD1  Nuclear receptor-binding SET domain 
protein 1

OSCC  Oral squamous cell carcinoma
P14(ARF)  Tumor suppressor protein 14 alternative 

reading frame
P15INK4B  Cyclin-dependent kinase 4 inhibitor B
P16  Protein 16
P16NK4A  P16 Cyclin-dependent kinase inhibitor 4A
P53  Protein 53
PABPC1  Poly (A)-binding protein cytoplasmic 1
PCR  Polymerase chain reaction
PI3K  Phosphatidylinositol-3-kinase
PTEN  Phosphate and TENsin homolog deleted on 

chromosome 10
QqQ-MS  Triple quadrupole-mass spectroscopy
RARB2  Retinoic acid receptor beta 2
RASSF1/2  Ras association domain containing protein 

1
Rb  Retinoblastoma
RB1  Retinoblastoma 1
RNA  Ribonucleic acid
ROS  C-ros oncogene 1
RT-PCR  Reverse transcriptase polymerase chain 

reaction
SLT  Smokeless tobacco
SMARCA4  Swi/SNF-related, matrix-associated, actin-

dependent regulator of chromatin, subfam-
ily a, member 4

SOX17  SRY-box transcription factor 17
Sp110  Sp110 nuclear body protein
Sp140  Sp140 nuclear body protein
STAG2  Stromal antigen 2
TCGA   The cancer genome atlas
TFPI2  Tissue factor pathway inhibitor 2
TKTL1  Transketolase-like-1
TLR9  Toll-like receptor 9
TNF  Tumor necrosis factor
TP53  Tumor protein p53
TSC2  Tuberous sclerosis complex
TSNA  Tobacco-specific N-nitrosamination
VHL  Von Hippel–Lindau syndrome
Wnt  Wingless-related integration site
ZFHX3  Zinc finger homeobox 3

Introduction

Oral cancer, the most common form of cancer of the head 
and neck, has a particularly grim prognosis due to its aggres-
sive invasion pattern in the lips, oropharynx, and oral cavity 
[1]. Cancers of the gingiva, mouth floor, tongue, and palate 
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make up the oral squamous cell carcinoma (OSCC) spec-
trum. Leukoplakia, erythroplakia, and submucous fibrosis 
are examples of pre-cancerous lesions that are connected to 
the advanced phases of OSCC [2]. The etiological variables 
(such as tobacco use and alcohol consumption) and host 
genetic factors, infection with Human papillomavirus and 
Epstein–Barr virus, and environmental factors are primarily 
to blame for OSCC’s high incidence and delayed diagnosis 
[3]. Tobacco use places an unreasonable additional strain 
on the health systems of the world’s most impoverished 
nations [4]. Tobacco use is responsible for the highest num-
ber of cases of mouth cancer in India’s patient population 
(preferably in smokeless form) [5]. Tobacco use is the cause 
of forty-five percent of all cancers that occur in men, and 
twenty percent of all cancers that occur in women in India 
[6]. According to the findings of the Global adult tobacco 
survey 2 (GATS 2), which was carried out in 2016–2017, 
28.6 percent of all adults are smokers, with the proportion 
of male smokers standing at 42.4 percent and female smok-
ers at 14.2 percent [7]. There has been a significant drop in 
the number of people who use tobacco products in India, 
but the number of people diagnosed with oral cancer has 
been steadily climbing. There was a total of 135,929 newly 
diagnosed instances of oral cancer in India, excluding oro-
pharyngeal cancer, according to the data compiled by Globo-
can 2020. Of these, 104,661 were male patients, and 31,268 

were female patients [8]. Figure 1 depicts the cases of oral 
squamous cell carcinoma and projections for 2025 based on 
incidence and prevalence over the past 14 years.

Tobacco‑induced alterations

Tobacco is consumed in a variety of ways, the most common 
of which are smoking and other forms of tobacco products, 
such as chewing tobacco and dip [15]. In India, the use of 
smokeless tobacco products is significantly more prevalent 
than smoking [16]. Cigarette, beedi, hooka, and chutta, 
among other things, are all examples of items that are used 
for smoking. Consumption of tobacco can, on its own, cause 
or contribute to the development of a number of cancers 
and cardiovascular diseases [15]. The development of oral 
cancer typically begins with potentially premalignant oral 
epithelial lesions, such as leukoplakia, erythroplakia, sub-
mucous fibrosis, and lichen planus [17]. The rate at which 
leukoplakia develops into a malignant form ranges from 
0.13 to 34% [18]. Even though tobacco use is the major 
contributor of oral cancer, very little is understood about 
the molecular changes that are caused by tobacco [19]. 
According to the International Agency for Research on 
Cancer (IARC), smokeless tobacco is regarded as a group I 
carcinogenic to humans. Tobacco contains tobacco-specific 
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N-nitrosamines (TSNA) which are 4-methyl nitrosamino 
1,3-pyridyl butanone (NNK), nitrosonornicotine (NNN), 
nitrosoanatabine (NAT), and nitrosoanabasine (NAB) [8]. 
After China, which has 311 million tobacco users, India has 
the second highest number of tobacco users in the world, 
with 229 million users [20]. Chronic exposure to SLT prod-
ucts is harmful to human health because of the presence of 
nicotine and TSNA, which are both highly addictive and 
hazardous chemicals [21]. It is well established that smoke-
less tobacco products contain toxicants and carcinogens, 
including nicotine, N-nitrosamino acids, volatile N-nitrosa-
mines, aldehydes (formaldehyde and acetaldehyde), hydro-
carbons, and polonium-210 [22]. The majority of the nico-
tine that is consumed by humans is metabolized to cotinine. 
It acts as a major metabolite and specific marker of nico-
tine exposure, and its concentration is determined by the 
rate of nicotine metabolism. The mucous membranes are 
the primary route through which nicotine is absorbed from 
smokeless tobacco. This process begins slowly but picks up 
speed, reaching its peak after five minutes, and then begins 
to slow down after thirty minutes, despite the fact that the 
tobacco is still present in the mouth [23]. Superoxide anion 

and hydroperoxides are the main sources of nicotine-induced 
free radicals and act as markers of oxidative stress [24]. Evi-
dences suggest that the availability of smoke-free legislation, 
increased taxes on smoking, and high social acceptance dur-
ing working periods have been described as directly pro-
portional to the consumption of smokeless tobacco among 
adolescent males [25].

DNA adducts formation

Products made from tobacco contain an extremely diverse 
array of chemicals. Some of these can form direct bonds 
with DNA, while others require the formation of interme-
diary products in order to do so [26]. DNA adducts are 
typically produced as a result of the interaction of DNA 
molecules with a variety of chemicals [26]. Mutations in 
the genome caused by DNA adducts can have far-reaching 
effects on the body’s ability to maintain homeostasis in its 
many regulatory systems [27]. Figure 2 is a simplified depic-
tion of the effects of tobacco use on the oral mucosa. These 
DNA adducts can be categorized into a few different groups, 
such as methyl DNA adducts, pyridyloxobutyl DNA adducts, 

Fig. 2  A graphical representation of the effects that tobacco-specific 
nitrosamines have on the oral mucosa. DNA adducts and epigenetic 
alterations can be caused by tobacco-specific nitrosamines, such 
as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), nitros-
onornicotine (NNN), nitrosoanatabine (NAT), and nitrosoanabasine 
(NAB). Both impaired repair mechanism and an excessively high rate 
of DNA damage can contribute to the development and accumula-

tion of mutations. Mutation in several oncogenes and tumor suppres-
sor genes, including tumor protein p53 (TP53), A-kinase anchoring 
protein 9 (Akap9), Ankyrin repeat and pH domain 2 (Arap2), meth-
ylation in death-associated protein kinase (DAPK), O-6-methylgua-
nine-DNA methyltransferase (MGMT), adenomatous polyposis coli 
(APC), and Survivin, has been linked to cancer of oral cavity
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aldehyde DNA adducts, pyridylhydroxybutyl DNA adducts, 
DNA phosphate adducts, DNA base adducts, bulky/aromatic 
adducts, adducts formed from aromatic and heterocyclic aro-
matic amines, methylating agents forming adducts, ethylat-
ing agents forming adducts, 1,3-butadiene result into forma-
tion of adducts, adduct formed due to formaldehyde, adduct 
formation due to acetaldehyde and crotonaldehyde, adduct 
formation due to acrylamide, reactive oxygen species formed 
due to tobacco smoke can also form DNA adducts [28, 29]. 
NNK, also known as 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone, is substantially metabolized to another potent 
pulmonary carcinogen known as 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (3-pyridyl)-1-butanol (NNAL), and 
it has the ability to form DNA adducts [27]. The genotoxic 
properties of these DNA adduct can lead to the mutation of 
multiple genes, for example, methyl adducts like O6-mdGuo 
cause GC-to-AT transition mutations; 7-mdGuo causes base 
substitution and nucleotide deletion; O4-mdThd causes TA-
to-CG or AT-to-TA mutation; O2-mdThd causes TA-to-AT 
mutation; pyridyloxobutyl DNA adducts like O6-pobdGuo 
and GC-Aldehyde DNA adducts can cause AT to TA, AT to 
CG, and GC to TA mutations. [29]. The induction of GC to 
TA mutations in K-ras at codon 12 is caused by NNK and 
other carcinogenic substances found in tobacco products, 
such as nitrosamines, PAH, aromatic amines, and reactive 
oxygen species (ROS) [26]. A prototypical pathway for the 
activation of nitrosamines involves the hydroxylation of 
methyl carbons, which is catalyzed by cytochrome P450. 
This process results in the unstable transitional substance 
hydroxymethyl NNK, which then spontaneously loses for-
maldehyde to form diazohydroxide. Finally, this decom-
position reaction produces diazonium ions, which bind to 
DNA to form adducts [27]. Different human tissues and 
fluids can be analyzed using various techniques to study 
and measure DNA adducts. Example: Leukocytes in blood, 
buccal cells in saliva, and urine (exfoliated epithelial cells) 
[30]. Examples of DNA adducts and their target genes are 
shown in Table 1. NNK is a component that can be found 
in the urine of tobacco users of all types, including smok-
ers and users of smokeless tobacco [27]. DNA adducts are 
typically composed of 3-methyladenine in their predomi-
nant form in smokers, whereas in non-smokers, 7-methyl-
guanine and 1-methyladenine are more likely to be found 
in urine [31]. To determine the carcinogenicity of various 
adducts, DNA adduct quantification is typically performed 

