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E-liquid alters oral epithelial cell
function to promote epithelial

to mesenchymal transition

and invasiveness in preclinical oral
squamous cell carcinoma

Jefferson Muniz de Lima¥23$, Carolina Carneiro Soares Macedo™%¢,
Gabriela Vasconcelos Barbosa?3$, Lucio Roberto Cancado Castellano®*>, Michael P. Hier?,
Moulay A. Alaoui-Jamali? & Sabrina Daniela da Silva®2**

The gaining popularity of tobacco and nicotine delivery products, such as electronic cigarettes
(e-cigarettes) being perceived as relatively safe is of a medical concern. The long-term safety of

these new products remains uncertain for oral health. In this study, in vitro effects of e-liquid were
assessed in a panel of normal oral epithelium cell lines (NOE and HMK), oral squamous cell carcinoma
(0SCC) human cell lines (CAL27 and HSC3), and a mouse oral cancer cell line (AT84) using cell
proliferation, survival/cell death, and cell invasion assays. In addition, signaling pathways underlying
the pro-invasive activity of e-cigarettes were evaluated by gene and protein expression analysis.

We demonstrated that e-liquid promotes proliferation and anchorage-independent growth of 0SCC
and induces morphological changes associated with enhanced motility and invasive phenotypes.
Furthermore, e-liquid-exposed cells express significantly reduced cell viability, regardless of
e-cigarette flavour content. At the gene expression level, e-liquid induces changes in gene expression
consistent with epithelial to mesenchymal transition (EMT) revealed by reduced expression of cell
epithelial markers such as E-cadherin and enhanced expression of mesenchymal proteins like vimentin
and B-catenin seen both in OSCC cell lines and normal oral epithelium cells. In summary, the ability
of e-liquid to induce proliferative and invasive properties along the activation of the EMT process can
contribute to the development of tumorigenesis in normal epithelial cells and promote aggressive
phenotype in pre-existing oral malignant cells.

Oral squamous cell carcinoma cancer (OSCC) is a common cancer worldwide with approximately 600,000 new
cases diagnosed per year'?. This neoplasia is characterized by local aggressiveness and a high incidence of tumor
relapse and metastasis (18-76% in 14 months) with poor survival rates (42% in 3 years)®. OSCC is a complex
and heterogeneous disease with multifactorial etiologies associated with tumor development*-°. Historically, the
traditional risk factors for OSCC were attributed to excessive tobacco smoke and alcohol consumption*¢. For
decades, public health agencies have been promoting anti-smoking campaigns to provide public awareness and
the need for an effective population-wide strategy for preventing smoking uptake’-'%. At present, it is a concern
that different alternatives for tobacco and nicotine delivery, such as electronic-cigarettes (e-cigarettes) products
have been gaining massive popularity worldwide especially among young adults'!.
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E-cigarettes are battery-operated devices containing cartridges filled with nicotine and primary products of
the oxidative stress process, including nitrosamines 4-(methylnitrosamine), -1-(3-pyridyl), -1-butanone (NNK),
N’-nitrosonornicotine (NNN), aldehydes, phenolic compounds, polycyclic aromatic hydrocarbons, tobacco alka-
loids, heavy metals and flavours'*-'®. Evidence showed these compounds are potent carcinogens able to cross
the placenta and cause fetal tissue genotoxic damage'’™**. When an e-cigarette is used, the e-liquid is turned
into a vapor or steam that is inhaled by the smoker. Since the recent introduction of e-cigarettes, only limited
research has tackled their long-term health risk impact'>?°-2*, Although the levels of many identified chemicals
and metals present in e-cigarettes are considered, at lower levels, comparable to tobacco smoke produced by
conventional cigarettes, these compounds generate DNA-reactive carcinogens (genotoxins) that may act as an
important mediator of cell transformation under oxidative stress!’-*>?>-?’_In particular, e-cigarettes aerosols are
produced in the vicinity of the oral mucosal epithelium making this tissue a major target under risk of develop-
ing oral cancer in e-cigarettes’ users. In this study, we demonstrated that e-cigarettes induce morphological and
behaviour changes in normal oral keratinocytes, as well as they can promote progression of existing tumors by
inducing epithelial to mesenchymal transition (EMT) signaling, which enhances the invasive abilities of OSCC.

Materials and methods

E-liquid characterization. The nicotine level in the e-liquid was measured by high-pressure liquid chro-
matography (HPLC) normalized with 1 mg/mL nicotine (Aldrich Chemical, N3876) in methanol solution. The
commercial e-liquid (Le Patriote -flavoured and unflavoured e-juice) consisted of 20 mg/mL nicotine in glycer-
ine and propylene glycol solution (70-30%). The progress of the reactions and the homogeneity of the products
were monitored by analytical HPLC Agilent 1200 series instrument, using BDS-Hypersil-C18 reverse phase col-
umn, 4.6 x 250 mm, particle size 5 mm, pore 120 A; solvent A: 0.1% TFA/water, solvent B: 0.1% TFA/acetonitrile;
gradient from 0% B to 100% B in 15 min; flow 1 mL/min; injection volume 5pL. Samples were read in HPLC
in triplicates before use in cell culture to confirm the content of the e-liquid and maintain the accuracy of the
concentration in preclinical assays (Fig. 1).

