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ABSTRACT

BACKGROUND: Shisha smoking has been associated with multiple diseases including oral

cancer. However, a mechanistic study to investigate alteration of secreted proteins in oral cells due

to shisha smoking is lacking.

OBJECTIVES: Elucidation of differentially secreted proteins by immortalized human normal

oral keratinocytes (OKF6/TERT1) upon chronic exposure to shisha.

METHODS: OKF6/TERT1 was chronically treated with 0.5% shisha extract for 8 months.

Conditioned media from shisha treated (OKF6/TERT1-Shisha) and untreated (OKF6/TERT1-

Parental) cells were subjected to TMT-based quantitative proteomic analysis. Bioinformatics

analysis of differentially secreted proteins was carried out using SignalP, SecretomeP and

TMHMM. Immunoblot validation of selected proteins was carried out to confirm the proteomics

results.

RESULTS: Proteomic analysis of OKF6/TERT1–Parental and OKF6/TERT1-Shisha secretome

resulted in the identification of 1,598 proteins, of which 218 proteins were found to be

differentially secreted (≥ 1.5-fold; p-value ≤ 0.05) in shisha treated cells. Bioinformatics analysis

using prediction tools showed secretory potential of differentially secreted proteins identified in

OKF6/TERT1-Shisha. Western blotting validated the expression of AKR1C2, HSPH1 and MMP9

in OKF6/TERT1-Shisha secretome in agreement with proteomic data.



CONCLUSION: This study serves as a useful resource to understand the effect of chronic shisha

smoking on the milieu of secreted proteins of oral cells.In vivo studies are warranted to supplement

our in vitro data to elucidate the role of these proteins as early diagnostic biomarkers for oral

carcinogenesis among shisha smokers.

KEYWORDS: OKF6/TERT1, Secretory biomarkers, Waterpipe, TMT, Oral cancer, Proteomics



1. INTRODUCTION

Tobacco smoking has been established as a major risk factor for oral cancer. In addition to cigarette

smoking, tobacco usage in the form of shisha (waterpipe) smoking has gained popularity globally

[1]. The use of shisha is prevalent in the Middle Eastern countries, with a gradual shift towards

younger demographic due to increasing popularity and lack of stringent regulations [2, 3]. A multi-

countrysurvey of Arab nations recorded higher preference towards shisha smoking compared to

cigarette smoking or smokeless tobacco among youth [4]. Studies have demonstrated that levels

of polycyclic aromatic hydrocarbons and volatile aldehydes present in mainstream shisha smoke

are similar or higher compared to cigarette smoke [5, 6]. Epidemiological studies have attributed

shisha smoking to lung, esophageal and gastric cancers [7-9]. However, molecular alterations

associated with shisha smoking has not been well characterized [10, 11].

Secretory proteins play an important role in cell-to-cell adhesion as well as cell-matrix interactions.

Analysis of secreted proteins provides insights into the nature of autocrine and paracrine signaling

within the microenvironment of tissues [12]. Changes in the abundance of secretory proteins in

cancers have been previously reported [13] and studying them aids in the understanding of disease

progression [13, 14]. Secreted proteins are known to be involved in metastasis, and this makes

secretome from tumor cells a rich reservoir for identifying potential biomarkers [15-17]. Although

proteins secreted by tumors ultimately reach body fluids such as saliva and blood, their presence

can be masked by more abundant proteins, making it difficult to identify and study these proteins

[18, 19]. Hence, cell line-based models, which are relatively low interference systems, are

preferred to understand the cancer secretomein vitro. Secretome characterization using mass

spectrometry has been used for potential biomarker discovery in various cancers such as breast,



esophageal and ovarian cancers [20-22]. Candidates identified through such cell line-based

discovery studies can be validated in body fluids, particularly in serum/plasma derived from cancer

patients using non-invasive or minimally invasive techniques [23].