[32]. DNA adducts can be analyzed using a wide variety of 
analytical techniques, including 32P-postlabelling assays, 
immunoassays, electrochemical detection, MS-based meth-
ods, electrospray ionization (ESI) and nanoESI, triple quad-
rupole (QqQ) MS, ion trap (IT) MS, high-resolution MS 
instruments, and the use of front-end ion mobility for rapid 
separation and quantification of DNA adducts [26].   

Non‑tobacco risk factors

Alcohol

Chronic consumption of alcohol increases risk for several 
cancers including oral cancer [36]. Heavy alcohol consump-
tion is an established risk factor for 2–4% of total cancers 
[36]. Bolesina et al. reported that heavy alcohol consum-
ers have higher toll-like receptor 9 (TLR9), which further 
promotes inflammation and tumor promotion [37]. It is well 
known that alcohol has a synergistic effect with tobacco con-
sumption during onset and progression of oral carcinoma. 
A higher prevalence of advanced clinical stage is associated 
with concomitant alcohol consumption and smoking [34].

Candida 

Infection with Candida albicans was essentially associated 
with cancer as an opportunistic pathogen, but recent evi-
dences suggest that it may be indulged in cancer promo-
tion [38, 39]. Although infection is associated with OSCC, 
but more clarification is needed on whether Candida is 
involved in genesis and progression of oral cancers, or the 
tumors promote fungal growth [40]. Saxena et al. reported 
that there is a shift in non-Candida albicans infection with 
higher prevalence in OSCC patients followed by smokeless 
tobacco users and non-users [41]. In other experimental 
studies, it was found that Candida was linked with induc-
tion of oral leukoplakia and malignant transformation [42]. 
In vivo and in vitro studies by Vadovics et al. have reported 
that Candida upregulates oncogenes, potentiates premalig-
nant phenotype, and it is indulged in early and late stages of 
malignant promotion and progression of oral cancer [40]. 
Therefore, identification and development of therapeutic 
approaches for dysregulation caused by Candida can serve 
to better outcome of patients.

Table 1  DNA adducts and 
target genes

Type of adducts Target genes References

Methyl DNA adducts TP53, PTEN, FAT2, FAT1 [28, 33–35]
Aldehyde DNA adducts K-ras, MDM2, KASP8
Pyridyloxobutyl DNA adducts N-ras, H-ras
Pyridylhydroxybutyl DNA adducts EGFR, FGFR, NOTCH1
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Viral infections

Human papilloma virus (HPV) infection in OSCC ranges 
between 6 and 58%, whereas Epstein–Barr virus infection in 
OSCC lies between 25.9 and 82.5% globally [43, 44]. Infec-
tion with EBV alone can increase the likeliness of OSCC 
occurrence by 2.5 times to 5 times [45, 46].

The HPV is a dsDNA virus with a 7 KB genome and 
approximately more than 100 oncogenic subtypes; these 
viruses synthesize oncoproteins, such as E6 and E7, suppress 
p53 and Rb, and thus disable tumor suppressor activity [47]. 
Although HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 26, 58, and 
59 subtypes are associated with OSCC, but only HPV 16 is 
responsible for 90 percent of HPV-associated OSCC [48, 
49]. Proteasomal degradation of p53 is further facilitated by 
E6 protein, while E7 protein affects Rb and results in exces-
sive release of E2F transcription factor, which causes exces-
sive cell growth [50]. There are more gene alterations in the 
DNA repair genes in HPV-associated OSCC compared to 
non-HPV-associated OSCC [51]. The host body is affected 
by HPV by integrating itself into the genome and downregu-
lating tumor suppressor activity, amplification of DNA, and 
the formation of altered transcripts [52]. In HPV-positive 
OSCC, more P16 is expressed, more CD8 + T cells are infil-
trated, and IL-8 is dysregulated, all of which reduce neu-
trophil infiltration [53]. One of the most affected miRNAs, 
with perturbed promoter activity, in HPV-positive OSCC is 

miR-181 [54]. The detection of HPV in OSCC patients can 
be accomplished using p16 immunohistochemistry (IHC), 
HPV DNA in situ hybridization (ISH), E6/E7 HPV RNA-
ISH, HPV DNA polymerase chain reaction (PCR), and E6/
E7 HPV RT-PCR [52]. Patients with HPV-positive OSCC 
who smoke have five times more distant metastasis and more 
metastasis sites than patients with HPV-negative OSCC [51, 
55]. It has been found that the risk of HPV-associated OSCC 
increases with the frequency and duration of oral sex, vagi-
nal sex, oral–anal contact, and multiple oral sexual partners 
[49]. B cells detect HPV antigens and then recruit TH2 cells, 
which produce antibodies against these antigens. The anti-
bodies most involved in this response are IgG, IgA, and IgM 
[56]. Figure 3 is a visual representation of how human papil-
lomavirus and Epstein-Barr virus fuel the development of 
oral squamous cell carcinoma tumors.

Oncogenic Epstein–Barr virus (EBV) is a human her-
pesvirus that has dsDNA as its genome and causes lifelong 
persistent infection, although the infection is generally harm-
less [57]. In addition to the fact that the virus has a biphasic 
life cycle and keeps its genome in the form of an extrachro-
mosomal episome, the oral cavity is the primary location 
through which EBV is transmitted. The virus can be found 
in the saliva of an individual who is infected with the virus 
for their entire lifetime [58]. Patients with EBV-associated 
OSCC have a high expression of LMP-1 (Latent Membrane 
Protein-1), which is a protein that is associated with cell 

Fig. 3  A graphical representation of the role that HPV and EBV play 
in the development of OSCC tumors. Viral E6 protein helps in deg-
radation of p53 protein resulting in increased murine double minute 
2 (MDM2) mediated ubiquitination. HPV viral protein E7 down-

regulated retinoblastoma, which in turn excessively releases E2 fac-
tor, which helps in cell proliferation. Epstein–Barr nuclear antigen 1 
(EBNA) inhibits B cell leukemia/lymphoma 2 protein (Bcl2) result-
ing in decreased apoptosis in cancerous cells
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transformation. In addition, this protein significantly affects 
several different signaling pathways, including JAK-STAT, 
ERK-MAPK, JNK-p-38, PI3K-AKT, and NF-β, which ulti-
mately results in cell proliferation, anti-apoptosis, angiogen-
esis, and metastasis [59]. There is a very high amount of 
inactive p53 (p53i) expressed in EBV-associated OSCC, and 
this inactivation is because of EBNA (EBV nuclear antigen 
protein). As a result of this, there is limited or no amount of 
bcl-2 activation, and the expression of c-myc is increased 
[60]. There is a decrease in the antioxidant enzyme activity 
in infected individuals [61].

According to a recent study, there is a higher possibility 
of developing oral cancer from a coinfection of HPV and 
EBV, than either virus alone to cause the disease [62].

Comprehensive mutational analysis in OSCC

OSCC is characterized by many mutated genes. Changes 
in the DNA can occur as a result of the disease itself or as 
a result of the mutations. There are many different types 
of gene mutations, including mutations caused by tobacco 
use, infection with HPV, EBV, alcohol consumption, age, 
sex, and more. Tobacco consumption can further be dif-
ferentiated into two groups, i.e., smoking and smokeless 
tobacco. All mutated genes from the primary study reported 

on Cancer Genome Atlas are included in the supplemental 
files. The OSCC mutation spectrum is shown in Table 2.

OSCC has a remarkably high rate of somatic mutations. 
FAT1, NOTCH1, CDKN2A, FAT2, LRP1B, TP53, CASP8, 
FAT1, PTEN, EGFR3, TP53-CASP8, PTEN-LRP1, TP53-
CASP8, TP53-ATRX, and ARID2 are among the most 
reported mutations in India. Additionally, samples from 
China, Saudi Arabia, and the United States were exam-
ined and found to have BRAF, NSD1, NRAS, HRAS and 
CREBBP mutations in addition to other gene mutations, 
such as CSMD3, KMT2A, SMARCA4, PABPC1, NOTCH2, 
DNMTSA, NF1, FANCD2, ZFHX3, STAG2, MYH1, and 
CDKW mutations. Figure 4 depicts mutations in the chro-
mosome locus. 