Cell culture. The spontaneously immortalized but non-malignant human oral mucosal keratinocytes (HMK)
was kindly provided by Dr. Tuula Salo (University of Helsinki). The HMK were cultured in Keratinocytes-SFM
medium (GIBCO, 17005075) supplement with L-glutamine and bovine pituitary extract. In addition, normal
epithelial cells (NOE) isolated from human tongue was maintained in cell culture with KSF serum-free medium
supplemented with 5 pg/mL of bovine pituitary extract (Gibco/Invitrogen Life Technology, Carlsbad, CA, USA)
as we previously described®. The oral human cancer cell lines CAL27 (ATCC® CRL-2095™, American Type
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Figure 1. High-pressure liquid chromatography (HPLC) confirms the nicotine content of e-liquid before
cell treatment. The graphs represent the composition of chemicals in the e-liquid solution, pure nicotine
and methanol (used as control). The mean (+SD) of three determinations relative to nicotine content within
the e-liquid was reported to be 0.73 + 1 mg/mL. (SD = standard deviation). HPLC: high-pressure liquid
chromatography.
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Culture Collection) and HSC3 (JCRB 0623, a human tongue squamous cell carcinoma cell line, Osaka National
Institute of Health Sciences, Japan) were maintained in DMEM (Corning, 10-017-CV) supplemented with 10%
FBS (Wisent Bioproducts, 080-150) with 1% penicillin and streptomycin antibiotics (Corning Inc., 30-002-CI).
The mouse oral cancer cell line (AT84) was established and characterized by our group? and cultured in RPMI
1640 (Fisher Scientific, 11-875-093) supplemented with 10% FBS and 1% penicillin and streptomycin antibiot-
ics (Corning Inc., 30-002-CI). Cells were cultured at 37 °C with 5% CO,. Biological replicates were done for all
in vitro assays in six independently repeated experiments performed on cells of the same cell line but derived
from a biologically distinct source or of a different passage. The cell lines were tested for mycoplasma contamina-
tion (MycoZAP; Lonza, NJ, USA).

In vitro cell cytotoxicity. The acute cytotoxicity effect of e-liquid was assessed using the 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenylte-trazolium bromide (MTT) assay™. Cells were seeded at a density of 5x 10* cells/
mL in a 96-well plate and treated with e-liquid content ranging from 10 to 0.0001% (v/v) (2 mg/mL, 200 ug/mL,
20 ug/mL, 2 ug/mL, 0.02 ug/mL) for 24 h, 48 h and 7 h at 37 °C. Cell medium was changed to serum free medium
(SFM) and 100uL of MTT solution (Sigma Aldrich Corporation) was added. Plates were incubated at 37 °C for
4 hin the dark, and the purple formazan crystals were dissolved in 100 pL dimethyl sulfoxide (DMSO) for 5 min
on orbital shaking. The color intensity was quantified by optical density on FLUOstar OPTIMA microplate
reader (BMG Labtech, Ortenberg, Germany) at 560 nm. Data are presented as mean absorbance versus medium
control and represent the percentages of viable cells compared to the survival of a control group.

Clonogenic assay. The chronical cytotoxicity effects of e-liquid on tumor cell proliferation and survival
were assessed using the colony formation assay®. The cell lines CAL27, HSC3 (600 cells/well) and AT84 (500
cells/well) were plated in triplicates in a 6-well plate. After 6 h of incubation, cells were treated with 10% and 1%
(v/v) e-liquid solutions for additional 48 h of incubation, then cells were washed with phosphate buffer solution
(PBS) and stained with 0.05% (w/v) crystal violet (Sigma Aldrich Corporation, C3886) and 4% formaldehyde
solution (v/v) (Sigma Aldrich Corporation, 8.18708). The colonies >100 pm in diameter were counted using a
colony counter (Oxford Optronix Gelcount, Inc., Milton Park, Abingdon, UK).

Spheroid preparation and evaluation. Spheroid cell culture approach was used to evaluate phenotypic
changes and biological signaling pathways that might be disrupted following exposure to the e-liquid. The sphe-
roid medium was prepared using DMEM-F12 (3:1, Invitrogen) containing 2% B27 supplement (Invitrogen), and
20 ng/mL epidermal growth factor (Sigma-Aldrich). Tissue culture dishes were coated with a polyhydroxyeth-
ylmethacrylate polymer (polyHEMA, Sigma-Aldrich) and spheroids were maintained with DMEM-F12 (3:1,
Invitrogen) supplemented with 2% B27 (Invitrogen) and 20 ng/mL epidermal growth factor (Sigma-Aldrich).
Briefly, polyHEMA was dissolved in 95% ethanol at 12% (w/v) and the working solution was prepared by a fur-
ther dilution of 1:10 in 95% ethanol and added to 24-well plates at 0.1 mL per well. A hydrophobic surface was
formed after the polyHEMA solution dried out at room temperature in a tissue culture hood. HSC3 and CAL-
27 single cell suspensions were seeded at two dilutions of 3x 10? and 1x 10? cells/mL per well in 6 replicates.
96 h after spheroid formation, supernatant was removed and replaced by fresh culture media alone or with 1%
and 0.1% e-liquid solutions and spheroids were maintained for 96 h in a humidified incubator at 37 °C and 5%
CO, atmosphere. The spheroids were photographed with an inverted microscope (EVOS FL cell imaging sys-
tem, Life Technologies), the number of spheres (>50 pm) was counted and the diameters of each spheroid was
measured and quantified by using a macro for automated spheroid size analysis from Image] Software (version
1.50i, National Institutes of Health (NIH), Bethesda, MD). Representative images were generated from the same
seeding-concentration.

Cell migration assay. Wound healing migration assay was based on methodology previously described™®.
The areas were measured in triplicates and photographed with an inverted microscope (EVOS FL cell imaging
system, Life Technologies) at 0 and 24 h post-incubation. Quantification of the wound healing percent closure
was determined using the tool called MRI-Wound Healing Tool macro ((http://dev.mri.cnrs.fr/projects/imagej-
macros/wiki/Wound_Healing_Tool) from Image]J (version 1.50i, National Institutes of Health (NIH), Bethesda,
MD). Statistical significance was analyzed using the Student’s t test.