In this study, we investigated the effect of chronic shisha exposure on the secretome of normal

human oral keratinocytes. We have employed mass spectrometry-based quantitative proteomics

approach to identify differentially secreted proteins in normal oral keratinocytes chronically

treated with shisha extract (OKF6/TERT1-Shisha) compared to untreated oral keratinocytes

(OKF6/TERT1-Parental). To the best of our knowledge, this is the first study of its kind

investigating the molecular alterations of secreted proteins in oral keratinocytes due to chronic

shisha exposure. This study can serve as a useful resource for identification of clinically relevant

early diagnostic markers for oral cancer among shisha smokers.



2. MATERIALS AND METHODS

2.1. Preparation of shisha extract and cell culture

Shisha extract was prepared using a similar method described previously by Rohatgiet al.[24].

Briefly, 5 g of commercially available shisha was homogenized in 50 ml of phosphate buffered

saline (PBS). The mixture was stirred overnight in a shaker incubator maintained at 37ºC.

Subsequently, the mixture was centrifuged at 12,000 rpm for 20 min and the supernatant was

passed through filter papers to remove debris. The extract was sterilized using a 0.22 たm filter and

stored at -80ºC until further use.

Immortalized non-transformed normal human oral keratinocyte (OKF6/TERT1) cell line was

cultured in keratinocyte serum-free media (KSFM) (Life Technologies, Grand Island, NY)

supplemented with bovine pituitary extract (25 mg/ml), calcium chloride (0.4 mM), epidermal

growth factor (0.2 ng/ml) and 1% penicillin/streptomycin, and maintained in a humidified CO2

chamber at 37ºC.

To study the effects of shisha on oral keratinocytes, 0.5% shisha extract was added to the growth

media. Fresh media along with the shisha extract was replenished every 48 hours. Cells were

maintained in the culture flask until they were confluent and then passaged into fresh culture flask,

and shisha treatment was repeated. The process was continued for a period of 8 months. At the end

of the treatment period, cells were allowed to attain 80% confluence under shisha exposure,

following which the media was removed and further steps for secretome analysis was carried out.



Cells  which  were  treated  with  shisha  extract  were  termed  as  ‘OKF6/TERT1-Shisha’.

Simultaneously, control cells which were not treated with shisha were maintained alongside for

the same duration (termed as OKF6/TERT1-Parental).

2.2. Collection and processing of secretome

Secretome collection and processing was carried out as described previously by our group [25].

OKF6/TERT1-Parental and OKF6/TERT1-Shisha cells were grown to 80% confluence and

washed thrice with PBS after removing the supplement-rich media. Cells were then grown in

supplement-free media for 8 h. Subsequently, conditioned media was collected and centrifuged at

800 gfor 10 min to remove any cell debris. The supernatant was filtered using a 0.22 たm filter and

concentrated using a 3 kDa filter (Millipore, Burlington, MA).

2.3. Protein extraction, TMT labeling and bRPLC fractionation

Protein concentrations from OKF6/TERT1-Parental and OKF6/TERT1-Shisha secretome were

determined using bicinchoninic acid (BCA) assay (Thermo Scientific, Bremen, Germany) [26] and

equal amount of protein was collected from both conditions for further processing. Samples were

reduced using dithiothreitol (DTT) at 60ºC for 20 min and alkylated using iodoacetamide (IAA)

for 10 min at room temperature. The samples were then precipitated using 6 volumes of chilled

acetone at -80oC overnight. Following this, the samples were centrifuged for 15 min at 12,000

rpm, acetone was removed and the pellet was air-dried.



The pellets from both the treated and untreated conditions were then reconstituted in 4M urea.

Protein samples were then digested using Lysyl Endopeptidase®, Mass Spectrometry Grade

(Catalog#125-05061, Wako, Richmond, VA) in an enzyme-to-protein ratio of 1:100 for 4 h at

37oC. Following this, the urea concentration was reduced from 4M to 2M using 50mM TEABC.

The samples were then digested using TPCK-treated trypsin (Worthington, NJ) at an enzyme-to-

protein ratio of 1:20 for 16 h at 37ºC. This was followed by sample clean-up using Sep-Pak Classic

C18 columns (Catalog#WAT051910, Waters, Milford, MA). The samples were then vacuum-

dried and reconstituted in 50mM TEABC for TMT-labeling.

