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RESEARCH PAPER
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ABSTRACT
Tobacco usage is a known risk factor associated with development of oral cancer. It is mainly consumed in
two different forms (smoking and chewing) that vary in their composition and methods of intake. Despite
being the leading cause of oral cancer, molecular alterations induced by tobacco are poorly understood.
We therefore sought to investigate the adverse effects of cigarette smoke/chewing tobacco exposure in
oral keratinocytes (OKF6/TERT1). OKF6/TERT1 cells acquired oncogenic phenotype after treating with
cigarette smoke/chewing tobacco for a period of 8 months. We employed whole exome sequencing (WES)
and quantitative proteomics to investigate the molecular alterations in oral keratinocytes chronically
exposed to smoke/ chewing tobacco. Exome sequencing revealed distinct mutational spectrum and copy
number alterations in smoke/ chewing tobacco treated cells. We also observed differences in proteomic
alterations. Proteins downstream of MAPK1 and EGFR were dysregulated in smoke and chewing tobacco
exposed cells, respectively. This study can serve as a reference for fundamental damages on oral cells as a
consequence of exposure to different forms of tobacco.
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Introduction

Tobacco is mainly consumed in two different forms viz. smoking
and chewing, besides intake in the form of snuff. Cigarette
smoking is prevalent in the West and epidemiological studies
link cigarette smoking as a cause for development of oral can-
cer.1,2 The habit of chewing tobacco is mostly prevalent in the
South East Asian countries such as India, Pakistan, China, Korea
and Sri Lanka3 and in the African countries such as Sudan4

where smokeless tobacco-associated oral cancer cases are high.
Case control studies undertaken on the Indian population have
identified tobacco chewing as a major risk factor for multiple
oral premalignant lesions compared to smoking.5,6 Significant
differences exist in the etiology, prognosis and therapeutic
response of oral cancer patients who are tobacco users compared
to non-users.7-9 The pathogenesis of cancer between chewers
and smokers may vary significantly since the two forms of
tobacco differ in their mode of intake and in their composition.

A number of in vitro and in vivo studies employ the use of
research grade cigarettes to study quantitative and qualitative
comparison of results across laboratories.10 In addition, these
cigarettes resemble cigarette brands available commercially.

Upon burning of a cigarette, the smoke that is inhaled by a
smoker is termed as mainstream smoke (MSS). Composition of
MSS from a research grade cigarette smoked using standardized
machine smoking protocols has been previously documented by
Roemer et al.10 Studies have identified a number of compounds
including nicotine, aldehydes, aromatic amines, polycyclic aro-
matic hydrocarbons (such as Benzo[a]pyrene, Benz[a]anthra-
cene), phenols, volatile N-nitrosamines and tobacco-specific N-
nitrosamines. IARC categorizes at least 70 out of 5,300 identified
components of cigarette smoke as carcinogenic.11 Chewing
tobacco is generally available as loose leaves, plugs or twists. The
composition of tobacco leaves change as the leaves are cured,
processed and stored. Smokeless tobacco is known to contain
more than 3,000 chemical compounds including alkaloids (such
as nicotine, nornicotine), aliphatic and aromatic hydrocarbons,
aldehydes, ketones and amines.12 Of these, 28 compounds have
been classified as carcinogens by the IARC.13

Molecular studies have implicated cigarette smoke and its
components in sustained inflammation and suppression of
immune response.14 We have previously documented the
adverse effects of chronic exposure to cigarette smoke
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condensate (CSC) on primary skin keratinocytes.15 A number
of in vitro studies have highlighted the carcinogenic effects of
exposure to cigarette smoke or its constituents in different cell
types including oral and esophageal cells.16,17 Acute exposure
has been implicated in increased levels of oxidative stress
markers and modulation of pathways involved in cell sur-
vival.18,19 Exposure to CSC or its constituents has been shown
to activate markers of cell survival and metastasis and is known
to result in irreversible genetic alterations in esophageal and
oral cells.20-22

Most studies on short term in vitro exposure to smokeless
tobacco extract (STE) highlights the toxicity of STE in different
cellular models. Decreased platelet adhesion,23 increased ROS
production and cellular membrane damage in cultured human
oral epidermal carcinoma cells24 have been observed upon
acute exposure to STE. Smokeless tobacco was also reported to
significantly increase the proportion of aneuploid cells in HPV-
positive oral keratinocytes thereby predisposing cells to malig-
nant transformation.25 A study on the effect of 4-(methylnitro-
samino)-1-(3-pyridyl)-1-butanone (NNK) and N0-
nitrosonornicotine (NNN) in Het1A cells highlights the role of
nicotinic acetylcholine receptors (nAChRs) in tobacco-related
carcinogenesis.26 Another study identifies alterations in the
expression of cell cycle regulators, such as cyclin D1, tumor
suppressor retinoic acid receptor beta (RARb) and proteins
involved in DNA methylation such as MGMT upon treatment
with ‘Khaini’ on epithelial cells cultured from human oral leu-
koplakia.27 In addition, components of cellular processes such
as transcription, cell-cell adhesion, signaling, growth and trans-
formation have been shown to be differentially expressed in
oral pre-malignant lesions (OPLs) and oral squamous cell car-
cinomas (OSCCs) of smokeless tobacco consumers.28