Invasion assay. Cell invasion was quantified using 8 pm porous chambers coated with BD Matrigel Matrix
(BD Biosciences, Bedford, MA, USA) according to the manufacturer’s reccommendations. Cells were fixed with
4% (v/v) formaldehyde, stained with 0.05% (w/v) crystal violet, and photographed with an inverted microscope
(EVOS FL cell imaging system, Life Technologies). Cells were counted in ten random fields using the cell count-
ing tool from Image] (version 1.50i, National Institutes of Health (NIH), Bethesda, MD). Each experiment was
performed at least three times and results are expressed as average + SD. Statistical significance was analyzed
using Student’s t test™.

Immunoblotting. Sub-confluent cells were washed with PBS, lysed in RIPA lysis and extraction buffer
(50 mM Tris-HCI, pH7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 5 mM EDTA, 25 mM sodium deoxycholate)
supplemented with 1 mM PMSEF, 1 mM NaF and protease inhibitor cocktail (Roche, 4693159001) for 15 min on
ice and centrifuged (14,000xG at 4 °C for 20 min) to separate the cell lysate. Cell concentration was measured
by the Bradford protein assay and then added with SDS sample buffer (17 mM Tris, pH 6.8, 30% glycerol, 10%
SDS, 0.02% bromophenol blue, 6% B-mercaptoethanol) and denatured for 5 min. Samples (20 ug) were then
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resolved through 15% SDS-PAGE gels, transferred to polyvinylidene fluoride (PVDF) membrane (MerckMilli-
pore, IPVH00010), blocked with TBST with 5% w/v non-fat dry milk, blotted overnight with specific antibodies
(Table 1) overnight at 4 °C, and then amplified with horseradish peroxidase-conjugated secondary antibodies
for 1 h at room temperature and enhanced by chemiluminescence detection systems (Thermo Fisher Scientific,
32106 and 34095). Band densitometry was performed using Image]J (version 1.50i, National Institutes of Health
(NIH), Bethesda, MD).

Quantitative RT-PCR. Fifty thousand cells were plated in 6-well Corning® Costar® plates. Cells were either
exposed or not exposed to e-liquid. RNA was extracted 24 h later using total RNA Mini Kit (Qiagen®) according
to the manufacturers’ instructions. cDNA was synthesized from 500 ng of RNA using Superscript III reverse
transcriptase (Invitrogen®) and oligo-dT primers (Invitrogen®). QRT-PCR was performed in the ABI PrismTM
7900 (Applied) using SYBR® Green (Applied) in a 10pL total volume and quality controls were used according
to the MIQE Guidelines. The reactions were carried out in triplicate. GAPDH, ACTB and HPRT were used as
endogenous controls (Table 2).

Immunocytochemistry. Immunocytochemistry was carried out as described earlier®. Incubations with
the primary antibodies diluted in PBS were conducted overnight at 4 °C for: anti-e-cadherin (Cell Signalling,
1:250) and anti-vimentin (Cell signalling, 1:200). The sections were washed and incubated with secondary anti-
bodies (Advanced TM HRP Link, DakoCytomation, K0690, Denmark) for 30 min followed by the polymer
detection system (Advanced TM HRP Link, DakoCytomation) for 30 min at room temperature. Reactions were
developed with a solution containing 0.6 mg/mL of 3,3’-diaminobenzidine tetrahydrochloride (DAB, Sigma,
St Louis) and 0.01% H,O, and then counter-stained with Mayer’s hematoxylin, dehydrated and mounted with
a glass coverslip. Positive controls (a tissue known to contain the antigen under study) were included in all
reactions in accordance with manufacturer’s protocols. The negative control consisted in omitting the primary
antibody and incubating slides with PBS and replacing the primary antibody with normal serum. Quantification
for e-cadherin and vimentin were done using ImageJ to measure relative DAB/nuclear signal in 10 randomly
selected fields.

Statistical analysis. All data was presented as mean + SEM using the software GraphPad Prism 7.0 (Graph-
Pad Software Inc., San Diego, USA). The alpha error was established at 5% and 95% confidence interval. Statisti-
cal differences on cell proliferation, migration and colony formation were determined by the test two-way Anova
with Tukey’s multiple comparisons test. The significance in cell migration was analysed by multiple Student’s t
test for paired samples. Data were deemed to be statistically significant if P<0.05.

Results

E-liquid exposure changes oral epithelial cell morphology, survival and increases cell
death. The OSCC cell lines (CAL27, HSC3 and AT84) and normal oral epithelium cells (HMK and NOE)
were treated with 0.01% to 10% (v/v) e-liquid concentration for 24 h, 48 h and 72 h and evaluated for cell mor-
phology and viability evaluation (Fig. 2A,B). E-liquid exposure induced morphological cell changes, leading
to cell detachment and loss of confluency. Representative images of OSCC cell lines treated at non-lethal con-

Name Source Company Dilution
E-cadherin Rabbit pAB | Abcam 1:1000
B-catenin Rabbit pAB | Cell Signalling 1:1000
Vimentin Mouse mAB | Cell Signalling 1:500
GAPDH Rabbit Sigma Aldrich Corp 1:10,000
Anti-mouse IgG-peroxidase-conjugated | Goat Bio-Rad Laboratories | 1:5000

Table 1. Antibodies used in this study to evaluate protein expression by western blot. GAPDH glyceraldehyde
3-phosphate dehydrogenase, IgG immunoglobulin G.