Peptide samples were labelled using Tandem Mass Tag (TMT) labels (ThermoScientific, Bremen,

Germany) as per manufacturer’s instructions. Peptides derived from OKF6/TERT1-Parental and

OKF6/TERT1-Shisha secretome were labelled with TMT tags 130C and 131, respectively. TMT

labelled peptides were pooled and subjected to basic pH reverse phase chromatography (bRPLC),

as previously described [27]. The 96 fractions obtained were concatenated into 6 fractions. The

fractions were vacuum-dried, desalted using C18 StageTips and subjected to mass spectrometry

analysis.

2.4. LC-MS3 analysis

Peptide fractions were analysed on Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific,

Bremen, Germany) interfaced with Easy nLC-1000 system (Thermo Scientific, Odense,

Denmark). The peptide fractions were reconstituted in 0.1% formic acid (Solvent A) and loaded

onto a trap column (75 たm x 2 cm, Magic C18AQ, 5 たm, 100 Å, Michrom Biosciences Inc.,



Auburn, CA) at a flow rate of 3 µ l/min. The peptides were then resolved on an in-house packed

analytical column 75 たm x 20 cm, Magic C18 AQ, 3 たm, 100 Å, Michrom Biosciences Inc.,

Auburn, CA) at a flow rate of 300 nl/min with back pressure of 275 bar using a gradient of 10% –

35% solvent B (0.1% formic acid in 95% acetonitrile) for 100 min.

Data acquisition on the Orbitrap Fusion was carried out using a data-dependent method with

synchronous precursor selection MS3 scanning for TMT tags. The scan sequence was started with

the acquisition of a full MS or MS1 one spectrum acquired in the Orbitrap (m/z range, 500-1600;

resolution, 1.2x105; AGC target, 4x105; maximum injection time, 50 ms). MS2 scans were done

in the linear ion trap using the following settings: quadrupole isolation at an isolation width of 2

m/z; fragmentation method, CID; normalized collision energy, 35%. Using synchronous precursor

selection the 10 most abundant fragment ions were selected for the MS3 experiment following

each MS2 scan. The fragment ions were further fragmented using the HCD fragmentation

(normalized collision energy, 55%) and the MS3 spectrum was acquired in the Orbitrap (m/z

range, 110-550; resolution, 5x104; AGC target, 5x104; maximum injection time, 100 ms). The

peptide fractions were analysed in triplicate on the mass spectrometer.

2.5. Data analysis

Identification and quantification of proteins was carried out using Proteome Discoverer (version

2.1) software suite (Thermo Scientific, Bremen, Germany). Raw files were searched against NCBI

human RefSeq protein database (version 75) containing common contaminants, using Sequest HT

search algorithm. In the search parameters, carbamidomethylation of cysteine, and TMT label at

peptide N-termini and lysine were set as static modifications; while oxidation of methionine was



set  as  a  dynamic  modification.  Trypsin  was chosen as  the  protease with  a  maximum allowed

missed cleavage of 1. Precursor mass tolerance was set to 10 ppm and fragment mass tolerance

was set to 0.1 Da. Decoy database search was carried out and peptide spectrum matches with a

false discovery rate (FDR) cut-off of 1% was considered for peptide identification. Quantitative

node in Proteome Discoverer was used to calculate protein ratios between OKF6/TERT1-Shisha

and OKF6/TERT1-Parental using reporter ion intensities. Protein fold-change ratio was calculated

as 131/130C (OKF6/TERT1-Shisha / OKF6/TERT1-Parental). Scatter plots were generated using

log2 fold change ratio between replicates. Pearson correlation coefficient (r) was then calculated

to evaluate the linear relationship between the technical replicates. A volcano plot was generated

to depict the distribution of proteins based on their fold change and corresponding p-value.