Tobacco‑induced mutations

In oral cancers, the most common mutation is in the TP53 
tumor suppressor gene, which produces the p53 protein and 
helps maintain genomic stability, as well as apoptosis and 
the cellular function [64, 70]. Mutations in the TP53 gene 
prevent the p53 protein from performing its normal functions 
[71]. Mutations in Akap9, Arap2, Cdh11, Hjurp, Mroh2a, 
Muc4, Muc6, Sp110, and Sp140 were found in p53-null 
murine oral carcinoma cell lines, as well as stemness mark-
ers and loss of E-cadherin expression [72]. The increased 

Table 2  Mutational spectrum of OSCC

Gene name Significance References

Tobacco-induced mutations in key genes
 TP53 Tumor protein p53 Inactive protein as result of missense mutation, 

Deletion of functional domain, A–T conversion, 
C–G conversion by NNK and NNN

[63–67]
 Akap9 A-Kinase anchoring protein 9
 Arap2 Ankyrin repeat and PH domain
 Cdh11 Cadherin11
 Hjurp Holiday junction recognition protein
 Mrah2
 Muc4 Mucin 4, cell surface-associated
 Muc6 Mucin 6, oligomeric mucus/gel-forming
 Sp110 SP110 nuclear body protein
 Sp140 SP140 nuclear body protein

Non-tobacco-induced mutations in key genes
 CSp8 Caspase 8 Loss of function, poor production of TSG due to 

missing transcription factors, methylation of TSG 
due to mutation in acetyl transferase enzyme, dele-
tion of nucleotides induced by viral protein and 
promotor factors

[28, 29, 68, 69]
 Fat1 FAT atypical cadherin 1
 Notch1 Neurogenic locus notch homolog protein 1
 Ep300 E1A-binding protein p300
 ARID A-T rich interaction domain
 TSC2 Tuberous sclerosis complex 2
 KMT2D Lysine methyltransferase 2D
 PTEN Phosphatase and tensin homolog
 NSD1 Nuclear receptor-binding SET domain protein
 FGFR Fibroblast growth factor receptor 1
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risk of tobacco-induced tumorigenesis is further exacerbated 
by germinal polymorphisms in CDKN2A, which increase 
susceptibility to tobacco carcinogens [73]. Hras, an isoform 
of RAS, was initially recognized as an oncogene in chemi-
cally induced squamous cell carcinoma (SCC), although, 
Hras gene mutations are prominently present in various 
SCC [74]. The cumulative effect of Hras and TP53 gene 
mutations is what contributes to the dismal prognosis of oral 
cancer [75]. According to the findings of a study conducted 
in Indonesia, the level of expression of the p16 protein is 
significantly reduced in smokers [76].

Non‑tobacco‑induced mutations

There have been reports of gene mutations, including 
those in non-conventional oncogenes and tumor suppres-
sor genes. CSP8, FAT1, and Notch1 are a few of these [77, 
78]. Because of its ability to activate p53, Notch1 serves as 
a tumor suppressor gene in a variety of cancers, including 
hepatocellular carcinoma, lung cancer, and others. Notch1 
overexpression has been found in cutaneous squamous cell 
carcinomas [78].

EP300, ARID, KMT2D, PTEN, NSD1, and FGFR3 are 
frequently mutated genes in HPV-induced OSCC [79, 80]. 
A mutation in EP300 causes the protein to become inactive. 
The HPV E6 oncoproteins prevent the acetylation of the 
TP53 interpose by EP300, which then kicks off the degra-
dation of TP53 by MDM2 [79]. There are many mutations 
in lysine methyltransferase KMT2D, which results in the 
upregulation of CTNNB1’s transcriptional activity by coop-
erating with MEF2A and thus increasing WNT signaling 
[79–81]. ARID and other somatic driver mutations are solely 
the result of viral integration and transference, as well as the 

transcription of genes like ARID [82]. The mTOR signaling 
pathway includes the tumor suppressor gene TSC2, whose 
hyper-methylated promoter leads to deregulation of the 
gene [83]. Additionally, PTEN is mutated in HPV-positive 
OSCC patients; the phosphatase site at 130R is generally 
affected [79]. A mutation in NSD1, which is also a lysine 
methyltransferase, results in a reduction in the production 
of chemokines that promote inflammation [79]. Targeted 
proteins are encoded by the FGFR3 gene, and an activating 
mutation in this gene further activates the PIK3CA or PTEN 
pathway [79]. When non-tobacco users develop OSCC, it’s 
due to the mutation of numerous additional genes.

Epigenetic changes drive oral cancer

DNA methylation, histone modification, microRNAs result-
ing in post-transcriptional gene downregulation, etc., are all 
examples of epigenetics. These epigenetic modifications to 
DNA can affect gene expression and function, and activat-
ing oncogenes and inactivating tumor suppressor genes, but 
there is no change in the specific DNA sequence [84, 85]. In 
CpGIs, 5-methylcytosine is formed in the promoter region 
of genes, such as tumor suppressor genes and proto-onco-
genes, and the epigenetic changes in chromosomal abnor-
mality, uncertain gene expression, and atypical functioning 
of both the tumor suppressor genes and the proto-oncogenes 
are caused by DNA methylation [86]. A subset of enzymes 
known as DNA methyltransferases is responsible for the 
addition of methyl groups to DNA [87].

There can be many non-tobacco risk factors that are 
involved in the epigenetic modification of DNA, one such 
example is alcohol consumption. Consuming alcohol results 

Fig. 4  Chromosome maps representing the localization of mutations 
on different locus. The white lines on chromosomes indicate the pres-
ence of mutation. “The construction of this diagram is based on data 

generated by the TCGA Research Network: https:// www. cancer. gov/ 
tcga”. The supplementary file containing the location and gene names 
is attached herein (Annexure I)

https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
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in histone modification, and DNA methylation and hence 
becomes the most common reason for OSCC, alcohol is hav-
ing two sole components, which are responsible for these 
modifications and these components are ethanol and its 
metabolite, acetaldehyde. Also there are some other mecha-
nisms which can enhance this DNA methylation activity and 
these mechanisms can be transmethylation reactions and 
changes in folate metabolism process [88]. Alcohol con-
sumption is a reason behind DNA hypo-methylation, which 
further exhibits non-feasible changes in oncogene or tumor 
suppressor gene expression [89]. Different alcoholic drinks 
have different amounts of ethanol which can further oxidize 
to form acetaldehyde, and acetaldehyde being a metabolite 
having genotoxic properties can result in suppression of 
tumor suppressor genes and overexpression of oncogenes 
[86]. There was a study performed that showed alteration 
in two key long non-coding RNAs, namely lncPSD4-1 and 
in-NETO1-1, due to alcohol consumption and hence enhanc-
ing carcinoma conditions [90]. Alcohol consumption also 
induces the expression of the anti-apoptotic gene Bcl-2 due 
to the expression of miR-30a and miR-934 [91]. Some other 
factors involved in the progression of oral cancer include 
diet and nutrition, environmental factors, such as viral infec-
tions, fungal infections, bacterial infections, occupational 
risks, poor oral health, genetic factors, and age, leading to 
epigenetic changes [86].

The expression of many genes is altered due to epige-
netic modification in promoter region which further results 
in OSCC. These genes are elucidated in Table 3.

Epigenetic changes also include histone modification, 
which plays a quite significant role in the progression of 
OSCC. Histone acetylation and histone methylation are 
two alterations that are responsible for the alteration of 
the expression of different genes. Histone deacetylases are 
responsible for abrupt transcription rate which causes many 
genes to function improperly [92].

Changes in OSCC oral microbiome

Distinct shifts in the relative abundance of individual oral 
bacteria suggest that particular combinations of bacteria 
could serve as markers for OSCC diagnosis. In addition, 

oral bacteria, such Porphyromonas gingivalis and Fusobac-
terium nucleatum, can take part in most cancer-promoting 
pathways, contributing to the growth of OSCC [93].

Significance of non‑invasive and liquid 
biopsies

Recent advances in biomarker research via many different 
noninvasive methods have been tried to detect OSCC at its 
earliest stages. Noninvasive samples can be used for test-
ing, such as saliva, brush biopsies, plasma, and others. Early 
biomarkers discovered in these samples, especially in saliva, 
have proven to be incredibly helpful for disease management 
[94]. As was previously stated, risk factors can cause genetic 
mutations in addition to interfering with multiple pathways 
involved in cellular and metabolic functions. Saliva contains 
a wide variety of chemicals, including cytokines, proteomes, 
RNAs, extracellular non-coding RNAs, DNAs, and metab-
olites produced by microbes [35, 95]. Salivary proteomic 
biomarkers can detect tumor relapse, severe dysplasia, viral-
induced carcinogenesis, lymphatic metastasis, plasma mark-
ers in OSCC, and treatment response [47]. Although many 
candidates for salivary biomarkers have been identified, it 
is believed that only a subset of these markers can reliably 
differentiate between OSCC and pre-malignant states. Cath-
epsin B, Cyclin D1, Interleukin (IL) 1b, IL-6, IL-8, tumor 
necrosis factor (TNF), complement factor-H, defensins, 
carbonic anhydrase 2, matrix metalloproteinase 9 (MMP9), 
PF-4, 8-OHdG, transferrin, M2BP, MRP14, CD59, profilin, 
and telomerase are among the most significant markers [47, 
96].

Conclusions

Oral cancer tumorigenesis is attributed to genetics and a 
variety of risk factors, such as tobacco use, alcohol con-
sumption, HPV, and Epstein–Barr virus infection. The poor 
pathogenesis of the disease is a result of the molecular 
alterations caused by these factors. The molecular landscape 
of HPV-positive and HPV-negative cancer appears to be 
intertwined, despite the clinical differences in presentation. 