Name Forward Reverse T°C
CDH1 CTTGAGCCAGCTGCACAG GTGGGGTCAGTATCAGCC 62
VIM CTCCCTCTGGTTGATAC CAAGGTCATCGTGATGC 62
CTNNBI CTTCAGAACAGAGCCAATG GAGTGAAAAGAACGATAGCTAG | 63
HPRT GAACGTCTTGCTCGAGATGTGA | TCCAGCAGGTCAGCAAAGAAT 60
GAPDH GAAGGTGAAGGTCGGA GGGTCATTGATGGCAAC 63
ACTB GCACCCAGCACAATGAAG CTTGCTGATCCACATCTGC 64

Table 2. Primers used in this study to evaluate gene expression by quantitative RT-PCR.
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Figure 2. E-liquid exposure promotes change in cell morphology and survival of normal and malignant oral
epithelial cells. (A) Representative images of the OSCC cell lines (CAL27, HSC3 and AT84) and normal oral
epithelium cells (HMK and NOE) cell cultures treated at 0.1% (0.2 mg/mL) of e-liquid for 72 h before trypan
blue staining. Magnification 200X illustrating changes in cell morphology. (B) E-liquid exposure resulted

in increased cell death under concentrations above 1% for normal cells and 10% for OSCC cells. Results are
shown as the mean percentage of cell death per sample + SEM. Magnification 200X. (C) Colony counts were
normalized to the untreated control cell cultures. Graphed results are given as mean colony count+ SEM.
*represents significant difference between the control group*P <0.0001.

centration of 0.1% (v/v) of e-liquid showed significant alteration in cell morphology compared to the control
(Fig. 2A). However, there was an overall decrease in cell viability when samples were treated with high concen-
trations of e-liquid solutions (10% v/v) for a long period (72 h) compared to the untreated control (Fig. 2B). This
pattern was differently observed when comparing normal to OSCC cell lines stimulated with > 1% concentration
of e-liquid solution. At this high concentration, HMK and NOE presented a significant decrease in cell viabil-
ity, whereas OSCC cell lines maintained their viability to similar percentages observed in untreated controls
(Fig. 2B). At lower concentrations, this differential susceptibility to e-liquid compounds was even more noticed
as OSCC cell lines, which demonstrated a slight increase in proliferation as compared to control cells.

To evaluate the survival of morphologically normal oral epithelial and OSCC cells exposed to varying doses
of e-liquid treatment, clonogenicity assay was performed using cells treated with 0.1 and 1% e-liquid solutions
(Fig. 2C). Tumor cells (CAL27, HSC3 and AT84) and normal cell lines (HMK and NOE) were treated for 7 days
prior to colony enumeration. OSCC cell lines demonstrated a more resistant phenotype to e-liquid-induced cell
death when compared to normal cells. In NOE, 1% by volume of e-liquid treatment resulted in 100% cell death.
Our results also revealed a stepwise decrease in colony count and survival with increasing e-liquid doses (in
both flavored and unflavored e-liquid), with a greater than twofold decrease in survival in all cell lines following
exposure to only 1% by volume. The total number of colonies detected in OSCC cell lines were merely affected
by the e-liquid treatment (Fig. 2).

E-liquid increases cell migration and tumor invasion. Since e-liquid treatment induces an increase
proliferation of OSCC cell lines (CAL27, HSC3 and AT84) and significantly modify the morphology of normal
oral epithelium cells (HMK and NOE), we investigated the impact of e-liquid on oral cancer cell adherence-
independent growth (Fig. 3A). The ability of cells to grow independently of adhesion is a feature of aggressive
cancer cells. As shown in Fig. 3A, the treatment with e-liquid favored the colony-forming capacity in semisolid
media. OSCC cells were able to survive and increased the number as well as the size of the colonies in the
absence of anchorage after E-liquid treatment. Next, critical steps in the progression of cancer to metastatic
disease were assessed to evaluate the impact of e-liquid on motile and invasive properties of OSCC cells. Cells
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Figure 3. E-liquid increases anchorage-independent cell growth and promotes tumor migration and invasion
in OSCC cells. (A) E-liquid treatment increased the number and size of spheroid formation in semisolid media.
CAL27, HSC3 and AT84 cell lines were able to survive after E-liquid treatment and exhibited anchorage-
independent growth (B) Wound healing assays show that e-liquid stimulation with 0.1% or 1% nicotine can
promote migration and invasion of OSCC quiescent cells. Cells treated with media containing 10% FBS were
used as the positive control for the assay. E-liquid induced the migration and invasion of the cells in a dose-
dependent manner. (C) E-liquid was able to potently promote invasion of OSCC cells at a concentration of 0.1%
and 1% as seen in a Boyden-chamber assay. E-liquid induced the migration and invasion of the cells in a dose-
dependent manner. *P<0.0001.

were treated with 0.1%, 1% nicotine for 24 h; treatment with 10% serum was used as a positive control. E-liquid
treatment enhanced the migration and invasion capability of CAL27, HSC3 and AT84 cells in a dose-dependent
manner; the maximum effect was observed at 1% (*P<0.001) (Fig. 3C).