2.6. Bioinformatics analysis

Proteins identified in conditioned media were assessed for their secretory potential using SignalP

[28]. Proteins following non-classical secretion pathways were predicted using SecretomeP, and

TMHMM was used to predict transmembrane domain [29, 30]. Proteome of conditioned media

was also compared with experimentally annotated databases - ExoCarta [31], Vesiclepedia [32]

and Human Protein Atlas (HPA) [33] to identify vesicular proteins based on experimental

evidence. In addition, the data was compared with the updated salivary proteome [34] to identify

differentially secreted proteins potentially detectable in saliva.

2.7 Immunoblot assay



30 たg equivalent protein lysate was taken from OKF6/TERT1-Parental and OKF6/TERT1-Shisha

secretome, and western blots were carried out as described earlier [25]. Proteins were resolved

using polyacrylamide gel electrophoresis (SDS-PAGE) and transferred on to nitrocellulose

membrane at 200 mA for 2 h. Membrane was blocked with 5% non-fat dry milk solution prepared

in phosphate buffered saline containing 0.1% Tween-20 at room temperature for 30 min. The

membrane was then probed with rabbit polyclonal anti-AKR1C2 (Catalog#PA001543HA01HU;

Cusabio, Houston, TX), rabbit polyclonal anti-HSPH1 (Catalog#HPA028675; Sigma Aldrich, St.

Louis, MO) and rabbit polyclonal anti-MMP9 (Catalog#137867; Abcam). TIMP1, whose

expression in OKF6/TERT1-Shisha secretome was unchanged compared to parental secretome,

was used as loading control and probed with rabbit polyclonal anti-TIMP1 antibody (Catalog#

PA023560YA01HU, Cusabio).

2.8. Statistical analysis

Statistical significance was calculated in Perseus software suit [35] using student’s t-test.

2.9. Data availability

Proteomics data has been submitted to ProteomeXchange Consortium

(http://www.proteomecentral.proteomexchange.org) via the PRIDE public data repository [36]

and can be accessed using the data identifier-PXD011130.



3. RESULTS

3.1. Quantitative proteomic analysis of OKF6/TERT1-Shisha secretome

Mass spectrometry-based quantitative proteomic analysis of secretome from OKF6/TERT1-

Parental and OKF6/TERT1-Shisha cells resulted in the identification of 1,598 proteins. The

workflow employed in this study is depicted inFig 1A. High correlation (r ≥ 0.96) of protein fold

changes (OKF6/TERT1-Shisha / OKF6/TERT1-Parental) were observed across replicates in the

proteomic data (Fig 1B).Volcano plot showing protein fold change distribution of all identified

proteins and their corresponding p-values is shown inFig 1C. Of the total identified proteins, we

observed 218 proteins to be differentially secreted (≥ 1.5-fold; p-value ≤ 0.05) in OKF6/TERT1-

Shisha secretome compared to parental secretome across all three replicates. Among these, 112

proteins were found to be secreted in higher abundance (fold change ≥ 1.5) and 106 proteins were

found to be secreted in lower abundance (fold change ≤ 0.66 fold) in OKF6/TERT1-Shisha

secretome compared to parental secretome. A partial list of differentially secreted proteins

identified in this study is provided inTable 1. Fig 2 depicts representative MS/MS spectra for

selected differentially secreted proteins, aldo-keto reductase family 1 member C2 (AKR1C2),

galectin-1 (LGALS1), heat shock protein family H (Hsp110) member 1 (HSPH1) and matrix

metallopeptidase (MMP9), which are frequently reported to be differentially expressed in cancers

[37-41]. Complete list of proteins and peptides identified in this study are provided in

Supplementary Table 1.

3.2. Bioinformatics analysis of dysregulated proteins in OKF6/TERT1-Shisha secretome



Differentially secreted proteins identified in our data were analyzed for secretory potential using

prediction-based bioinformatics tools (SignalP and SecretomeP) and by confirmation with

databases of experimentally validated secreted proteins (Vesiclepedia, ExoCarta and HPA).