Table 3  Methylation status of different genes in OSCC

Methylation status Candidate genes Molecular Alteration References

Hypermethylated P16INK4A, APC, MGMT, p14(ARF), RASSF1/2, 
DAPK1, MLH1, p15INK4B, RARB2, PTEN, TFPI2, 
SOX17, GATA4, CDKN2A, CDH1, VHL, RB1,

Promoter hypermethylation due to hyperactivation of 
methyltransferase and mutation in acetyltransferase 
enzymes

[97–109]

Hypomethylated Survivin, LINE1, miR-196b, Fgf3, TKTL1, LRE1, 
AluYb8

Unmethylated or hypomethylated promoter region due 
to mutation in methyltransferase and hyperactivation 
of acetyltransferase enzymes
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Biomarkers have recently been the focus of research, but it is 
equally important to keep an eye on new approaches to indi-
vidualized treatment. As our knowledge of the disease has 
grown, so has the need for more thorough research to iden-
tify the key drivers of tumorigenesis in ethnically diverse 
populations. Studies have shown that a variety of proteomic 
biomarkers found in saliva can serve as indicators of disease 
onset and progression. In saliva samples, the detection of 
substance-specific deregulated genes and the downstream 
products of these genes can provide crucial information 
about the outcome of any arising clinico-pathological con-
ditions. These methods may help in the development of more 
personalized treatment options for patients of various eth-
nicities, resulting in improved treatment outcomes and better 
disease management.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12094- 023- 03192-8.

Funding The authors declare that no funds, grants, or other support 
was received during the preparation of this manuscript.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval This review did not require any ethical approval.

Informed consent This study did not involve any human subjects. 
Therefore, no prior informed consent was obtained for the same.

References

 1. Ren ZH, Hu CY, He HR, Li YJ, Lyu J. Global and regional bur-
dens of oral cancer from 1990 to 2017: results from the global 
burden of disease study. Cancer Commun. 2020;40:81–92. 
https:// doi. org/ 10. 1002/ cac2. 12009.

 2. Saxena R, Vishnu Prasoodanan PK, Gupta SV, Gupta S, Waiker 
P, Samaiya A, et al. Assessing the effect of smokeless tobacco 
consumption on oral microbiome in healthy and oral cancer 
patients. Front Cell Infect Microbiol. 2022. https:// doi. org/ 10. 
3389/ FCIMB. 2022. 841465/ FULL.

 3. Sharma S, Satyanarayana L, Asthana S, Shivalingesh KK, 
Goutham BS, Ramachandra S. Oral cancer statistics in India on 
the basis of first report of 29 population-based cancer registries. 
J Oral Maxillofac Pathol. 2018;22:18. https:// doi. org/ 10. 4103/ 
JOMFP. JOMFP_ 113_ 17.

 4. Shaikh R, Janssen F, Vogt T. The progression of the tobacco 
epidemic in India on the national and regional level, 1998–
2016. BMC Public Health. 2022. https:// doi. org/ 10. 1186/ 
S12889- 021- 12261-Y.

 5. Mishra GA, Pimple SA, Shastri SS. An overview of the tobacco 
problem in India. Indian J Med Paediatr Oncol. 2012;33:139. 
https:// doi. org/ 10. 4103/ 0971- 5851. 103139.

 6. Asthana S, Patil RS, Labani S. Tobacco-related cancers in India: 
a review of incidence reported from population-based cancer 
registries. Indian J Med Paediatr Oncol. 2016;37:152. https:// 
doi. org/ 10. 4103/ 0971- 5851. 190357.

 7. About | Global Adult Tobacco Survey 2, India 2016–17—
Research Project n.d. https:// www. tiss. edu/ view/ 11/ resea rch- 
proje cts/ global- adult- tobac co- survey- round-2- for- india- 2016/. 
Accessed 28 April 2022

 8. 2020 WHOIA for R on C (IARC) G. Population Fact Sheets 2020
 9. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo 

M, et al. Cancer incidence and mortality worldwide: sources, 
methods and major patterns in GLOBOCAN 2012. Int J Cancer. 
2015;136:E359–86. https:// doi. org/ 10. 1002/ IJC. 29210.

 10. Curado MP, Johnson NW, Kerr AR, Silva DRME, Lanfranchi H, 
Pereira DL, et al. Oral and oropharynx cancer in South America: 
incidence, mortality trends and gaps in public databases as pre-
sented to the Global Oral Cancer Forum. Transl Res Oral Oncol. 
2016;1:2057178X1665376. https:// doi. org/ 10. 1177/ 20571 78X16 
653761.

 11. Gupta B, Ariyawardana A, Johnson NW. Oral cancer in India 
continues in epidemic proportions: evidence base and policy 
initiatives. Int Dent J. 2013;63:12–25. https:// doi. org/ 10. 1111/J. 
1875- 595X. 2012. 00131.X.

 12. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. 
Estimates of worldwide burden of cancer in 2008: GLOBOCAN 
2008. Int J Cancer. 2010;127:2893–917. https:// doi. org/ 10. 1002/ 
IJC. 25516.

 13. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, 
Jemal A, et al. Global cancer statistics 2020: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in 185 
countries. CA Cancer J Clin. 2021;71:209–49. https:// doi. org/ 10. 
3322/ CAAC. 21660.

 14. Lin L, Yan L, Liu Y, Yuan F, Li H, Ni J. Incidence and death 
in 29 cancer groups in 2017 and trend analysis from 1990 to 
2017 from the Global Burden of Disease Study. J Hematol Oncol. 
2019;12:1–21. https:// doi. org/ 10. 1186/ S13045- 019- 0783-9.

 15. Vinoth Kumar NM, Khijmatgar S, Chowdhury C. Interrelations 
of level of urinary cotinine and score for fagerstrom test for nico-
tine dependence among beedi smokers, and smokeless tobacco 
users in India. Indian J Psychol Med. 2017;39:392–8. https:// doi. 
org/ 10. 4103/ 0253- 7176. 211758.

 16. Mumbai TI of SS (TISS). Global Adult Tobacco Survey GATS 
2 India 2016–17 n.d.

 17. Yang EC, Tan MT, Schwarz RA, Richards-Kortum RR, Gillen-
water AM, Vigneswaran N. Noninvasive diagnostic adjuncts for 
the evaluation of potentially premalignant oral epithelial lesions: 
current limitations and future directions. Oral Surg Oral Med 
Oral Pathol Oral Radiol. 2018;125:670. https:// doi. org/ 10. 1016/J. 
OOOO. 2018. 02. 020.

 18. Singh R, Das S, Datta S, Mazumdar A, Biswas NK, Maitra A, 
et al. Study of caspase 8 mutation in oral cancer and adjacent pre-
cancer tissues and implication in progression. PLoS One. 2020. 
https:// doi. org/ 10. 1371/ JOURN AL. PONE. 02330 58.

 19. Rajagopalan P, Patel K, Jain AP, Nanjappa V, Datta KK, Sub-
bannayya T, et al. Molecular alterations associated with chronic 
exposure to cigarette smoke and chewing tobacco in normal oral 
keratinocytes. Cancer Biol Ther. 2018;19:773–85. https:// doi. org/ 
10. 1080/ 15384 047. 2018. 14707 24.

 20. Bhan N, Karan A, Srivastava S, Selvaraj S, Subramanian SV, 
Millett C. Have socioeconomic inequalities in tobacco use in 
India increased over time? Trends from the national sample sur-
veys (2000–2012). Nicot Tob Res. 2016;18:1711. https:// doi. org/ 
10. 1093/ NTR/ NTW092.

 21. Orisakwe OE, Igweze ZN, Okolo KO, Udowelle NA. Human 
health hazards of poly aromatic hydrocarbons in Nigerian 
smokeless tobacco. Toxicol Rep. 2015;2:1019. https:// doi. org/ 
10. 1016/J. TOXREP. 2015. 07. 011.

 22. Hoffmann D, Djordjevic Mv. Chemical composition and carci-
nogenicity of smokeless tobacco. Adv Dent Res. 1997;11:322–9. 
https:// doi. org/ 10. 1177/ 08959 37497 01100 30301.

https://doi.org/10.1007/s12094-023-03192-8
https://doi.org/10.1002/cac2.12009
https://doi.org/10.3389/FCIMB.2022.841465/FULL
https://doi.org/10.3389/FCIMB.2022.841465/FULL
https://doi.org/10.4103/JOMFP.JOMFP_113_17
https://doi.org/10.4103/JOMFP.JOMFP_113_17
https://doi.org/10.1186/S12889-021-12261-Y
https://doi.org/10.1186/S12889-021-12261-Y
https://doi.org/10.4103/0971-5851.103139
https://doi.org/10.4103/0971-5851.190357
https://doi.org/10.4103/0971-5851.190357
https://www.tiss.edu/view/11/research-projects/global-adult-tobacco-survey-round-2-for-india-2016/
https://www.tiss.edu/view/11/research-projects/global-adult-tobacco-survey-round-2-for-india-2016/
https://doi.org/10.1002/IJC.29210
https://doi.org/10.1177/2057178X16653761
https://doi.org/10.1177/2057178X16653761
https://doi.org/10.1111/J.1875-595X.2012.00131.X
https://doi.org/10.1111/J.1875-595X.2012.00131.X
https://doi.org/10.1002/IJC.25516
https://doi.org/10.1002/IJC.25516
https://doi.org/10.3322/CAAC.21660
https://doi.org/10.3322/CAAC.21660
https://doi.org/10.1186/S13045-019-0783-9
https://doi.org/10.4103/0253-7176.211758
https://doi.org/10.4103/0253-7176.211758
https://doi.org/10.1016/J.OOOO.2018.02.020
https://doi.org/10.1016/J.OOOO.2018.02.020
https://doi.org/10.1371/JOURNAL.PONE.0233058
https://doi.org/10.1080/15384047.2018.1470724
https://doi.org/10.1080/15384047.2018.1470724
https://doi.org/10.1093/NTR/NTW092
https://doi.org/10.1093/NTR/NTW092
https://doi.org/10.1016/J.TOXREP.2015.07.011
https://doi.org/10.1016/J.TOXREP.2015.07.011
https://doi.org/10.1177/08959374970110030301


3342 Clinical and Translational Oncology (2023) 25:3332–3344

1 3

 23. Benowitz NL, Porchet H, Sheiner L, Jacob P. Nicotine absorp-
tion and cardiovascular effects with smokeless tobacco use: 
comparison with cigarettes and nicotine gum. Clin Pharmacol 
Ther. 1988;44:23–8. https:// doi. org/ 10. 1038/ CLPT. 1988. 107.