E-liquid induces EMT and increases metastatic competence in OSCC.  Since e-liquid can promote
the invasive properties of OSCC, we evaluated the signaling pathways underlying the pro-invasive activity of
e-liquid. Once the cell morphology was clearly changed after e-liquid treatment, quantification for E-cadherin,
B-catenin, and vimentin proteins as well as their respective genes were then performed to specifically assess
EMT processes. These proteins are involved in tumor cell plasticity, attachment, migration, and signaling.
Immunocytochemistry and immunoblotting assays demonstrated that e-liquid treatment induced EMT process
by modulating the expression of the proteins (Fig. 4A,B). OSCC cell lines (CAL27, HSC3) and normal cells
(NOE) were treated with 0.1 and 1% e-liquid solutions for 48 h. Each of these cell lines has different behaviour
in preclinical and animal models. CAL27, a well-differentiated OSCC cell line showed significant change in the
morphology (more fibroblast-like) after being exposed to e-liquid (Fig. 2A). Compared to the metastatic HSC3
cells, CAL27 cells showed a similar invasive behaviour after the e-liquid treatment, with a significant change in
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Figure 4. E-liquid induced epithelial to mesenchymal transition (EMT) in normal epithelium oral cells and
OSCC. (A) Treatment with 0.1% and 1% of e-liquid induced down-regulation of epithelial markers E-cadherin,
whereas it caused concomitant increase of mesenchymal proteins and B-catenin and vimentin in CAL27 and
HSC3 human OSCC cell lines. GAPDH was used as the control for the assay. Original gels/blots are used in
figures are available in the supplementary material provided to the journal. (B) Immunocytochemistry reaction
showing changes in morphology before and after treatment with 1% e-liquid in normal epithelial cells (NOE)
and OSCC cell lines (CAL27 and HSC3). (C) Quantitative RT-PCR (q-RT-PCR) showing that gene expression
for CDH1, CTNNBI and VIM had a significant difference after e-liquid treatment. GAPDH, HPRT, and ACTB
were used as reference genes. *P<0.0001.

gene and proteins implicated in cancer cell aggressiveness (Figs. 3, 4). Even at the low doses of e-liquid treatment,
a significant down-expression of E-cadherin was seen in OSCC cells (CAL27 and HSC3) and also NOE normal
cells (Fig. 4A,B). In addition, in HSC3 cells exposed to 0.1% e-liquid showed an upregulation of B-catenin, but
not vimentin protein levels (Fig. 4A). Quantitative RT-PCR (q-RT-PCR) analysis further revealed the down-
regulation of e-cadherin (CDH1), and overexpression of B-catenin (CTNNBI) and vimentin (VIM) gene expres-
sion in cells exposed to 0.1% e-liquid (Fig. 4C). The enhanced invasive migratory activity associated with the
loss of epithelial markers, such as E-cadherin, and the acquisition of mesenchymal markers such as vimentin and
B-catenin, strongly suggest that epithelial cells are undergoing to an aggressive phenotype within the framework
of epithelial-mesenchymal transition (EMT).

Discussion

While cigarette smoking is recognized as the major risk factor for oral cancer, recent studies suggested that
e-cigarette may also induce the signaling pathways associated with tumorigenesis, therefore impacting oral
healthy cell microenvironment'”'3*>23, Qur study was intended as a response to the priority expressed by the
clinicians on potential hazard risk of e-cigarettes in particular by promoting oral cancer development, progres-
sion and metastasis.

The direct health impact of exposure to conventional cigarettes in oral tumor progression is well established
with approximately 75% of OSCC being attributable to tobacco smoking and alcohol*. The relationship with
tobacco and the development of head and neck squamous cell carcinoma is explained by the fact that con-
ventional cigarettes result in high exposure to nitrosamines and polycyclic hydrocarbons, which are the main
genotoxic agents®. The presence of these substances in tobacco causes multiple mutations, including in the TP53
tumor suppressor gene. These mutations occur more frequently in smokers compared to non-smokers diagnosed
with the same tumor?. The use of conventional cigarettes increases tumor aggressiveness by stimulating tumor
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cell proliferation, angiogenesis and migration, as well as reducing the patient’s response to radiotherapy and
chemotherapy?”?%. Several prevention programs around the world have proposed e-cigarettes as an alternative
to safety replacing conventional cigarettes. However, e-cigarette research is still lagging considering the popu-
larity with vapers and long-term safety of these new products. E-devices generate substantial amounts of fine
particulate matter, toxins and heavy metals at levels that can exceed those observed for conventional cigarettes®.
Furthermore, there is scientific evidence to support that e-cigarette may pose the most seriously harm to health,
e.g. increasing the risk of cancer and heart diseases®. Indeed, this study shows molecular alterations linked
with the effects of chemical mixture generated by e-cigarettes and their impact at oral cancer progression and
metastatic competence.

Head and neck cancers are remarkably heterogeneous comprising several subtypes with distinct pathological
and molecular features and can occur in different anatomic sites, including oral cavity (lips, buccal mucosa, hard
palate, anterior tongue, floor of mouth and retromolar trigone), nasopharynx, oropharynx (palantine tonsils,
lingual tonsils, base of tongue, soft palate, uvula and posterior pharyngeal wall), hypopharynx (the bottom part
of the throat, extending from the hyoid bone to the cricoid cartilage) and larynx. of the upper aerodigestive
tracts. Oral cavity, hypopharynx and larynx cancers are primarily associated with tobacco smoke, alcohol abuse
or both, whereas palantine and lingual tonsils of the pharynx cancers are increasingly attributed to infection with
human papillomavirus (HPV), primarily HPV-16. Both the carcinogenic process and progression of initiated
cancer depend on anatomical location, histologic configuration (whose thickness and degree of keratinization
depend on the location and tissue microenvironment requirements), and aetiological agent (tobacco-specific
chemical carcinogens versus virus). Currently, there is no study correlating the use of e-cigarette and incidence
rates based on the anatomical cancer site and/or gender differences.