A number of high-throughput sequencing studies have
investigated the dissimilarities exhibited at the genomic, tran-
scriptomic or proteomic levels in different samples from smok-
ers compared to non-smokers,29-34 including those in lung
cancer.35,36 In comparison, few studies discuss the impact of
chewing or other forms of smokeless tobacco on gene expres-
sion using high-throughput techniques.37-39 Our group has pre-
viously reported the proteome-wide alterations in oral
keratinocytes upon chronic exposure to smokeless tobacco and
identified stearoyl CoA desaturase as a potential therapeutic
target in head and neck squamous cell carcinoma.40

Metabolic differences have been reported between smokers
and snuff users but the molecular/proteomic alterations
between smokers and tobacco chewers are not well eluci-
dated.41 A recent study employed microarray analysis to eluci-
date gene expression differences in peripheral blood
mononuclear cells (PBMCs) obtained from smokers and moist
snuff users.42 They reported differential expression of several
genes including aryl-hydrocarbon receptor repressor (AHRR),
G protein-coupled receptor 15 (GPR15), leucine rich repeat
neuronal 3 (LRNN3), cochlin (COCH) and serine protease 23
(PRSS23) in smokers compared to moist snuff users. Though
there are a few studies comparing the effects of different
tobacco products in vitro, most investigate the adverse effects
of acute exposure rather than chronic exposure to smoke or
smokeless tobacco. A microarray-based profiling study on oral
cell lines exposed to different tobacco product preparations for

24 h identified aldo-keto reductase gene, AKR1C1, as a poten-
tial candidate to differentiate between the biological effects of
combustible and non-combustible tobacco products in a cellu-
lar model.43 In another study, acute exposure to Swedish-type
smokeless tobacco (Snus) extract or cigarette smoke extract
resulted in altered gene expression profiles in human normal
endothelial cells and fibroblasts.44 However, acute treatment
for up to 24 h with Snus extract increased cell proliferation
while treatment with cigarette smoke extract for the same dura-
tion adversely affected cell proliferation.

Despite being one of the leading causes of oral cancer, the
molecular mechanisms involved in tobacco-induced oncogenic
transformation are yet to be fully elucidated. Simple, interfer-
ence-free cellular models of chronic smoke or smokeless
tobacco exposure could aid in expanding this understanding in
oral cells. We performed whole exome sequencing of cigarette
smoke and chewing tobacco exposed cells to elucidate the
genetic alterations occurring in oral cells in response to the two
forms of tobacco. We also employed a quantitative proteomic
approach to investigate the proteome-wide changes in oral ker-
atinocytes upon chronic exposure to cigarette smoke and
smokeless (chewing) tobacco using a temporal approach.

Results

To study the effects of smokeless tobacco and cigarette smoke
exposure on normal oral keratinocytes, we developed two in
vitro models. OKF6/TERT1 cells were treated with cigarette
smoke or smokeless tobacco for increasing durations of up to 8
months. Cells exposed to both insults were studied for cellular
and molecular changes.

Chronic exposure to cigarette smoke and chewing tobacco
induces phenotypic and molecular changes in oral
keratinocytes

Chronic exposure to cigarette smoke or chewing tobacco
resulted in changes in the cellular morphology of OKF6/
TERT1 cells (Fig. 1A). OKF6/TERT1-Smoke-8M cells were
more elongated and granular compared to parental cells. In
contrast, OKF6/TERT1-Tobacco-8M cells were found to be
spindle-shaped and formed tightly clustered colonies compared
to OKF6/TERT1-Parental cells.

Increase in cellular proliferation is a well-known hallmark of
cancer cells. We observed an increase in the proliferative capa-
bility of both OKF6/TERT1-Smoke-8M and OKF6/TERT1-
Tobacco-8M cells compared to OKF6/TERT1-Parental cells
(Fig. 1B).

Cancer progression and increased invasiveness in trans-
formed cells is preceded in most cell types by the phenomenon
of epithelial- mesenchymal transition.45 We therefore studied
the expression of some established epithelial–mesenchymal
transition (EMT) markers in smoke and tobacco exposed cells.
As shown in Figure 1C, we observed a decrease in processed E-
Cadherin levels (lower band) in both OKF6/TERT1-Smoke-8M
and OKF6/TERT1-Tobacco-8M cells. In addition, there was a
significant increase in Slug expression in both OKF6/TERT1-
Smoke-8M and OKF6/TERT1-Tobacco-8M cells (Fig. 1C).
Collectively, these results indicate that both smoke and tobacco
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exposure result in cellular transformation that may predispose
oral cells to oncogenicity.

Chronic exposure to cigarette smoke and chewing tobacco
increases the invasive ability of oral cells

Oncogenic transformation results in the acquisition of charac-
teristic cellular features which includes increase in proliferation
and invasion capabilities of cancer cells. As shown in
Figures 1D and 1E, OKF6/TERT1-Parental cells acquired an
invasive phenotype upon chronic exposure to cigarette smoke
and chewing tobacco. We observed a significant increase in the

invasive ability of oral cells upon prolonged exposure to ciga-
rette smoke and chewing tobacco.