 24. Benowitz NL, Hukkanen J, Jacob P. Nicotine chemistry, 
metabolism, kinetics and biomarkers. Handb Exp Pharmacol. 
2009;192:29. https:// doi. org/ 10. 1007/ 978-3- 540- 69248-5_2.

 25. Hawkins SS, Bach N, Baum CF. Impact of tobacco control 
policies on adolescent smokeless tobacco and cigar use: a dif-
ference-in-differences approach. BMC Public Health. 2018. 
https:// doi. org/ 10. 1186/ S12889- 018- 5063-Z.

 26. Hwa Yun B, Guo J, Bellamri M, Turesky RJ. DNA adducts: 
Formation, biological effects, and new biospecimens for mass 
spectrometric measurements in humans. Mass Spectrom Rev. 
2020;39:55–82. https:// doi. org/ 10. 1002/ mas. 21570.

 27. Ma B, Zarth AT, Carlson ES, Villalta PW, Upadhyaya P, 
Stepanov I, et al. Identification of more than 100 structur-
ally unique DNA-phosphate adducts formed during rat 
lung carcinogenesis by the tobacco-specific nitrosamine 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. Carcinogen-
esis. 2018;39:232–41. https:// doi. org/ 10. 1093/ carcin/ bgx135.

 28. Ma B, Stepanov I, Hecht SS. Recent studies on DNA adducts 
resulting from human exposure to tobacco smoke. Toxics. 
2019;7:16. https:// doi. org/ 10. 3390/ toxic s7010 016.

 29. Peterson LA. Context matters: contribution of specific DNA 
adducts to the genotoxic properties of the tobacco-specific 
nitrosamine NNK. Chem Res Toxicol. 2017;30:420–33. https:// 
doi. org/ 10. 1021/ ACS. CHEMR ESTOX. 6B003 86/ ASSET/ 
IMAGES/ MEDIUM/ TX- 2016- 003862_ 0007. GIF.

 30. Guo J, Turesky RJ. Human biomonitoring of DNA adducts by 
ion trap multistage mass spectrometry. Curr Protoc Nucleic 
Acid Chem. 2016. https:// doi. org/ 10. 1002/ cpnc. 12.

 31. Wang Y, Narayanapillai S, Hu Q, Fujioka N, Xing C. Contribu-
tion of tobacco use and 4-(Methylnitrosamino)-1-(3-pyridyl)-
1-butanone to three methyl DNA adducts in urine. Chem Res 
Toxicol. 2018;31:836–8. https:// doi. org/ 10. 1021/ acs. chemr 
estox. 8b001 55.

 32. Liu S, Wang Y. Mass spectrometry for the assessment of the 
occurrence and biological consequences of DNA adducts. 
Chem Soc Rev. 2015;44:7829–54. https:// doi. org/ 10. 1039/ 
c5cs0 0316d.

 33. Lahoti S, Dixit P. Declining trend of smoking and smokeless 
tobacco in India: a decomposition analysis. PLoS One. 2021. 
https:// doi. org/ 10. 1371/ JOURN AL. PONE. 02472 26.

 34. Bezerra NVF, Leite KF, de Medeiros MMD, Martins ML, Car-
doso AMR, Alves PM, et al. Impact of the anatomical location, 
alcoholism and smoking on the prevalence of advanced oral 
cancer in Brazil. Med Oral Patol Oral Cir Bucal. 2018;23:e295. 
https:// doi. org/ 10. 4317/ MEDOR AL. 22318.

 35. Mishra MK, Gupta S, Shivangi SS. Assessing long non-coding 
RNAs in tobacco-associated oral cancer. Curr Cancer Drug Tar-
gets. 2022. https:// doi. org/ 10. 2174/ 15680 09622 66622 06231 
15234.

 36. Nguyen A, Kim AH, Kang MK, Park NH, Kim RH, Kim Y, 
et al. Chronic alcohol exposure promotes cancer stemness and 
glycolysis in oral/oropharyngeal squamous cell carcinoma cell 
lines by activating NFAT signaling. Int J Mol Sci. 2022. https:// 
doi. org/ 10. 3390/ IJMS2 31797 79/ S1.

 37. Bolesina N, Gatti G, López de Blanc S, Dhooge S, Rocha D, Fer-
nandez E, et al. Oral squamous cell carcinoma (OSCC) tumors 
from heavy alcohol consumers are associated with higher levels 
of TLR9 and a particular immunophenotype: Impact on patient 
survival. Front Immunol. 2022. https:// doi. org/ 10. 3389/ FIMMU. 
2022. 941667.

 38. Sultan AS, Theofilou VI, Alfaifi A, Montelongo-Jauregui D, 
Jabra-Rizk MA. Is Candida albicans an opportunistic oncogenic 

pathogen? PLoS Pathog. 2022. https:// doi. org/ 10. 1371/ JOURN 
AL. PPAT. 10104 13.

 39. Vila T, Sultan AS, Montelongo-Jauregui D, Jabra-Rizk MA. Oral 
Candidiasis: a disease of opportunity. J Fungi. 2020. https:// doi. 
org/ 10. 3390/ JOF60 10015.

 40. Vadovics M, Ho J, Igaz N, Alföldi R, Rakk D, Veres E, et al. 
Candida albicans enhances the progression of oral squamous cell 
carcinoma in vitro and in vivo. MBio. 2022. https:// doi. org/ 10. 
1128/ MBIO. 03144- 21.

 41. Saxena A, Nagi R, Sandeep T, Patil DJ, Choudhary R, Kaur A. 
Identification of candida albicans and nonalbicans candida resist-
ant species in tobacco users and oral squamous cell carcinoma 
patients: Comparison of HiCrome agar and automated VITEK 2 
system. J Oral Maxillofac Pathol. 2021;25:551. https:// doi. org/ 
10. 4103/ JOMFP. JOMFP_ 411_ 20.

 42. Yu D, Liu Z. The research progress in the interaction between 
Candida albicans and cancers. Front Microbiol. 2022. https:// doi. 
org/ 10. 3389/ FMICB. 2022. 988734.

 43. Krüger M, Pabst AM, Walter C, Sagheb K, Günther C, Blatt S, 
et al. The prevalence of human papilloma virus (HPV) infec-
tions in oral squamous cell carcinomas: a retrospective analysis 
of 88 patients and literature overview. J Craniomaxillofac Surg. 
2014;42:1506–14. https:// doi. org/ 10. 1016/J. JCMS. 2014. 04. 022.

 44. Heawchaiyaphum C, Iizasa H, Ekalaksananan T, Burassakarn A, 
Kiyono T, Kanehiro Y, et al. Epstein-Barr virus infection of oral 
squamous cells. Microorganisms. 2020. https:// doi. org/ 10. 3390/ 
MICRO ORGAN ISMS8 030419.

 45. She Y, Nong X, Zhang M, Wang M. Epstein-Barr virus infec-
tion and oral squamous cell carcinoma risk: a meta-analysis. 
PLoS One. 2017. https:// doi. org/ 10. 1371/ JOURN AL. PONE. 
01868 60.

 46. de Lima MAP, Teodoro IPP, de Galiza LE, Filho PHBM, de 
Marques MF, Junior RFFP, et al. Association between Epstein-
Barr virus and oral carcinoma: a systematic review with meta-
analysis. Crit Rev Oncog. 2019;24:349–68. https:// doi. org/ 10. 
1615/ CRITR EVONC OG. 20190 31897.

 47. Pillai J, Chincholkar T, Dixit R, Pandey M. A systematic 
review of proteomic biomarkers in oral squamous cell cancer. 
World J Surg Oncol. 2021;19:315. https:// doi. org/ 10. 1186/ 
s12957- 021- 02423-y.

 48. Pérot P, Falguieres M, Arowas L, Laude H, Foy J-P, Goudot 
P, et al. Investigation of viral etiology in potentially malignant 
disorders and oral squamous cell carcinomas in non-smoking, 
non-drinking patients. PLoS One. 2020;15:e0232138–e0232138. 
https:// doi. org/ 10. 1371/ journ al. pone. 02321 38.

 49. Rettig E, Kiess AP, Fakhry C. The role of sexual behavior in 
head and neck cancer: implications for prevention and therapy. 
Expert Rev Anticancer Ther. 2015;15:35–49. https:// doi. org/ 10. 
1586/ 14737 140. 2015. 957189.