Using a panel of normal and tumor cell lines (metastatic and non-metastatic OSCC), we demonstrated that
e-cigarettes can mediate tumor progression and metastasis by inducing EMT phenotype, which enhances the
invasive abilities of OSCC cells and has potential to promote changes in cell morphology and behaviour in normal
oral keratinocytes. In the EMT, epithelial cells reorganize their cytoskeleton properties (down-regulation of epi-
thelial markers e.g., E-cadherin] and up-regulation of mesenchymal markers [e.g., vimentin]), undergo a change
in the signaling network that defines a mesenchymal phenotype (e.g., TGFp, Wnt) and reprogram gene expression
(e.g., the transcriptional factors: Snail, Twist1). These changes increase cell motility and enable the development
of an invasive phenotype®~¥’. Traditional cigarette smoking increases inflammation and oxidative stress which
accelerate cellular senescence and induce cell proliferation’-*°. Numerous compounds in the e-cigarette form
reactive oxygen species (ROS) capable to promote DNA mutations and genetic instability’®-2!. These events
potentially contributing to various aspects of cancer cell behavior, including cell proliferation, survival, invasion,
angiogenesis and metastasis, which are also associated with the acquisition of EMT phenotype. Previous in vitro
studies indicated that treatment with nicotine promotes EMT and increases cytokine production potentializing
inflammation and lung cancer progression®. Furthermore, patients with low grade small-cell lung cancer who
continue to smoke during chemotherapy and radiotherapy have poorer survival compared with those who do
not®. Recent studies have shown that toxic and carcinogenic substances are present in the e-liquid vapor can
reach levels equal to (e.g., acetaldehyde and chromium) or higher (e.g., formaldehyde and nickel) compared to
conventional cigarette smoke to the detriment of increased device power, polycyclic aromatic carbides, tobacco
alkaloids, heavy metals and flavors'>#*#!. In this way, E-cigarettes can not be considered as a smoking cessation
product. Among all of the alternative tobacco products, e-cigarettes are the least regulated*’. Clinicians should act
on the side of caution when advising patients about the use of e-cigarettes. The ongoing popularity of e-cigarettes
and the continued evolution in e-cigarette like devices require a careful evaluation of the present evidence and
honest discussions with patients about potential risks to consider.

Moreover, given the immense variability of e-cigarettes designs and usage habits, these potential health risks
may even be simplistic. Regulation, quality control standards, and safety assessments for e-cigarettes products
have become further complicated by the rapid evolution of new devices and e-liquid formulations. The newer
generations of e-cigarettes often boast larger batteries with adjustable voltages and a wider range of flavours,
thus appealing more broadly to vapers*#*. Next-generation models have been shown to deliver greater doses of
nicotine to users, as well as higher levels of hazardous carbonyls and other toxins with increasing voltages*-.
Varied e-cigarettes usage patterns, such as different puff durations or average “vaping” session lengths, have also
been associated with differential absorption of nicotine*’. These trends in e-cigarettes use and design further
diversify hazard risks that must be undertaken to accurately capture all health risks experienced by vapers. While
focused safety assessments still remain elusive for most of the e-cigarette’s user demographic, our study neverthe-
less suggests that e-cigarettes should be viewed as far from risk-free or harmless in the interim.

Conclusion

Lack of long-term prospective and large-scale case-control studies is a major limiting factor in assessing the
association of e-cigarettes with oral cancer progression. In addition, comparative analysis suggesting a relatively
lower toxic level of e-cigarette compared to combustible cigarettes, creates a misconceived notion on the safety
of e-cigarette use. It is important to acknowledge that a relatively lower toxic dosage does not mean it is risk-free.
Evidence of the presence of carcinogenic agents in e-liquid and their vapor inducing DNA strand breaks and
gene alteration is compelling evidence, but not sufficient to infer a causal relationship.

Clearly experimental validation studies involving animal model and/or clinical sampling of oral biopsy tissues
are needed to assess if the relatively lower dosage of specific carcinogens released by the e-cigarette (e.g. tobacco-
specific nitrosamines) can induce malignant transformation in oral epithelial cells or promote tumor progression
by inducing EMT. Delineating the molecular pathway of e-cigarette-induced oral mucosal changes could provide
further valuable insight into e-liquid’s oral carcinogenesis and aid in identifying mechanistic insights into the
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action of nitrosamine carcinogens, and other important volatile reactive chemicals present in the e-cigarette
aerosol. In addition, longitudinal clinical studies with long-term follow-up are needed to discriminate e-cigarette
versus other associated risk and genetic predisposition factors that may contribute to oral carcinogenesis.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Received: 25 October 2022; Accepted: 14 February 2023
Published online: 27 February 2023

References

1.
2.

3.

10.
11.

12.

13.
14.
15.

16.

17.

18.
19.

20.

21.
22.

23.
24.

25.
. Hier, M., Black, M., Shenouda, G., Sadeghi, N. & Karp, S. A murine model for the immunotherapy of head and neck squamous

27.
28.

29.
30.

31.
. Jethwa, A. R. & Khariwala, S. S. Tobacco-related carcinogenesis in head and neck cancer. Cancer Metastasis Rev. 36(3), 411-423

33.

Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2016. CA Cancer J. Clin. 66(1), 7-30 (2016).

Vigneswaran, N. & Williams, M. D. Epidemiologic trends in head and neck cancer and aids in diagnosis. Oral Maxillofac. Surg.
Clin. N. Am. 26(123), 41 (2014).

Brands, M. T. et al. Follow-up after curative treatment for oral squamous cell carcinoma. A critical appraisal of the guidelines and
a review of the literature. Eur. J. Surg. Oncol. 44(5), 559-565 (2018).

. Hashibe, M. et al. Alcohol drinking in never users of tobacco, cigarette smoking in never drinkers, and the risk of head and neck

cancer: Pooled analysis in the international head and neck cancer epidemiology consortium. J. Natl. Cancer Inst. 99(777), 89 (2007).

. Goldstein, B. Y., Chang, S. C., Hashibe, M., La Vecchia, C. & Zhang, Z. E. Alcohol consumption and cancers of the oral cavity and

pharynx from 1988 to 2009: An update. Eur. J. Cancer Prev. 19(431), 65 (2010).

. Brennan, J. A. et al. Association between cigarette smoking and mutation of the p53 gene in squamous cell carcinoma of the head

and neck. N. Engl. ]. Med. 332(712), 7 (1995).