Whole exome sequencing reveals distinct alterations
in oral cells chronically exposed to cigarette smoke
condensate and chewing tobacco extract

Cellular transformation to cancer phenotypes tends to occur
through irreversible changes at the genomic level in transformed
cells. We therefore sought to investigate the genetic alterations
acquired by oral cells chronically exposed to cigarette smoke and
chewing tobacco for 8 months. Whole exome sequencing revealed

Figure 1. Chronic exposure to cigarette smoke and chewing tobacco induces phenotypic changes in oral keratinocytes. A. Cellular morphology of OKF6/TERT1-Parental
cells, OKF6/TERT1-Smoke-8M and OKF6/TERT1-Tobacco-8M cells (magnification 20X) B. Growth curve depicting cellular proliferation rates of OKF6/TERT1-Parental, OKF6/
TERT1-Smoke-8M and OKF6/TERT1-Tobacco-8M cells. C. Western blot analysis of EMT markers –E-cadherin and Slug. b-actin was used as loading control. D. Invasive abil-
ity of OKF6/TERT-Parental and OKF6/TERT1-Smoke-8M cells and E. Invasive ability of OKF6/TERT1 and OKF6/TERT1-Tobacco-8M cells. Representative images were photo-
graphed for each time point at 10x magnification. Invaded cells were counted and relative changes in invasive ability of OKF6/TERT1-Smoke-8M and OKF6/TERT1-
Tobacco-8M cells at the indicated time points were calculated and represented graphically (���p< 0.0001).
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high levels of C>T transitions in both smoke and tobacco exposed
cells. In conjunction with previous studies, we observed a higher
rate of C>A transversions in OKF6/TERT1-Smoke-8M cells
(Fig. 2A). In contrast, we detected higher frequency of C>G trans-
versions in OKF6/TERT1-Tobacco-8M cells compared to OKF6/
TERT1-Smoke-8M cells (Fig. 2A).

We acquired »11 million reads each upon whole exome
sequencing of OKF6/TERT1-Parental and OKF6/TERT1-
Tobacco-8M cells and »12 million reads for OKF6/TERT1-

Smoke-8M cells. Using BWA, we achieved 99.9% alignment with
exome target coverage of 99.8% with read coverage �1. We
employed ONCOCNV for CNV analysis and identified somatic
copy number gains corresponding to chromosomes 1, 5, 11, 19 and
20 affecting 2321 genes (Fold change �3, p value < 0.000001) in
OKF6/TERT1-Smoke-8M cells (Fig. 2B, Supplementary Table S1).
In addition, 592 genes were affected (fold change �3, pvalue <

0.000001) on chromosomes 1, 3, 7, 13, 19 and 20 in OKF6/TERT1-
Tobacco cells. Interestingly, copy number gains corresponding to

Figure 2. Exome sequencing of OKF6/TERT1-Smoke-8M and OKF6/TERT1-Tobacco-8M cells. A. Transitions and transversions observed in OKF6/TERT1-Smoke-8M and
OKF6/TERT1-Tobacco-8M compared to OKF6/TERT1-Parental cells. B. Visual representation of log2 normalized read counts and annotated copy number profile in OKF6/
TERT1-Smoke-8M cells relative to OKF6/TERT1-Parental cells. Each dot corresponds to an amplicon. Color code – green dots: outliers; dark grey surroundings: unchanged
amplicons; plum color surroundings: 1-level gain; all purple dots above the red dotted line represent copy number amplifications >1-level gain in OKF6/TERT1-Smoke-
8M cells. C. Visual representation of log2 normalized read counts and annotated copy number profile in OKF6/TERT1-Tobacco-8M cells relative to OKF6/TERT1-parental
cells. Each dot corresponds to an amplicon. Color code – green dots: outliers; dark grey surroundings: unchanged amplicons; plum color surroundings: 1-level gain; all
purple dots above the red dotted line represent copy number amplifications>1-level gain in OKF6/TERT1-Tobacco-8M cells.
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356 genes on chromosome 20 observed in OKF6/TERT1-Smoke-
8M were also identified in OKF6/TERT1-Tobacco-8M cells, indi-
cating an influence of tobacco exposure (Fig. 2B, 2C). However,
184 genes in chromosome 20 were uniquely amplified only
in OKF6/TERT1-Tobacco-8M cells (Fig. 2C, Supplementary
Table S2).