 50. Katerji M, Duerksen-Hughes PJ. DNA damage in cancer devel-
opment: special implications in viral oncogenesis. Am J Cancer 
Res. 2021;11:3956–79.

 51. Miranda-Galvis M, Loveless R, Kowalski LP, Teng Y. Impacts 
of environmental factors on head and neck cancer pathogenesis 
and progression. Cells. 2021;10:389. https:// doi. org/ 10. 3390/ 
cells 10020 389.

 52. Economopoulou P, Kotsantis I, Psyrri A. Special issue about 
head and neck cancers: HPV positive cancers. Int J Mol Sci. 
2020;21:3388. https:// doi. org/ 10. 3390/ ijms2 10933 88.

 53. Li C, Zhao L, Wang Q, Ma S, Sun J, Ma C, et al. Neutrophils 
infiltration and its correlation with human papillomavirus sta-
tus in the oral squamous cell carcinoma. Cancer Manag Res. 
2019;11:5171–85. https:// doi. org/ 10. 2147/ CMAR. S2024 65.

 54. Lee SH, Lee C-R, Rigas NK, Kim RH, Kang MK, Park 
N-H, et  al. Human papillomavirus 16 (HPV16) enhances 
tumor growth and cancer stemness of HPV-negative oral/

https://doi.org/10.1038/CLPT.1988.107
https://doi.org/10.1007/978-3-540-69248-5_2
https://doi.org/10.1186/S12889-018-5063-Z
https://doi.org/10.1002/mas.21570
https://doi.org/10.1093/carcin/bgx135
https://doi.org/10.3390/toxics7010016
https://doi.org/10.1021/ACS.CHEMRESTOX.6B00386/ASSET/IMAGES/MEDIUM/TX-2016-003862_0007.GIF
https://doi.org/10.1021/ACS.CHEMRESTOX.6B00386/ASSET/IMAGES/MEDIUM/TX-2016-003862_0007.GIF
https://doi.org/10.1021/ACS.CHEMRESTOX.6B00386/ASSET/IMAGES/MEDIUM/TX-2016-003862_0007.GIF
https://doi.org/10.1002/cpnc.12
https://doi.org/10.1021/acs.chemrestox.8b00155
https://doi.org/10.1021/acs.chemrestox.8b00155
https://doi.org/10.1039/c5cs00316d
https://doi.org/10.1039/c5cs00316d
https://doi.org/10.1371/JOURNAL.PONE.0247226
https://doi.org/10.4317/MEDORAL.22318
https://doi.org/10.2174/1568009622666220623115234
https://doi.org/10.2174/1568009622666220623115234
https://doi.org/10.3390/IJMS23179779/S1
https://doi.org/10.3390/IJMS23179779/S1
https://doi.org/10.3389/FIMMU.2022.941667
https://doi.org/10.3389/FIMMU.2022.941667
https://doi.org/10.1371/JOURNAL.PPAT.1010413
https://doi.org/10.1371/JOURNAL.PPAT.1010413
https://doi.org/10.3390/JOF6010015
https://doi.org/10.3390/JOF6010015
https://doi.org/10.1128/MBIO.03144-21
https://doi.org/10.1128/MBIO.03144-21
https://doi.org/10.4103/JOMFP.JOMFP_411_20
https://doi.org/10.4103/JOMFP.JOMFP_411_20
https://doi.org/10.3389/FMICB.2022.988734
https://doi.org/10.3389/FMICB.2022.988734
https://doi.org/10.1016/J.JCMS.2014.04.022
https://doi.org/10.3390/MICROORGANISMS8030419
https://doi.org/10.3390/MICROORGANISMS8030419
https://doi.org/10.1371/JOURNAL.PONE.0186860
https://doi.org/10.1371/JOURNAL.PONE.0186860
https://doi.org/10.1615/CRITREVONCOG.2019031897
https://doi.org/10.1615/CRITREVONCOG.2019031897
https://doi.org/10.1186/s12957-021-02423-y
https://doi.org/10.1186/s12957-021-02423-y
https://doi.org/10.1371/journal.pone.0232138
https://doi.org/10.1586/14737140.2015.957189
https://doi.org/10.1586/14737140.2015.957189
https://doi.org/10.3390/cells10020389
https://doi.org/10.3390/cells10020389
https://doi.org/10.3390/ijms21093388
https://doi.org/10.2147/CMAR.S202465


3343Clinical and Translational Oncology (2023) 25:3332–3344 

1 3

oropharyngeal squamous cell carcinoma cells via miR-181 
regulation. Papillomavirus Res. 2015;1:116–25. https:// doi. 
org/ 10. 1016/j. pvr. 2015. 08. 001.

 55. Wittekindt C, Wagner S, Sharma SJ, Würdemann N, Knuth 
J, Reder H, et al. HPV—a different view on head and neck 
cancer TT-HPV–Das andere Kopf-Hals-Karzinom. Lar-
yngorhinootologie. 2018;97:S48-113. https:// doi. org/ 10. 
1055/s- 0043- 121596.

 56. Kerishnan JP, Gopinath SCB, Kai SB, Tang T-H, Ng HL-C, 
Rahman ZAA, et al. Detection of human papillomavirus 16-spe-
cific IgG and IgM antibodies in patient sera: a potential indica-
tor of oral squamous cell carcinoma risk factor. Int J Med Sci. 
2016;13:424–31. https:// doi. org/ 10. 7150/ ijms. 14475.

 57. She Y, Nong X, Zhang M, Wang M. Epstein-Barr virus infec-
tion and oral squamous cell carcinoma risk: a meta-analysis. 
PLoS One. 2017;12:e0186860–e0186860. https:// doi. org/ 10. 
1371/ journ al. pone. 01868 60.

 58. Guidry JT, Birdwell CE, Scott RS. Epstein-Barr virus in the 
pathogenesis of oral cancers. Oral Dis. 2018;24:497–508. https:// 
doi. org/ 10. 1111/ odi. 12656.

 59. Rahman R, Poomsawat S, Juengsomjit R, Buajeeb W. Overex-
pression of epstein-barr virus-encoded latent membrane protein-1 
(LMP-1) in oral squamous cell carcinoma. BMC Oral Health. 
2019;19:142. https:// doi. org/ 10. 1186/ s12903- 019- 0832-3.

 60. Budhy TI. Molecular grading of oral squamous cell carcinomas 
infected with EBV. Asian Pac J Cancer Prev. 2018;19:1793–6. 
https:// doi. org/ 10. 22034/ APJCP. 2018. 19.7. 1793.

 61. Strycharz-Dudziak M, Kiełczykowska M, Drop B, Świątek Ł, 
Kliszczewska E, Musik I, et al. Total antioxidant status (TAS), 
superoxide dismutase (SOD), and glutathione peroxidase (GPx) 
in oropharyngeal cancer associated with EBV infection. Oxid 
Med Cell Longev. 2019;2019:5832410. https:// doi. org/ 10. 1155/ 
2019/ 58324 10.

 62. Blanco R, Carrillo-Beltrán D, Corvalán AH, Aguayo F. High-
risk human papillomavirus and epstein-barr virus coinfection: a 
potential role in head and neck carcinogenesis. Biology (Basel). 
2021;10:1232. https:// doi. org/ 10. 3390/ biolo gy101 21232.

 63. TCGA. No Title n.d. https:// www. cancer. gov/ tcga. Accessed 7 
April 2022

 64. Ragos V, Mastronikolis NS, Tsiambas E, Baliou E, Mastronikolis 
SN, Tsoukalas N, et al. P53 mutations in oral cavity carcinoma. 
J BUON. 2018;23:1569–72.

 65. Grzes M, Oron M, Staszczak Z, Jaiswar A, Nowak-Niezgoda M, 
Walerych D. A driver never works alone-interplay networks of 
mutant p53, MYC, RAS, and other universal oncogenic drivers 
in human cancer. Cancers (Basel). 2020;12:1532. https:// doi. org/ 
10. 3390/ cance rs120 61532.

 66. Heah KG, Hassan MIA, Huat SC. p53 Expression as a marker 
of microinvasion in oral squamous cell carcinoma. Asian Pac J 
Cancer Prev. 2011;12:1017–22.

 67. Wen G, Wang H, Zhong Z. Associations of RASSF1A, RARβ, 
and CDH1 promoter hypermethylation with oral cancer risk: a 
PRISMA-compliant meta-analysis. Medicine. 2018;97:e9971–
e9971. https:// doi. org/ 10. 1097/ MD. 00000 00000 009971.

 68. Lindemann A, Takahashi H, Patel AA, Osman AA, Myers JN. 
Targeting the DNA damage response in OSCC with TP53 muta-
tions. J Dent Res. 2018;97:635. https:// doi. org/ 10. 1177/ 00220 
34518 759068.

 69. Peterson LA. Formation, repair, and genotoxic properties of 
bulky DNA adducts formed from tobacco-specific nitrosamines. 
J Nucleic Acids. 2010;2010:284935. https:// doi. org/ 10. 4061/ 
2010/ 284935.

 70. Shi C, Liu S, Tian X, Wang X, Gao P. A TP53 mutation model 
for the prediction of prognosis and therapeutic responses in head 
and neck squamous cell carcinoma. BMC Cancer. 2021. https:// 
doi. org/ 10. 1186/ S12885- 021- 08765-W.