Overall, we found secretory evidence for 214 out of 218 differentially secreted proteins in

OKF6/TERT1-Shisha (Fig 3A). Comparison of differentially secreted proteins with the secreted

protein-database in Human Protein Atlas showed an overlap of 57 proteins. In addition, we also

compared the differentially secreted proteins in our data with ExoCarta and Vesiclepedia databases

to identify exosomal proteins which are released into extracellular space in the form of

membranous vesicles. In total, we found 208 proteins with experimental evidence for vesicle-

mediated exosomal secretion (Fig 3B, Supplementary Table 2).

We further analyzed the differentially secreted proteins for the presence of N-terminal signal

peptides using SignalP software. Proteins which contain N-terminal hydrophobic peptides are

released from cells through the classical secretory pathway facilitated by endoplasmic reticulum

[42]. Our analysis predicted 61 differentially secreted proteins contain N-terminal signal peptide.

In addition, based on SecretomeP analysis, we identified 43 proteins differentially secreted in

OKF6/TERT1-Shisha secretome which do not contain a signal peptide but are predicted to be

secreted by non-classical pathways (Fig 3C, Supplementary Table 2). Further, we analyzed

proteins for the presence of a transmembrane domain using TMHMM analysis. We identified 25

differentially secreted proteins in OKF6/TERT1-Shisha secretome predicted to contain a

transmembrane helical domain (Supplementary Table 2).



We evaluated differentially secreted proteins in shisha exposed cells (compared to parental cells)

that have been previously detected in normal human saliva. We compared differentially secreted

proteins with the salivary proteome study which cataloged the normal human salivary proteins

based on mass spectrometry evidence [34]. We found that 167 proteins differentially secreted in

our data overlapped with proteins identified in human saliva, of which 89 proteins were secreted

in higher abundance in OKF6/TERT1-Shisha secretome (Fig 3D, Supplementary Table 2).

Taken together, our analyses provides strong evidence of secretory potential for the differentially

secreted proteins in our data. In addition, comparison of higher abundant proteins identified in our

data with the salivary proteome serves the objective of this study to identify early diagnostic

biomarkers for oral cancer in shisha smokers.

3.3. Identification of potential cancer biomarkers using the OKF6/TERT1-Shisha secretome

data

Based on proteomic evidence, we established that normal oral keratinocytes OKF6/TERT1

chronically treated with shisha extract results in altered secretion of proteins. We compared the

differentially secreted proteins identified in our data with four HNSCC studies published

previously. Marimuthuet. al. carried out iTRAQ-based quantitative proteomic analysis of the

secretome of 6 HNSCC cell lines – JHU-O11, JHU-O22, JHU-O28, JHU-O29, FaDu and CAL 27,

and compared with the secretome of OKF6/TERT1 [25]. Sepiashviliet. a l. studied the secretome

of HNSCC cell lines FaDu, UTSCC8 and UTSCC42a using mass spectrometry-based proteomic

approach and gene expression microarrays [43]. Yuet. al.carried out secretome analysis of OSCC

cell lines OECM1 and SCC4, using mass spectrometry-based approach and further validated their



findings with tissue transcriptome analysis [44]. Rahlanet. al.employed proteomics approach to

identify proteins in the secretome of four HNSCC cell lines- SCC4, HSC2, SCC38, and AMOSIII

[45]. Upon comparison, we found that 134, 131, 21 and 18 proteins reported to be differentially

secreted (≥ 1.5-fold) by Marimuthuet. al., Yu et. al., Rahlanet. al. and Sepiashviliet. a l.

respectively, overlapped with the differentially secreted proteins identified in OKF6/TERT1-

Shisha secretome (Fig 4A, Supplementary Table 2). These include higher abundance proteins

such as transforming protein RhoA (RHOA) and eukaryotic elongation factors (EEF1G, EEF2.

EEF1G) and lower abundance proteins in our data such as endoplasmic reticulum resident protein

29 (ERP29) and secreted protein acidic and rich in cysteine (SPARC), whose expression in

OKF6/TERT1-Shisha secretome correlated with the aforementioned HNSCC secretome studies.