Exome sequencing of OKF6/TERT1-Smoke-8M cells revealed a
total of 20 somatic non-synonymous SNVs and 2 stop gain variant
in 21 genes (Supplementary Tables S3, S4). Variants in 4 genes
including UbiA prenyltransferase domain containing 1 (UBIAD1),
vav guanine nucleotide exchange factor 3 (VAV3), sodium voltage-
gated channel alpha subunit 8 (SCN8A) and fibrillin 2 (FBN2) were
predicted to be damaging/ deleterious by all prediction algorithms.
Whereas, exome sequencing of OKF6/TERT1-Tobacco-8M cells
revealed a total of 24 non-synonymous SNVs and 2 stop gain var-
iants in 26 genes (Supplementary Tables S3, S5). Employing the
same filtering criteria, we identified 3 non-synonymous SNVs of
which variants in collagen type V alpha 1 chain (COL5A1), 3-oxoa-
cid CoA-transferase 1 (OXCT1) and leucine rich repeat kinase 1
(LRRK1) that were predicted to be damaging/ deleterious bymajor-
ity of the prediction algorithms employed. Overall, exome sequenc-
ing of OKF6/TERT1-Smoke-8M and OKF6/TERT1-Tobacco-8M
cells reaffirms that chronic exposure to different forms of tobacco
results in distinct molecular signatures in oral keratinocytes.

Cigarette smoke and chewing tobacco exposure result
in proteome-wide changes in oral keratinocytes

We employed Tandem Mass Tag (TMT)-based quantitative
proteomic approach to investigate global proteome changes in
OKF6/TERT1-Parental cells chronically exposed to cigarette
smoke and chewing tobacco. The experimental strategy
employed for proteomic analysis of smoke and tobacco treated
cells are depicted in Figure 3 and Supplementary Figure S1,
respectively. We quantified a total of 5,342 and 2,821 proteins
in OKF6/TERT1-Smoke and OKF6/TERT1-Tobacco cells,
respectively. We observed overexpression of 68 proteins (�2-
fold) and downregulation of 70 proteins (2-fold) in OKF6/
TERT1-Smoke-8M cells. In addition, 44 proteins were overex-
pressed and 26 proteins were downregulated (�2-fold) in
OKF6/TERT1-Tobacco-8M cells. Total quantified proteins and
number of dysregulated proteins in each exposure condition
are provided in Supplementary Tables S6 and S7. A complete
list of quantified peptides for each exposure condition is pro-
vided in Supplementary Tables S8 and S9.

Principal component analysis of proteomic data from
OKF6/TERT1-Smoke and OKF6/TERT1-Tobacco cells shows
that smoke and chewing tobacco exposed cells cluster indepen-
dently of OKF6/TERT1-Parental cells (Fig. 4A, 4B). Bioinfor-
matics analysis of proteins dysregulated in OKF6/TERT1-
Smoke and OKF6/TERT1-Tobacco cells resulted in the identifi-
cation of distinct patterns of dysregulation between the two
exposure models (Fig. 4C, Supplementary Figure S2).

Chronic exposure to cigarette smoke and chewing tobacco
enrich for unique upstream protein regulators

As mentioned earlier, we observed considerable differences in
the dysregulation pattern of smoke and tobacco exposed cells.

We therefore studied the signaling cascades involved in OKF6/
TERT1-Smoke and OKF6/TERT1-Tobacco cells to elucidate
these differences further.

Upstream regulator analysis revealed that proteins down-
stream of mitogen-activated protein kinase 1 (MAPK1) were
downregulated in oral cells exposed to cigarette smoke
(Fig. 5A). A number of these downregulated proteins are
involved in IFN signalling. Suppression of IFN signalling is
associated with increased metastasis.46 MAPK1 (ERK2) is a ser-
ine/threonine kinase and an integral member of MAPK/ERK
signalling cascade. Western blot analysis confirmed overexpres-
sion and increased activation of MAPK1/2 (ERK1/2) in OKF6/
TERT1-Smoke-8M cells compared to parental cells (Fig. 5B).

Figure 3. Workflow employed to identify proteomic alterations in normal oral ker-
atinocytes chronically exposed to cigarette smoke for increasing durations of time
(2-4-6-8 months). Proteins were extracted and quantified from OKF6/TERT1-Paren-
tal, OKF6/TERT1-Smoke-2M, OKF6/TERT1-Smoke-4M, OKF6/TERT1-Smoke-6M and
OKF6/TERT1-Smoke-8M cells. In-solution trypsin digestion of equal amount of pro-
teins from each condition was performed and peptides from OKF6/TERT1-Parental,
OKF6/TERT1-Smoke-2M, OKF6/TERT1-Smoke-4M, OKF6/TERT1-Smoke-6M and
OKF6/TERT1-Smoke-8M were labeled with TMT reagents 128N, 128C, 129N, 129C
and 130N, respectively. Labeled samples were pooled, fractionated using basic
reversed phase liquid chromatography and fractions were analyzed in triplicate by
mass spectrometry.
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Besides its kinase activity, MAPK1 is also known to act as a
transcriptional repressor for interferon gamma-induced
genes.47 Proteins involved in inflammatory responses such as
all four members of interferon-induced proteins with tetratri-
copeptide repeats (IFIT) family – IFIT1, IFIT2, IFIT3 and
IFIT5 were found to be downregulated in smoke exposed cells.