 71. de Bakker T, Journe F, Descamps G, Saussez S, Dragan T, Gha-
nem G, et al. Restoring p53 function in head and neck squamous 
cell carcinoma to improve treatments. Front Oncol. 2021. https:// 
doi. org/ 10. 3389/ FONC. 2021. 799993.

 72. Chang KW, Lin CE, Tu HF, Chung HY, Chen YF, Lin SC. 
Establishment of a p53 null murine oral carcinoma cell line and 
the identification of genetic alterations associated with this car-
cinoma. Int J Mol Sci. 2020;21:1–12. https:// doi. org/ 10. 3390/ 
IJMS2 12493 54.

 73. Helgadottir H, Höiom V, Jönsson G, Tuominen R, Ingvar C, 
Borg Å, et  al. Original article: high risk of tobacco-related 
cancers in CDKN2A mutation-positive melanoma families. 
J Med Genet. 2014;51:545. https:// doi. org/ 10. 1136/ JMEDG 
ENET- 2014- 102320.

 74. Gilardi M, Wang Z, Proietto M, Chilla A, Calleja-Valera JL, 
Goto Y, et  al. Tipifarnib as a precision therapy for HRAS-
mutant head and neck squamous cell carcinomas. Mol Can-
cer Ther. 2020;19:1784. https:// doi. org/ 10. 1158/ 1535- 7163. 
MCT- 19- 0958.

 75. Lyu H, Li M, Jiang Z, Liu Z, Wang X. Correlate the TP53 Muta-
tion and the HRAS mutation with immune signatures in head 
and neck squamous cell cancer. Comput Struct Biotechnol J. 
2019;17:1020. https:// doi. org/ 10. 1016/J. CSBJ. 2019. 07. 009.

 76. Wahyuningsih L, Dwianingsih EK, Risanti ED, Tirtoprodjo P, 
Rinonce HT, Hakim FA, et al. Tissue P16 is associated with 
smoking status among indonesian nasopharyngeal carcinoma 
subjects. Asian Pac J Cancer Prev. 2019;20:2125. https:// doi. 
org/ 10. 31557/ APJCP. 2019. 20.7. 2125.

 77. Hayes TF, Benaich N, Goldie SJ, Sipilä K, Ames-Draycott A, Cai 
W, et al. Integrative genomic and functional analysis of human 
oral squamous cell carcinoma cell lines reveals synergistic effects 
of FAT1 and CASP8 inactivation. Cancer Lett. 2016;383:106. 
https:// doi. org/ 10. 1016/J. CANLET. 2016. 09. 014.

 78. Ding X, Zheng Y, Wang Z, Zhang W, Dong Y, Chen W, et al. 
Expression and oncogenic properties of membranous Notch1 in 
oral leukoplakia and oral squamous cell carcinoma. Oncol Rep. 
2018;39:2584. https:// doi. org/ 10. 3892/ OR. 2018. 6335.

 79. Gillison ML, Akagi K, Xiao W, Jiang B, Pickard RKL, Li J, et al. 
Human papillomavirus and the landscape of secondary genetic 
alterations in oral cancers. Genome Res. 2019;29:1–17. https:// 
doi. org/ 10. 1101/ gr. 241141. 118.

 80. Lin-Shiao E, Lan Y, Coradin M, Anderson A, Donahue G, Simp-
son CL, et al. KMT2D regulates p63 target enhancers to coordi-
nate epithelial homeostasis. Genes Dev. 2018;32:181–93. https:// 
doi. org/ 10. 1101/ gad. 306241. 117.

 81. Wang X, Li R, Wu L, Chen Y, Liu S, Zhao H, et al. Histone 
methyltransferase KMT2D cooperates with MEF2A to pro-
mote the stem-like properties of oral squamous cell car-
cinoma. Cell Biosci. 2022;12:49. https:// doi. org/ 10. 1186/ 
s13578- 022- 00785-8.

 82. Golemis EA, Scheet P, Beck TN, Scolnick EM, Hunter DJ, Hawk 
E, et al. Molecular mechanisms of the preventable causes of can-
cer in the United States. Genes Dev. 2018;32:868–902. https:// 
doi. org/ 10. 1101/ gad. 314849. 118.

 83. Chakraborty S, Mohiyuddin SMA, Gopinath KS, Kumar A. 
Involvement of TSC genes and differential expression of other 
members of the mTOR signaling pathway in oral squamous cell 
carcinoma. BMC Cancer. 2008;8:163. https:// doi. org/ 10. 1186/ 
1471- 2407-8- 163.

 84. Irimie AI, Ciocan C, Gulei D, Mehterov N, Atanasov AG, Dudea 
D, et al. Current insights into oral cancer epigenetics. Int J Mol 
Sci. 2018. https:// doi. org/ 10. 3390/ ijms1 90306 70.

 85. Arif KMT, Elliott EK, Haupt LM, Griffiths LR. Regulatory 
mechanisms of epigenetic miRNA relationships in human cancer 
and potential as therapeutic targets. Cancers. 2020. https:// doi. 
org/ 10. 3390/ cance rs121 02922.

https://doi.org/10.1016/j.pvr.2015.08.001
https://doi.org/10.1016/j.pvr.2015.08.001
https://doi.org/10.1055/s-0043-121596
https://doi.org/10.1055/s-0043-121596
https://doi.org/10.7150/ijms.14475
https://doi.org/10.1371/journal.pone.0186860
https://doi.org/10.1371/journal.pone.0186860
https://doi.org/10.1111/odi.12656
https://doi.org/10.1111/odi.12656
https://doi.org/10.1186/s12903-019-0832-3
https://doi.org/10.22034/APJCP.2018.19.7.1793
https://doi.org/10.1155/2019/5832410
https://doi.org/10.1155/2019/5832410
https://doi.org/10.3390/biology10121232
https://www.cancer.gov/tcga
https://doi.org/10.3390/cancers12061532
https://doi.org/10.3390/cancers12061532
https://doi.org/10.1097/MD.0000000000009971
https://doi.org/10.1177/0022034518759068
https://doi.org/10.1177/0022034518759068
https://doi.org/10.4061/2010/284935
https://doi.org/10.4061/2010/284935
https://doi.org/10.1186/S12885-021-08765-W
https://doi.org/10.1186/S12885-021-08765-W
https://doi.org/10.3389/FONC.2021.799993
https://doi.org/10.3389/FONC.2021.799993
https://doi.org/10.3390/IJMS21249354
https://doi.org/10.3390/IJMS21249354
https://doi.org/10.1136/JMEDGENET-2014-102320
https://doi.org/10.1136/JMEDGENET-2014-102320
https://doi.org/10.1158/1535-7163.MCT-19-0958
https://doi.org/10.1158/1535-7163.MCT-19-0958
https://doi.org/10.1016/J.CSBJ.2019.07.009
https://doi.org/10.31557/APJCP.2019.20.7.2125
https://doi.org/10.31557/APJCP.2019.20.7.2125
https://doi.org/10.1016/J.CANLET.2016.09.014
https://doi.org/10.3892/OR.2018.6335
https://doi.org/10.1101/gr.241141.118
https://doi.org/10.1101/gr.241141.118
https://doi.org/10.1101/gad.306241.117
https://doi.org/10.1101/gad.306241.117
https://doi.org/10.1186/s13578-022-00785-8
https://doi.org/10.1186/s13578-022-00785-8
https://doi.org/10.1101/gad.314849.118
https://doi.org/10.1101/gad.314849.118
https://doi.org/10.1186/1471-2407-8-163
https://doi.org/10.1186/1471-2407-8-163
https://doi.org/10.3390/ijms19030670
https://doi.org/10.3390/cancers12102922
https://doi.org/10.3390/cancers12102922


3344 Clinical and Translational Oncology (2023) 25:3332–3344

1 3

 86. Aghiorghiesei O, Zanoaga O, Nutu A, Braicu C, Campian RS, 
Lucaciu O, et al. The world of oral cancer and its risk factors 
viewed from the aspect of microRNA expression patterns. Genes 
(Basel). 2022;13:594. https:// doi. org/ 10. 3390/ genes 13040 594.

 87. Horii T, Hatada I. Regulation of CpG methylation by Dnmt and 
Tet in pluripotent stem cells. J Reprod Dev. 2016;62:331–5. 
https:// doi. org/ 10. 1262/ jrd. 2016- 046.

 88. Wang T-H, Hsia S-M, Shih Y-H, Shieh T-M. Association of 
smoking, alcohol use, and betel quid chewing with epigenetic 
aberrations in cancers. Int J Mol Sci. 2017. https:// doi. org/ 10. 
3390/ ijms1 80612 10.

 89. Chang C-P, Siwakoti B, Sapkota A, Gautam DK, Lee Y-CA, 
Monroe M, et al. Tobacco smoking, chewing habits, alcohol 
drinking and the risk of head and neck cancer in Nepal. Int J 
Cancer. 2020;147:866–75. https:// doi. org/ 10. 1002/ ijc. 32823.

 90. Yu V, Singh P, Rahimy E, Zheng H, Kuo ZS, Kim E, et al. RNA-
seq analysis identifies key long non-coding RNAs connected to 
the pathogenesis of alcohol-associated head and neck squamous 
cell carcinoma. Oncol Lett. 2016;12:2846–53. https:// doi. org/ 10. 
3892/ ol. 2016. 4972.

 91. Saad MA, Kuo SZ, Rahimy E, Zou AE, Korrapati A, Rahimy M, 
et al. Alcohol-dysregulated miR-30a and miR-934 in head and 
neck squamous cell carcinoma. Mol Cancer. 2015;14:181. https:// 
doi. org/ 10. 1186/ s12943- 015- 0452-8.