Differentially secreted proteins in our data and those reported previously in cancer cell lines

indicate that chronic exposure of normal oral keratinocytes to shisha may lead to cellular

transformation. Identification of such proteins will facilitate identification of early oral cancer

diagnostic biomarkers among shisha users.

3.4 Immunoblot validation of differentially secreted proteins identified in OKF6/TERT1-

Shisha secretome

To confirm the results of proteomic analysis, we carried out western blot validation of

differentially secreted proteins identified in OKF6/TERT1-Shisha. These proteins were also

reported to be differentially secreted in studies pertaining to HNSCC secretome as discussed

above. In agreement with our mass spectrometry data, we observed significantly increased



abundance of AKR1C2 and HSPH1 and decreased abundance of MMP9 compared to

OKF6/TERT1-Parental secretome (Fig 4B).



DISCUSSION

Shisha smoking has been a recreational practice in the Middle Eastern and South East Asian

countries since many centuries. However, emergence of shisha smoking among Western nations

has been observed recently [46, 47]. Despite being categorized as a health hazard, the pathobiology

of shisha smoking-related diseases remains poorly understood. Analysis of secreted proteins in

disease conditions has the potential to reveal biomarkers that could be monitored in body fluids.

Particularly in the case of oral cancer and head and neck cancers, where tobacco smoking remains

a predominant risk factor, identification of potential prognostic biomarkers in saliva and serum

have proven to be clinically relevant [48, 49]. In this study, we investigated the effects of chronic

shisha exposure on secreted proteins in oral keratinocytes. We chronically treated normal

immortalized non-transformed human oral keratinocytes (OKF6/TERT1) with shisha extract for a

period of 8 months (OKF6/TERT1-Shisha), followed by proteomic analysis of the secretome

which was compared with that of untreated cells (OKF6/TERT1-Parental).

Mass spectrometry-based quantitative proteomic analysis of OKF6/TERT1-Shisha secretome

resulted in the identification of 218 differentially secreted proteins (p ≤ 0.05). We identified several

proteins which have been previously identified in oral cancer. For example, AKR1C2 is an enzyme

involved in sterol metabolism and catalyzes the conversion of aldehydes and ketones to their

corresponding alcohols. A study by Wennerset al., have examined the expression of AKR1C1 and

AKR1C2 in breast cancer tissue and have established elevated expression in the stromal region of

tumor samples [50]. Microarray-based gene expression study by Wooet. al. detected higher

expression of AKR1C2 in OSCC cell lines exposed to cigarette smoke and particulate matter [51].



We have also identified decreased abundance of Galectin-1 in our data. A study recently on

colorectal cancer reported the silencing of galectin-1 expression due to promoter hypermethylation

which contributes to cellular proliferation and escape apoptosis [41].  Our study also reports the

higher abundance of HSPH1 in the secretome of shisha-treated OKF6/TERT1 cells. HSPH1 is a

molecular chaperone which prevents the aggregation of denatured proteins and misfolding of other

heat shock proteins. HSPH1 has been reported as one of the many heat shock proteins detected to

be abundant in the conditioned media of colon cancer cell lines [52]. A recent study carried out by

our own group has reported the overexpression of HSPH1 in HNSCC cell lines CAL 27, FaDu and

JHU-O28 in comparison with OKF6/TERT1 [53]. Furthermore, among the differentially secreted

proteins we observed lower abundance of MMP9 in OKF6/TERT1-Shisha secretome compared to

parental secretome. While certain studies have indicated the oncogenic properties of

metallopeptidases, animal model studies based on MMP-9 knockdown have also observed

increased aggressiveness in tumors [54]. A recent study reported that serum levels of MMP2 and