Other proteins activated by interferon signalling such as ISG15
ubiquitin-like modifier protein, DExD/H-box helicase 58
(DDX58) and members of the 20-50-oligoadenylate synthetase
family including OAS1, OAS2 and OAS3 were downregulated
across different durations of exposure in OKF6/TERT1-Smoke
cells. We also observed decreased expression levels of signal

Figure 4. Cluster analysis of smoke and tobacco exposed cells Principle component analysis of A. OKF6/TERT1-Parental and OKF6/TERT1-Smoke (2-4-6-8 months) and B.
OKF6/TERT1-Parental and OKF6/TERT1-Tobacco (2-4-6-8 months) cells, C. Heat map depicting the expression pattern of proteins significantly dysregulated (p<0.05) in all
three replicates of OKF6/TERT1-Smoke-8M and/or OKF6/TERT1-Tobacco-8M.
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transducer and activator of transcription molecules, STAT1
and STAT2 in OKF6/TERT1-Smoke cells. Another protein
downregulated in OKF6/TERT1-Smoke cells was phospholipid
scramblase 1 (PLSCR1) which functions in various cellular pro-
cesses, including apoptosis, innate immune response, epidermal
differentiation, oxidative stress response and tumor suppres-
sion.48 Interestingly, Ki67 (MKI67) which is an established
marker of proliferation was observed to be overexpressed in
OKF6/TERT1-Smoke cells. Ki67 is known to be overexpressed
in oral epithelial dysplasia and oral squamous cell carcinoma.49

Overall, proteins involved in cellular processes such as cellular
proliferation, migration, apoptosis and cell survival were found
to be dysregulated upon smoke exposure in oral cells.

In contrast, analysis of the proteins significantly dysregu-
lated in OKF6/TERT1-Tobacco cells predicted a signalling cas-
cade downstream of the erb-b2 receptor tyrosine kinase family
(ERBB) in OKF6/TERT1-Tobacco cells (Fig. 5C). We observed
significant increase in both expression as well as activation of
epidermal growth factor receptor, EGFR (ERBB1) in OKF6/
TERT1-Tobacco-8M cells compared to OKF6/TERT1-Parental
cells (Fig. 5D) revealing possible activation of ERBB signalling
in OKF6/TERT1-Tobacco cells. Proteins downstream of ERBB
signalling such as fatty acid synthase (FASN) and Replication
factor C subunit 3 (RFC3) were overexpressed in OKF6/
TERT1-Tobacco cells. RFC3 is a subunit of the replication fac-
tor C required for the elongation of primed DNA templates by
DNA polymerases.50 RFC3 is also downstream of RAB which is
a member of RAS oncogene family like 6 (RABL6). A number
of proteins downstream of RABL6 that are involved in cell cycle
regulation and DNA replication were also found to be overex-
pressed in OKF6/TERT1-Tobacco cells (Fig. 5C). Proteins such

as non-SMC condensin I complex subunit G (NCAPG) which
is essential for chromosome stability and mitosis and CCNB1,
a regulatory protein involved in cell cycle checkpoint control
(G2 to M phase) were overexpressed in oral cells upon chronic
exposure to chewing tobacco. In addition, most members of
the minichromosome maintenance (MCM) complex or eukary-
otic replicative helicase enzyme complex (MCM2, MCM4,
MCM5, MCM6, MCM7) were overexpressed in OKF6/TERT1-
Tobacco cells. Collectively, these observations indicate that
chewing tobacco exposure may result in deregulation of key
cellular processes including DNA replication and mitosis in
OKF6/TERT1-Tobacco cells.

Discussion

Previous literature evidence links tobacco smoke exposure and
dysregulation of signalling cascades involved in cellular prolif-
eration, inflammatory response, cellular and tissue injury and
apoptosis.51 The involvement of signalling cascades mediated
by proteins such as COX-2 and aryl hydrocarbon receptor have
been reported in response to cigarette smoke exposure.52,53

Transcriptome studies on the effect of smokeless tobacco on
oral epithelia reveal gene expression changes in cell cycle, cell
adhesion, inflammation and apoptosis related cellular processes
and activation of Akt signalling.54 However, a comparative high
throughput study to elucidate the differences between smoke
and chewing tobacco exposure in an in vitro system is currently
lacking. In our study, we aimed to develop cellular models of
chronic exposure to different forms of tobacco and elucidate
the different molecular alterations observed as a consequence
of these exposures in normal oral cells. Chronic exposure to

Figure 5. Bioinformatics analysis of dysregulated proteins in smoke and tobacco exposed cells A. Ingenuity pathway analysis of proteins significantly dysregulated (p <

0.05) in cigarette smoke exposed cells B. Western blot analysis of phospho MAPK1 (T202/Y204) and total MAPK1 levels in smoke exposed (8 months) cells compared to
parental cells. b-actin was used as loading control C. Ingenuity pathway analysis of proteins significantly dysregulated (p < 0.05) in chewing tobacco exposed cells D.
Western blot analysis of phospho EGFR (Y1068) and total EGFR levels in chewing tobacco exposed (8 months) cells compared to parental cells. b-actin was used as loading
control.
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cigarette smoke and chewing tobacco resulted in an increased
rate of proliferation and increased invasive ability in oral cells.
Mesenchymal markers such as slug are seen to be overex-
pressed in aggressive tumors while expression of epithelial
markers such as E-cadherin is decreased in cells acquiring a
tumorigenic phenotype.45 We found observable changes in
expression of these established EMT markers in cells exposed
to either form of tobacco.