. Emery, S. et al. Televised state-sponsored antitobacco advertising and youth smoking beliefs and behavior in the United States

1999-2000. Arch. Pediatr. Adolesc. Med. 159, 639-645 (2005).

. Siegel, M. & Biener, L. The impact of an antismoking media campaign on progression to established smoking: Results of a longi-

tudinal youth study. Am. J. Public Health 90(3), 380-386 (2000).

. Hyland, A., Wakefield, M., Higbee, C., Szczypka, G. & Cummings, K. M. Anti-tobacco television advertising and indicators of

smoking cessation in adults: A cohort study. Health Educ. Res. 21(3), 348-354 (2006).

Wakefield, M. et al. Impact of tobacco control policies and mass media campaigns on monthly adult smoking prevalence. Am. J.
Public Health 98(8), 1443-1450 (2008).

FDA warns of health risks posed by e-cigarettes. [Internet]. http://www.fda.gov/downloads/ForConsumers/ConsumerUpdates/
Updates/UCM173430.pdf: FDA (2019).

Harrell, P. T, Simmons, V. N., Correa, ]. B, Padhya, T. A. & Brandon, T. H. Electronic nicotine delivery systems (“e-cigarettes”):
Review of safety and smoking cessation efficacy. Otolaryngol. Head Neck Surg. 151(3), 381-393. https://doi.org/10.1177/01945
99814536847 (2014).

Williams, M., Villarreal, A., Bozhilov, K., Lin, S. & Talbot, P. Metal and silicate particles including nanoparticles are present in
electronic cigarette cartomizer fluid and aerosol. PLoS ONE 8(3), €57987 (2013).

Bekki, K. et al. Carbonyl compounds generated from electronic cigarettes. Int. J. Environ. Res. Public Health 11(11), 11192-11200
(2014).

Kosmider, L. et al. Carbonyl compounds in electronic cigarette vapors: Effects of nicotine solvent and battery output voltage.
Nicotine Tobacco Res. 16(10), 1319-1326 (2014).

Alaoui-Jamali, M. A, Bélanger, P. M., Rossignol, G. & Castonguay, A. Metabolism, sister chromatid exchanges, and DNA single-
strand breaks induced by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and their modulation by vitamin A in vitro. Cancer
Res. 51(15), 3946-3950 (1991).

Liu, L. L., Alaoui-Jamali, M. A., el Alami, N. & Castonguay, A. Metabolism and DNA single strand breaks induced by
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and its analogues in primary culture of rat hepatocytes. Cancer Res. 50(6),
1810-1816 (1990).

Alaoui-Jamali, M. A., Rossignol, G. & Castonguay, A. Protective effects of vitamin A against the genotoxicity of NNK, a nicotine-
derived N-nitrosamine. Carcinogenesis 12(3), 379-384 (1991).

Alaoui-Jamali, M. A., Gagnon, R, el Alami, N. & Castonguay, A. Cytotoxicity, sister-chromatid exchanges and DNA single-strand
breaks induced by 4-oxo-4-(3-pyridyl)butanal, a metabolite of a tobacco-specific N-nitrosamine. Mutat. Res. 240(1), 25-33 (1990).
Rossignol, G., Alaoui-Jamali, M. A., Castonguay, A. & Schuller, H. M. Metabolism and DNA damage induced by
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in fetal tissues of the Syrian golden hamster. Cancer Res. 49(20), 5671-5676
(1989).

Alaoui-Jamali, M. A., Castonguay, A. & Schuller, H. The transplacental genotoxicity of a tobacco specific N-nitrosamine in Syrian
golden hamster. Mutat. Res. 223, 65-72 (1989).

Alaoui-Jamali, M. A., Rossignol, G., Schuller, H. M. & Castonguay, A. Transplacental genotoxicity of a tobacco-specific N-nitros-
amine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, Syrian golden hamster. Mutat. Res. 223(1), 65-72 (1989).

Cheng, T. Chemical evaluation of electronic cigarettes. Tob. Control 23(Suppl 2), iil1-iil7 (2014).

Goniewicz, M. L. et al. Levels of selected carcinogens and toxicants in vapour from electronic cigarettes. Tob. Control 23(2), 133-139
(2014).

McCauley, L., Markin, C. & Hosmer, D. An unexpected consequence of electronic cigarette use. Chest 141(4), 1110-1113 (2012).

cell carcinoma. Laryngoscope 105(10), 1077-1080 (1995).

da Silva, S. D. et al. Co-overexpression of TWIST1-CSF1 Is a common event in metastatic oral cancer and drives biologically
aggressive phenotype. Cancers 13, 153 (2021).

de Lima, J. M. et al. Chitosan/PCL nanoparticles can improve anti-neoplastic activity of 5-fluorouracil in head and neck cancer
through autophagy activation. Int. J. Biochem. Cell Biol. 2(134), 105964 (2021).

Glasser, A. M. et al. Overview of electronic nicotine delivery systems: A systematic review. Am. J. Prev. Med. 52(2), €33-e66 (2017).
Cahn, Z. & Siegel, M. Electronic cigarettes as a harm reduction strategy for tobacco control: A step forward or a repeat of past
mistakes?. J. Public Health Policy 32(1), 16-31 (2011).

Argiris, A., Karamouzis, M. V., Raben, D. & Ferris, R. L. Head and neck cancer. Lancet 371(9625), 1695-1709 (2008).

(2017).
Pfeifer, G. P. et al. Tobacco smoke carcinogens, DNA damage and p53 mutations in smoking-associated cancers. Oncogene 21(48),
7435-7451 (2002).