MMP9 were associated with favorable outcomes in breast cancer patients and had better response

to chemotherapy [55]. Watsonet. al. investigated the expression of MMP9 and TIMP1 among the

secreted proteins in human respiratory epithelia exposed to cigarette smoke and reported a reduced

abundance of MMP9 due to smoke exposure [56]. Similar observations are reported on GAPDH,

which was observed to be highly abundant in OKF6/TERT1-Shisha secretome. GAPDH is known

to play a central role in the glycolysis pathway but its aberrant expression has also been implicated

to regulate growth, proliferation and apoptosis in cancer cells [57]. A population-based study has

identified overexpression of GAPDH in the salivary samples of patients diagnosed with oral

squamous  cell  carcinoma  [58].  Similarly,  increased  levels  of  GAPDH  have  been  detected  in

preoperative blood samples of laryngeal carcinoma patients [59]. Such studies show correlation



between differentially secreted proteins identified in our shisha-exposed model and various disease

conditions indicating the detrimental effects of chronic exposure to shisha.

We compared out data with previous studies pertaining to HNSCC secretome and observed an

overlap of several proteins differentially secreted by OKF6/TERT1-Shisha cells. We observed an

increased abundance of pyruvate kinase M1/2 (PKM) in our data, which is known to facilitate

adhesion and migration of colon cancer cells by regulating STAT-3 associated signaling [60].

Similarly, our data also shows increased abundance of two eukaryotic elongation factors, EEF1G

and EEF2. EEF1G is known to interact with E-cadherin to promote cell adhesion and has been

demonstrated to be highly abundant both at mRNA and protein levels in colorectal carcinoma [61,

62]. Secretome of OKF6/TERT1-Shisha cells was found to have higher abundance of proteins

reported in cell proliferation including transforming protein RhoA (RHOA) and prostaglandin E

synthase 3 (PTGES3) amongst others. Overexpression of RHOA has been reported to promote

proliferation and migration of cervical cancer cells [63]. Similarly, studies have shown increased

expression of PTGES3 in the oral mucosa of smokers and hypoxia-induced esophageal squamous

cell carcinoma (ESCC) [64, 65]. Comparison with published secretome studies revealed that

PKM1/2, EEF1G, EEF2, RHOA and PTGES3 are differentially secreted in HNSCC cells and have

also been identified in human saliva [34, 35].

Similarly, we detected higher abundance of chaperone proteins such as endoplasmin (HSP90B1),

heat shock protein family H (Hsp110) member 1 (HSPH1) which have been reported in several

cancers previously [66]. In addition, we also detected decreased abundance of ECM proteins such

as matrix metallopeptidase 9 (MMP9), secreted protein acidic and rich in cysteine (SPARC) and



cysteine rich angiogenic inducer 61 (CYR61) among others in OKF6/TERT1-Shisha secretome.

Dysregulation of certain ECM proteins has been known to promote detachment of cancer cells

from their primary tumor and to facilitate metastasis [67, 68]. Expression of SPARC and CYR61

inversely correlates with cell invasion and metastasis in ovarian, prostate and gastric cancer,

respectively [69-72]. These findings indicate that chronic shisha exposure alters the expression of

secreted proteins involved in cellular processes linked to tumorigenesis.

Our data also suggests alteration in metabolic pathways in OKF6/TERT1 cells chronically treated

with shisha extract. Aberrant metabolism has been widely established as one of the hallmarks of

cancer and is often associated with increased energy requirements and requirement of metabolites

for anabolic pathways [73]. Although conventionally believed to be restricted to the cytoplasm,

studies have demonstrated that glycolytic enzymes have non-canonical extracellular functions as

well in cancers, such as cytokine signaling and anti-apoptotic response [74]. Moreover, elevated

levels of metabolic enzymes in the serum have been correlated with tumorigenesis and drug

resistance [75, 76]. Increased secretion of glycolytic proteins GAPDH, PFKP and GPI has been

previously reported in HNSCC secretome [12, 25, 29, 31].

In summary, this study highlights the detrimental effects of shisha smoking on oral keratinocytes

in vitro and provides list of candidate proteins that potentially play a role in oral carcinogenesis.

We hypothesize that differentially secreted proteins identified in this study may serve as early

diagnostic markers among shisha smokers. Further studies using salivary samples from OSCC

patients with shisha smoking habits are warranted to establish these proteins as clinically relevant

biomarkers.