Genomic studies have previously identified higher rates
of G.C>T.A transversions in smokers.55 Whole exome
sequencing (WES) revealed an increased rate of C>A trans-
versions in oral cells upon chronic smoke exposure. How-
ever, C>T and C>G transversions were higher in chewing
tobacco exposed cells compared to smoke exposed cells.
This could be interpreted as chewing tobacco exposure-spe-
cific responses which needs further validation in large
cohort studies. WES analysis of oral cells chronically
exposed to cigarette smoke for 8 months resulted in the
identification of copy number gain on chromosomes 1, 5,
11, 19 and 20. Several proteins encoded by genes corre-
sponding to chromosomes 11, 19 and 20 were also seen to
be overexpressed at the proteomic level. These were classi-
fied under regulation of nucleic acid metabolism according
to Gene Ontology (Supplementary Table S6). These include
proteins involved in DNA replication such as topoisomerase
(DNA) I (TOP1) and DNA ligase 1 (LIG1) and DNA dam-
age repair mechanisms such as tripartite motif containing
28 (TRIM28), polynucleotide kinase 30-phosphatase
(PNKP) and ERCC excision repair 2, TFIIH core complex
helicase subunit (ERCC2). Overexpression of proteins
involved in DNA damage repair pathways have been previ-
ously implicated in cancer progression.56,57 Copy number
gain and protein level overexpression of transcriptional fac-
tors such as zinc finger protein 217 (ZNF217) and CCAAT/
enhancer binding protein beta (CEBPB) were also observed
in smoke exposed cells. Overexpression of these proteins
has been significantly associated with multiple cancers
including breast and colon cancer.58,59

CNAs in regions of chromosome 11 including 11q13 are
well documented in oral squamous cell carcinomas.60,61 Inter-
estingly, we observed copy number gains for a majority of genes
on q-arm of chromosome 20 in both smoke and chewing
tobacco exposed cells. Amplification of q arm of chromosome
20 has been previously implicated in early tumorigenesis and
linked to cancer initiation.62 In addition, amongst the four
genes with non-synonymous variants predicted to be deleteri-
ous in smoke exposed cells, UBIAD1 is a known tumor sup-
pressor gene seen to be downregulated in a number of cancers
including bladder and prostate cancer.63,64 In contrast, non-
synonymous variants corresponding to three genes were pre-
dicted to be damaging in chewing tobacco exposed cells.
Increased expression of one of these genes, namely, OXCT1 is
known to correlate to high patient mortality in hepatocellular
carcinoma.65

Cigarette smoke and smokeless tobacco differ inherently in
their constitution of pro-carcinogenic agents and other damag-
ing constituents. This variation in composition could result in a
difference in their effects on oral cells. Our analysis of proteo-
mic data reveals that this difference begins as early as two

months of smoke or tobacco exposure. This was observed as a
distinct pattern of expression of dysregulated proteins between
oral cells exposed to the two forms of tobacco.

Cellular signalling cascades are tightly regulated processes
and cellular control of essential pathways is affected in onco-
genic transformation.66,67 We identified distinct upstream regu-
lators that control cellular processes in smoke exposed cells
compared to chewing tobacco- exposed oral cells. Network
analysis predicted transcriptional repression by MAPK1 in
smoke exposed oral cells. This is in conjunction with previous
studies that link MAPK1 (ERK) signalling to tobacco smoke
induced cellular damage and pathogenesis.68 Proteins down-
stream of MAPK1 belong to a diverse range of cellular pro-
cesses including inflammatory response, cellular proliferation
and cell survival. Some of these proteins belong to the group of
interferon-stimulated genes (ISGs). ISGs can be induced by a
variety of cellular stress responses.69 IFN signalling has been
implicated in suppression of oncogenic transformation.70 Pro-
teins involved in IFN signalling such as the OAS family of pro-
teins were downregulated in our study. These proteins have
been recently identified as negative regulators of cellular prolif-
eration and as activators of apoptosis downstream of BRCA1
and STAT1 signaling.71 Downregulation of proteins involved
in IFN signalling in smoke exposed cells reinforces the possibil-
ity that prolonged smoke exposure may result in malignant
transformation in oral keratinocytes.

In contrast, network analysis predicted signaling regulation
by ERBB family and RABL6 in chewing tobacco exposed oral
cells. We observed a marked overexpression of EGFR in chew-
ing tobacco exposed cells. EGFR is a tyrosine kinase receptor
from the ErbB family of receptors. Higher EGFR levels have
been linked to tumour aggressiveness and poor survival in oral
squamous cell carcinoma.72 Proteins downstream of ERBB sig-
nalling such as FASN and RCF3 were overexpressed in tobacco
exposed cells. Increased FASN expression has previously been
reported in tongue squamous cell carcinoma.73 Another
upstream regulator, RABL6 is member of the Ras superfamily
of small GTPases and is known to be involved in tumor cell
growth, proliferation and linked to tumorigenesis in breast
cancer.74-76 Proteins involved in cell cycle regulation and DNA
replication such as NCAPG, CCNB1 and components of mini-
chromosome maintenance (MCM) complex were overex-
pressed in tobacco exposed cells. NCAPG is reported to be
overexpressed in multiple cancers including paediatric high
grade gliomas and melanoma.77-79 CCNB1 overexpression has
been previously associated with poor prognosis in esophageal
squamous cell carcinoma (ESCC).80 These observations point
to a role of chewing tobacco in deregulating key cellular pro-
cesses such DNA replication and mitosis during cellular trans-
formation in oral cells.