Scientific Reports |

(2023) 13:3330 | https://doi.org/10.1038/s41598-023-30016-0 nature portfolio


http://www.fda.gov/downloads/ForConsumers/ConsumerUpdates/Updates/UCM173430.pdf
http://www.fda.gov/downloads/ForConsumers/ConsumerUpdates/Updates/UCM173430.pdf
https://doi.org/10.1177/0194599814536847
https://doi.org/10.1177/0194599814536847

www.nature.com/scientificreports/

34. Domingo-Vidal, M. et al. Cigarette smoke induces metabolic reprogramming of the tumor stroma in head and neck squamous
cell carcinoma. Mol. Cancer Res. 17(9), 1893-1909 (2019).

35. Sobus, S. L. & Warren, G. W. The biologic effects of cigarette smoke on cancer cells. Cancer 120(23), 3617-3626 (2014).

36. Goniewicz, M. L. et al. Nicotine levels in electronic cigarette refill solutions: A comparative analysis of products from the US,
Korea, and Poland. Int. J. Drug Policy 26, 583-588 (2015).

37. Bold, K. W,, Krishnan-Sarin, S. & Stoney, C. M. E-cigarette use as a potential cardiovascular disease risk behavior. Am. Psychol.
73(8), 955-967 (2018).

38. Akalay, I et al. Epithelial-to-mesenchymal transition and autophagy induction in breast carcinoma promote escape from T-cell-
mediated lysis. Cancer Res. 73(8), 2418-2427 (2013).

39. Tan, T. Z. et al. Epithelial- mesenchymal transition spectrum quantification and its efficacy in deciphering survival and drug
responses of cancer patients. EMBO Mol. Med. 6(10), 1279-1293 (2014).

40. Tam, W. L. & Weinberg, R. A. The epigenetics of epithelial-mesenchymal plasticity in cancer. Nat. Med. 19, 1438-1449 (2013).

41. Thiery, J. P. & Lim, C. T. Tumor dissemination: An EMT affair. Cancer Cell 23(3), 272-273 (2013).

42. Noman, M. Z., Messai, Y., Muret, J., Hasmim, M. & Chouaib, S. Crosstalk between CTC, immune system and hypoxic tumor
microenvironment. Cancer Microenviron. 7(3), 153-160 (2014).

43. Dongre, A. et al. Epithelial-to-mesenchymal transition contributes to immunosuppression in breast carcinomas. Cancer Res.
77(15), 3982-3989 (2017).

44. Chockley, P. J. & Keshamouni, V. G. Immunological consequences of epithelial-mesenchymal transition in tumor progression. J.
Immunol. 197(3), 691-698. https://doi.org/10.4049/jimmunol.1600458 (2016).

45. Suarez-Carmona, M., Lesage, J., Cataldo, D. & Gilles, C. EMT and inflammation: Inseparable actors of cancer progression. Mol.
Oncol. 11(7), 805-823 (2017).

46. Videtic, G. M. et al. Continued cigarette smoking by patients receiving concurrent chemoradiotherapy for limited-stage small-cell
lung cancer is associated with decreased survival. J. Clin. Oncol. 21(8), 1544-1549 (2003).

47. Ganapathy, V. et al. Electronic cigarette aerosols suppress cellular antioxidant defenses and induce significant oxidative DNA
damage. PLoS ONE 12(5), €0177780 (2017).

Acknowledgements

The authors would like to extend their sincere appreciation to Dr. Tuula Salo (University of Helsinki) who gently
provides us the non-malignant human oral mucosal keratinocytes (HMK) and Dr. Dominique Wernick who
helps with HPLC use.

Author contributions

Conception and design: S.D.S. Development of methodology: J.M.L., C.C.S.M., G.V.B., S.D.S. Acquisition of data:
JM.L., C.C.S.M., G.V.B. Analysis and interpretation (e.g. statistical analysis): J]M.L., C.C.S.M., G.V.B,, S.D.S.
Writing, review, and/or revision of the manuscript: J.M.L., C.C.S.M., G.V.B,, LR.C.C., M.P.H., M.A ], S.D.S.
Administrative, technical, or material support: M.H., M.A.J., S.D.S. Study supervision: S.D.S.

Fundin

This workgwas supported by the Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior—Brasil (CAPES)
(Finance Code 001), CAPES-Print Fellowships (SBSCC), FRQ-S/RSBO#35376 (258000 and 258259), DFATD—
CBIE-FMPB, NCOHR (New Frontier Seed Grant 2020-2022), CIHR (2022-2027). The authors acknowledge
all the valuable support from the Head and Neck Foundation (Jewish General Hospital—Faculty of Medicine—
McGill University) and the Marvin Carsley Research Fund.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-30016-0.

Correspondence and requests for materials should be addressed to S.D.S.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:3330 | https://doi.org/10.1038/s41598-023-30016-0 nature portfolio


https://doi.org/10.4049/jimmunol.1600458
https://doi.org/10.1038/s41598-023-30016-0
https://doi.org/10.1038/s41598-023-30016-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	E-liquid alters oral epithelial cell function to promote epithelial to mesenchymal transition and invasiveness in preclinical oral squamous cell carcinoma
	Materials and methods
	E-liquid characterization. 
	Cell culture. 
	In vitro cell cytotoxicity. 
	Clonogenic assay. 
	Spheroid preparation and evaluation. 
	Cell migration assay. 
	Invasion assay. 
	Immunoblotting. 
	Quantitative RT-PCR. 
	Immunocytochemistry. 
	Statistical analysis. 

	Results
	E-liquid exposure changes oral epithelial cell morphology, survival and increases cell death. 
	E-liquid increases cell migration and tumor invasion. 
	E-liquid induces EMT and increases metastatic competence in OSCC. 

	Discussion
	Conclusion
	References
	Acknowledgements