CONCLUSIONS

The current study was carried out to investigate the adverse effects of chronic exposure of shisha

in oral keratinocytes by studying their secretory protein profile. Using proteomics-based approach,

we identified several differentially secreted proteins in the secretome of shisha-exposed cells. Our

data indicates that chronic exposure to shisha results in aberrant oxidative stress response and

altered glycolytic pathway in oral keratinocytes. Comparison of our data with previously published

OSCC and HNSCC secretome studies showed an overlap of several differentially secreted

proteins, many of which were also detectable in human saliva. This study demonstrates molecular

aberrations in oral keratinocytes upon chronic shisha exposure and highlights the potential of

several identified secretory proteins as biomarkers in oncogenic risk assessment amongst shisha

smokers.
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Table 1. Partial list of differentially secreted proteins identified in OKF6/TERT1 cells

chronically treated with shisha extract

Gene

symbol
Protein name

Median fold

change

(OKF6/TERT1-

Shisha /

OKF6/TERT1-

Parental)

SignalP

status

SecretomeP

status

TMHMM

status

Identified

previously in

HNSCC

secretome

GPC1 Glypican-1 2.0 Yes N/A N/A [12, 44, 77]

LDHA

L-lactate

dehydrogenase

A

1.9 N/A N/A N/A
[25, 44, 45,

77]

C3
Complement

C3
1.8 Yes N/A N/A [12, 44, 77]

ACTN4
Alpha actinin-

4
1.7 N/A Yes N/A

[25, 44, 45,

77]

LGALS1 Galectin-1 0.6 N/A N/A N/A [78]

PFN1 Profilin-1 0.5 N/A N/A N/A [78]

FN1 Fibronectin 0.4 Yes N/A N/A
[77_ENREF_77,

78]



Supplementary Table 1: List of proteins identified and quantified in OKF6/TERT1-Shisha

secretome and OKF6/TERT1-Parental secretome using TMT-based quantitative proteomics

approach

Supplementary Table 2: List of differentially secreted proteins identified in OKF6/TERT1-

Shisha secretome compared to OKF6/TERT1-Parental secretome
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Figure 1. Quantitative proteomic analysis of OKF6/TERT1-Shisha secretome. (A) Workflow

for TMT-based quantitative secretome analysis of OKF6/TERT1 cells chronically treated with

0.5% shisha extract. (B) Scatter plots representing the correlation of protein fold change

(OKF6/TERT1-Shisha / OKF6/TERT1-Parental) across three replicates. Pearson correlation

coefficient (r) was calculated to evaluate the linear relationship between the technical replicates (r

≥ 0.96). (C) Volcano plot showing the distribution of proteins identified in this study as a measure

of their fold change (OKF6/TERT1-Shisha / OKF6/TERT1-Parental) versus p-value.

Figure 2. Representative MS/MS spectra of proteins found to be differentially abundant in

OKF6/TERT1-Shisha secretome – (A) AKR1C2 (B) LGALS1 (C) HSPH1 (D) MMP9. Inset peaks

represent tandem mass tag (TMT) label intensities representing fold change of the protein.

Figure 3. Secretory evidence for differentially abundant proteins in OKF6/TERT1-Shisha

secretome. (A) Pie-Chart representation of the number of differentially secreted proteins identified

in this study which have experimental and prediction-based evidence for secretory potential. (B)

Venn diagram depicting the distribution of differentially secreted proteins identified in this study

compared with experimentally validated databases. (C) Venn diagram depicting the differentially

secreted proteins identified this study with secretory potential analyzed using prediction-based

tools – SignalP and SecretomeP (D) Venn diagram representing the number of proteins

differentially abundant in this study reported to be present in normal human salivary proteome

(Sivadasanet. al., 2015).



Figure 4. (A) Venn diagram representing differentially secreted proteins identified in this study as

compared to proteins reported in published HNSCC/OSCC secretome studies. (B) Western blot

validation for selected proteins differentially secreted in OKF6/TERT1-Shisha secretome.