We developed in vitro cellular models of normal oral kerati-
nocytes chronically exposed to two different forms of tobacco –
cigarette smoke and chewing tobacco. Chronic exposure to
both cigarette smoke and chewing tobacco resulted in a signifi-
cant increase in the proliferative and invasive abilities of OKF6/
TERT1-Parental cells. Exome sequencing revealed discrete
genetic variations such as increased C>A transversions in
OKF6/TERT1-Smoke-8M cells and a prevalence of C>G and
C>T transversions and OKF6/TERT1-Tobacco-8M cells. Copy

780 P. RAJAGOPALAN ET AL.



number gains in the q-arm of chromosome 20 were observed in
both smoke exposed and tobacco treated cells. Further, quanti-
tative proteomic analysis revealed a distinct response signature
based on type of tobacco insult. Molecules downstream of
MAPK1 were predominantly downregulated in smoke exposed
cells. These changes were associated with increased cellular
proliferation and survival. In contrast, molecules downstream
of ERBB2 and RABL6 which are involved in DNA replication
and cell cycle progression were overexpressed in chewing
tobacco exposed cells.

Our exome sequencing and mass spectrometric data recapit-
ulate a number of known adverse molecular effects of cigarette
smoke and chewing tobacco exposure in an in vitro setting. In
addition, we identified unique regulators involved in cellular
transformation of oral keratinocytes chronically exposed to
either cigarette smoke or chewing tobacco. Further in-depth
studies in a clinical setting are needed to validate and identify
proteins which can serve as signature markers in oral cancer
based on tobacco usage history.

This work provides a scaffold for future studies to systemati-
cally investigate cigarette smoke and chewing tobacco induced
molecular alterations which may aid not only in diagnosis and
prognosis of oral cancer but may also help in identification of
therapeutic targets for oral patients based on their tobacco
using habits. Further studies are essential to elucidate the role
of key molecules in the molecular pathogenesis of smoke or
chewing tobacco-induced oral cancer.

Materials and methods

Cell culture

Normal human oral keratinocytes, OKF6/TERT1, were a gener-
ous gift from Dr. James Rheinwald (Brigham and Women’s
Hospital, Boston, MA). OKF6/TERT1 were cultured and main-
tained in keratinocyte serum free medium (KSFM) supple-
mented with bovine pituitary extract (25 mg/ml), epidermal
growth factor (EGF) (0.2 ng/ml) (ThermoFisher Scientific,
MA), 1% penicillin/streptomycin and CaCl2 (0.4 mM). The
cells were cultured at 37�C in a humidified air incubator with
5% CO2. OKF6/TERT1 was authenticated by short tandem
repeat analysis at the Genetic Resources Core Facility of Johns
Hopkins University School of Medicine.

Adaptation of oral keratinocytes to smokeless tobacco
extract and cigarette smoke condensate

OKF6/TERT1 cells were chronically treated with 1% smokeless
tobacco extract (STE) (preparation detailed in Supplementary
Methods) for a period of 8 months as previously described.40

Cell stocks of cells treated for two, four, six and eight months
were periodically frozen and stored in liquid nitrogen for fur-
ther experiments. STE treated cells were grown at 37�C in a
humidified 5% CO2 incubator.

Cigarette smoke condensate (CSC) was purchased from
Murty Pharmaceuticals, Inc., KY. OKF6/TERT1 cells were cul-
tured in the presence of CSC in a dedicated smoke exposure
incubator as described previously.81 Briefly, cells were treated
with 0.1% CSC chronically for a period of 8 months. Cell stocks

of keratinocytes exposed to CSC for each month of exposure
were periodically frozen and stored for further experiments.
The dose of treatment reflects, as percentage, the volume of cig-
arette smoke condensate diluted by the volume of medium.
Treatment concentration (0.1%) was selected based on dose
response curve of OKF6/TERT1 cells to different concentra-
tions of CSC (data not shown).

In the study, OKF6/TERT1 cells exposed to STE have been
referred to as OKF6/TERT1-Tobacco cells and cells exposed to
CSC have been referred to as OKF6/TERT1-Smoke cells. The
suffix of 2M, 4M, 6M or 8M have been given to cells exposed to
STE or CSC for the respective duration in months of exposure.
In addition, OKF6/TERT1 cells were also cultured in a regular
incubator without any exposure to either STE or CSC for the
same duration. These cells served as control and have been
referred to as OKF6/TERT1-Parental cells.

Cellular proliferation assays

OKF6/TERT1-Smoke-8M, OKF6/TERT1-Tobacco-8M and
OKF6/TERT1-Parental cells were seeded at a density of 25 £
103 cells per well in 6-well plates. Cellular proliferation was
monitored for 6 days where the cells were counted every 48h
using trypan blue exclusion method. All assays were performed
in replicates.