 92. Ushio R, Hiroi M, Matsumoto A, Mori K, Yamamoto N, Ohmori 
Y. Enhanced cytotoxic effects in human oral squamous cell car-
cinoma cells treated with combined methyltransferase inhibitors 
and histone deacetylase inhibitors. Biomedicines. 2022;10:763. 
https:// doi. org/ 10. 3390/ biome dicin es100 40763.

 93. Li Q, Hu Y, Zhou X, Liu S, Han Q, Cheng L. Role of oral bacte-
ria in the development of oral squamous cell carcinoma. Cancers 
(Basel). 2020;12:1–18. https:// doi. org/ 10. 3390/ CANCE RS121 
02797.

 94. Shabbir A, Waheed H, Ahmed S, Shaikh SS, Farooqui WA. 
Association of salivary cathepsin B in different histological 
grades among patients presenting with oral squamous cell car-
cinoma. BMC Oral Health. 2022;22:63. https:// doi. org/ 10. 1186/ 
S12903- 022- 02052-1.

 95. Csősz É, Márkus B, Darula Z, Medzihradszky KF, Nemes J, 
Szabó E, et al. Salivary proteome profiling of oral squamous 
cell carcinoma in a Hungarian population. FEBS Open Bio. 
2018;8:556. https:// doi. org/ 10. 1002/ 2211- 5463. 12391.

 96. Nandakumar A, Nataraj P, James A, Krishnan R, Mahesh KM. 
Estimation of salivary 8-hydroxydeoxyguanosine (8-OHdG) 
as a potential biomarker in assessing progression towards 
malignancy: a case-control study. Asian Pac J Cancer Prev. 
2020;21:2325. https:// doi. org/ 10. 31557/ APJCP. 2020. 21.8. 2325.

 97. Basu B, Chakraborty J, Chandra A, Katarkar A, Baldevbhai JRK, 
Dhar Chowdhury D, et al. Genome-wide DNA methylation pro-
file identified a unique set of differentially methylated immune 
genes in oral squamous cell carcinoma patients in India. Clin 
Epigenetics. 2017. https:// doi. org/ 10. 1186/ S13148- 017- 0314-X.

 98. Duffy MJ, Napieralski R, Martens JWM, Span PN, Spyratos F, 
Sweep FCGJ, et al. Methylated genes as new cancer biomarkers. 
Eur J Cancer. 2009;45:335–46. https:// doi. org/ 10. 1016/j. ejca. 
2008. 12. 008.

 99. Kuo I-Y, Chang J-M, Jiang S-S, Chen C-H, Chang I-S, Sheu B-S, 
et al. Prognostic CpG methylation biomarkers identified by meth-
ylation array in esophageal squamous cell carcinoma patients. Int 
J Med Sci. 2014;11:779–87. https:// doi. org/ 10. 7150/ ijms. 7405.

 100. Foy JP, Pickering CR, Papadimitrakopoulou VA, Jelinek J, Lin 
SH, William WN, et al. New DNA methylation markers and 
global DNA hypomethylation are associated with oral cancer 
development. Cancer Prev Res. 2015;8:1027–35. https:// doi. org/ 
10. 1158/ 1940- 6207. CAPR- 14- 0179/ 36367/ AM/ NEW- DNA- 
METHY LATION- MARKE RS- AND- GLOBAL- DNA.

 101. Taioli E, Ragin C, Wang X-H, Chen J, Langevin SM, Brown 
AR, et al. Recurrence in oral and pharyngeal cancer is associated 
with quantitative MGMT promoter methylation. BMC Cancer. 
2009;9:354. https:// doi. org/ 10. 1186/ 1471- 2407-9- 354.

 102. Ambatipudi S, Cuenin C, Hernandez-Vargas H, Ghantous 
A, le Calvez-Kelm F, Kaaks R, et al. Tobacco smoking-asso-
ciated genome-wide DNA methylation changes in the EPIC 
study. Epigenomics. 2016;8:599–618. https:// doi. org/ 10. 2217/ 
EPI- 2016- 0001.

 103. Su C-W, Chang Y-C, Chien M-H, Hsieh Y-H, Chen M-K, Lin 
C-W, et al. Loss of TIMP3 by promoter methylation of Sp1 
binding site promotes oral cancer metastasis. Cell Death Dis. 
2019;10:793. https:// doi. org/ 10. 1038/ s41419- 019- 2016-0.

 104. Guida F, Sandanger TM, Castagné R, Campanella G, Polidoro 
S, Palli D, et al. Dynamics of smoking-induced genome-wide 
methylation changes with time since smoking cessation. Hum 
Mol Genet. 2015;24:2349–59. https:// doi. org/ 10. 1093/ HMG/ 
DDU751.

 105. Shojaeian S, Moazeni-Roodi A, Allameh A, Garajei A, 
Kazemnejad A, Kabir K, et al. Methylation of TGM-3 promoter 
and its association with oral squamous cell carcinoma (OSCC). 
Avicenna J Med Biotechnol. 2021;13:65–73. https:// doi. org/ 10. 
18502/ ajmb. v13i2. 5523.

 106. Hill SY, Rompala G, Homanics GE, Zezza N. Cross-generational 
effects of alcohol dependence in humans on HRAS and TP53 
methylation in offspring. Epigenomics. 2017;9:1189–203. https:// 
doi. org/ 10. 2217/ epi- 2017- 0052.

 107. Von Meyenn F, Iurlaro M, Habibi E, Liu NQ, Salehzadeh-Yazdi 
A, Santos F, et al. Impairment of DNA methylation maintenance 
is the main cause of global demethylation in naive embryonic 
stem cells. Mol Cell. 2016;62:848–61. https:// doi. org/ 10. 1016/j. 
molcel. 2016. 04. 025.

 108. Zhao C, Zou H, Zhang J, Wang J, Liu H. An integrated methyla-
tion and gene expression microarray analysis reveals significant 
prognostic biomarkers in oral squamous cell carcinoma. Oncol 
Rep. 2018;40:2637–47. https:// doi. org/ 10. 3892/ or. 2018. 6702.

 109. Rapado-González Ó, Martínez-Reglero C, Salgado-Barreira 
Á, Santos MA, López-López R, Díaz-Lagares Á, et al. Sali-
vary DNA methylation as an epigenetic biomarker for head and 
neck cancer. Part II: a cancer risk meta-analysis. J Pers Med. 
2021;11:606. https:// doi. org/ 10. 3390/ jpm11 070606.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.3390/genes13040594
https://doi.org/10.1262/jrd.2016-046
https://doi.org/10.3390/ijms18061210
https://doi.org/10.3390/ijms18061210
https://doi.org/10.1002/ijc.32823
https://doi.org/10.3892/ol.2016.4972
https://doi.org/10.3892/ol.2016.4972
https://doi.org/10.1186/s12943-015-0452-8
https://doi.org/10.1186/s12943-015-0452-8
https://doi.org/10.3390/biomedicines10040763
https://doi.org/10.3390/CANCERS12102797
https://doi.org/10.3390/CANCERS12102797
https://doi.org/10.1186/S12903-022-02052-1
https://doi.org/10.1186/S12903-022-02052-1
https://doi.org/10.1002/2211-5463.12391
https://doi.org/10.31557/APJCP.2020.21.8.2325
https://doi.org/10.1186/S13148-017-0314-X
https://doi.org/10.1016/j.ejca.2008.12.008
https://doi.org/10.1016/j.ejca.2008.12.008
https://doi.org/10.7150/ijms.7405
https://doi.org/10.1158/1940-6207.CAPR-14-0179/36367/AM/NEW-DNA-METHYLATION-MARKERS-AND-GLOBAL-DNA
https://doi.org/10.1158/1940-6207.CAPR-14-0179/36367/AM/NEW-DNA-METHYLATION-MARKERS-AND-GLOBAL-DNA
https://doi.org/10.1158/1940-6207.CAPR-14-0179/36367/AM/NEW-DNA-METHYLATION-MARKERS-AND-GLOBAL-DNA
https://doi.org/10.1186/1471-2407-9-354
https://doi.org/10.2217/EPI-2016-0001
https://doi.org/10.2217/EPI-2016-0001
https://doi.org/10.1038/s41419-019-2016-0
https://doi.org/10.1093/HMG/DDU751
https://doi.org/10.1093/HMG/DDU751
https://doi.org/10.18502/ajmb.v13i2.5523
https://doi.org/10.18502/ajmb.v13i2.5523
https://doi.org/10.2217/epi-2017-0052
https://doi.org/10.2217/epi-2017-0052
https://doi.org/10.1016/j.molcel.2016.04.025
https://doi.org/10.1016/j.molcel.2016.04.025
https://doi.org/10.3892/or.2018.6702
https://doi.org/10.3390/jpm11070606

	The repertoire of mutational signatures in tobacco- and non-tobacco-induced oral cancer
	Abstract
	Introduction
	Tobacco-induced alterations
	DNA adducts formation

	Non-tobacco risk factors
	Alcohol
	Candida 
	Viral infections

	Comprehensive mutational analysis in OSCC
	Tobacco-induced mutations
	Non-tobacco-induced mutations

	Epigenetic changes drive oral cancer
	Changes in OSCC oral microbiome
	Significance of non-invasive and liquid biopsies
	Conclusions
	Anchor 17
	References