Western blot analysis

OKF6/TERT1-Parental, OKF6/TERT1-Tobacco-8M and
OKF6/TERT1-Smoke-8M cells were grown to 75% confluence
and washed thrice with ice-cold 1X phosphate buffer saline
(PBS). Following this, cells were harvested in RIPA lysis buffer
(10 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton-
X-100, 0.1% SDS containing protease and phosphatase inhibi-
tor cocktails) and protein concentration was determined using
BCA assays.82 Western blot analysis was carried out as
described previously.40 Antibodies for E-cadherin and Slug
were purchased from Cell Signaling (Cell Signaling Technology,
Danvers, MA). b-actin antibody was procured from Sigma
(Sigma Aldrich, USA) and was used as loading control for all
Western blots.

Cellular invasion assays

The invasive ability of OKF6/TERT1-Tobacco and OKF6/
TERT1-Smoke cells at 0,2,4,6 and 8 months was studied using
a transwell system (BD Biosciences, San Jose, CA) with Matri-
gel (BD Biosciences, San Jose, CA) coated filters. Cellular inva-
sion was evaluated after 48h. Briefly, invasiveness of the cells
was assayed in the membrane invasion culture system using
polyethylene terephthalate (PET) membrane (8-mm pore size)
(BD Biosciences, San Jose, CA) coated with Matrigel. The cells
were seeded at a density of 2.0 £ 104 in 500 ml of serum free
media on the Matrigel-coated PET membrane in the upper
compartment and placed in a compartment filled with com-
plete growth media. All plates were incubated at 37�C for 48h.
Post incubation, upper surface of the membrane was wiped
with a cotton-tip applicator to remove non-migratory cells.
Cells that migrated to the lower side of the membrane were
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fixed and stained using 4% methylene blue. All experiments
were performed in triplicate.

Whole exome sequencing and computational analysis

Details provided in Supplementary Methods.

Sample preparation for mass spectrometric analysis

OKF6/TERT1-Parental, OKF6/TERT1-Tobacco (2-4-6-8M)
and OKF6/TERT1-Smoke (2-4-6-8M) cells were grown to 80%
confluence and serum starved for 8h. Post-starvation, cells
were washed with 1X PBS thrice and harvested in lysis buffer
(2% SDS, 5 mM sodium fluoride, 1 mM b-glycerophosphate,
1mM sodium orthovanadate in 50 mM TEABC). The cell
lysates were sonicated, centrifuged and protein concentration
was determined by BCA. In-solution trypsin digestion of sam-
ples was carried out as described previously (details in Supple-
mentary Methods).

TMT labeling

After trypsin digestion, peptides were lyophilized and
labeled with TMT reagents as per manufacturers’ instruc-
tions. Briefly, peptide samples were dissolved in 50mM
TEABC (pH 8.0) and added to TMT reagents dissolved in
anhydrous acetonitrile. Peptides from OKF6/TERT1-Paren-
tal, OKF6/TERT1-Smoke (2-4-6-8M) and OKF6/TERT1-
Tobacco (2-4-6-8M) were labeled with TMT tags as detailed
in Supplementary Tables S1 and S2, respectively. After incu-
bation at room temperature for 1h, the reaction was
quenched with 5% hydroxylamine. The labeled samples
from all smoke exposed or chewing tobacco exposed cells
were pooled in two separate experiments and subjected to
fractionation. Fractionated samples were analyzed on Orbi-
trap Fusion Tribrid mass spectrometer (Thermo Electron,
Bremen, Germany) as detailed in Supplementary Methods.
Data from LC/MS analysis was searched using Proteome
Discoverer (Version 2.1) software suite (Thermo Fisher Sci-
entific, Bremen, Germany) (details of data analysis is pro-
vided in Supplementary Methods).

Data availability

Mass spectrometric data generated in this study was submitted
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository83 with
the dataset identifier PXD007127. Raw sequencing data is avail-
able in SRA (Sequence Read Archive) database with accession
number SRP115679.

Bioinformatics analysis

Information on the subcellular localization of differentially
expressed proteins and the biological processes was
obtained from Human Protein Reference Database84

(HPRD; http://www.hprd.org). Principal Component Analy-
sis of OKF6/TERT1-Parental, OKF6/TERT1-Tobacco and
OKF6/TERT1-Smoke cells as well as p-value calculation for all

quantified proteins was done using one sample t-test in Perseus
(version 1.5.8.5).85 Ingenuity Pathway Analysis (version
31813283) (Qiagen, USA) was employed for upstream regula-
tor analysis of proteins dysregulated in smoke exposed or chew-
ing tobacco treated cells compared to control cells. Analysis was
performed with a list of proteins significantly dysregulated in
response to CSC or STE with a fold change of �2.0 (p-value
�0.05). Interaction networks were generated for Homo sapiens.
Heatmaps were generated by supervised hierarchical clustering
method based on Euclidean distance and average linkage using
Morpheus (version 3.0.206) software (https://software.broadin
stitute.org/morpheus/).
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