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Proteomic and phosphoproteomic 
profiling of shammah induced 
signaling in oral keratinocytes
Shankargouda Patil1,7, Mohd Younis Bhat2,3,7, Jayshree Advani2,7, Sonali V. Mohan2,7, 
Niraj Babu2,4, Keshava K. Datta2, Tejaswini Subbannayya2, Pavithra Rajagopalan2, 
Firdous A. Bhat2,3, Nezar Al‑hebshi5, David Sidransky6, Harsha Gowda2,4* & 
Aditi Chatterjee2,4*

Shammah is a smokeless tobacco product often mixed with lime, ash, black pepper and flavorings. 
Exposure to shammah has been linked with dental diseases and oral squamous cell carcinoma. There 
is limited literature on the prevalence of shammah and its role in pathobiology of oral cancer. In this 
study, we developed a cellular model to understand the effect of chronic shammah exposure on oral 
keratinocytes. Chronic exposure to shammah resulted in increased proliferation and invasiveness of 
non‑transformed oral keratinocytes. Quantitative proteomics of shammah treated cells compared 
to untreated cells led to quantification of 4712 proteins of which 402 were found to be significantly 
altered. In addition, phosphoproteomics analysis of shammah treated cells compared to untreated 
revealed hyperphosphorylation of 36 proteins and hypophosphorylation of 83 proteins (twofold, 
p‑value ≤ 0.05). Bioinformatics analysis of significantly altered proteins showed enrichment of 
proteins involved in extracellular matrix interactions, necroptosis and peroxisome mediated fatty acid 
oxidation. Kinase‑Substrate Enrichment Analysis showed significant increase in activity of kinases 
such as ROCK1, RAF1, PRKCE and HIPK2 in shammah treated cells. These results provide better 
understanding of how shammah transforms non‑neoplastic cells and warrants additional studies that 
may assist in improved early diagnosis and treatment of shammah induced oral cancer.

Oral cancer is a subgroup of head and neck cancers and most common type of cancer worldwide with a dismal 
5-year survival rate of less than 50%1, 2. Cancers of the lip and oral cavity are ranked at the 17th spot based 
on incidence  worldwide3. The major risk factors associated with oral squamous cell carcinoma (OSCC) are 
tobacco use, alcohol consumption and human papilloma virus (HPV)  infection4. The consumption of tobacco 
in both smoke or smokeless form makes an individual susceptible to oral  cancer5. There are more than twenty 
forms of orally consumed or nasally inhaled smokeless tobacco (ST) reported in Sweden, USA and in Indian 
 subcontinent6, 7. These include tobacco chewing, snuff dipping, betel quid chewing and shammah amongst oth-
ers. Shammah is a smokeless or unburned form of tobacco which consists of powdered leaves, carbonate of lime 
among other substances and is commonly chewed in Yemen and south of Saudi Arabia (KSA). Alkaline burn is 
often observed at the site of shammah placement (buccal cavity or under the cheek or lip) in oral cavity leading 
to oral mucosal change which resembles  leukoplakia8. A recent study on 346 males from Yemen reported that 
shammah consumers are at 13 times higher risk of developing leukoplakia-like lesions compared to non-users9. 
Another study with 210 participants from Jazan KSA revealed that shammah users have 33 times higher chance 
of developing oral cancer compared to non-users10. Similarly, a case–control study from Yemen demonstrated 
shammah to be the major risk factor of  OSCC11. Increased usage of shammah in Jazan Province has been linked 
to higher occurrence of oral squamous cell  carcinoma12.

In vitro genotoxicity test have shown the presence of direct-acting mutagen in chloroform extract of 
 shammah13. Whole exome sequencing analysis of 15 archival OSCC samples with history of shammah exposure 
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reported mutation in genes previously associated with OSCC along with novel mutational driver events including 
CSMD3, TRPM2 and NOTCH3. Copy number alteration (CNAs) analysis of these samples revealed amplifica-
tion of genes categorized as oncogenic such as MDM2 and BAG1 and deletion of potential tumor suppressor 
gene  SMARCC114.

Various in-vitro cell-based studies have reported effects of acute exposure of different types of smoke-
less tobacco extract (STE)15, 16. Altered expression of key cell regulatory proteins such as cyclin D1, pRb and 
O6-methyl guanine-DNA methyl transferase (MGMT) has been observed in oral epithelial cells in response to 
smokeless tobacco ‘Khaini’17. Increased production of reactive oxygen species (ROS) and consequent cellular 
damage has been reported in oral epidermal carcinoma cells in response to acute exposure to  STE16. Effect of 
shammah has been demonstrated in liver cells HepG2 reporting its ability to induce apoptosis and cell cycle 
arrest at G2 to M  phase18. However, there is lack of literature about the effect of shammah on oral cells which is 
the direct site of exposure.

In this study, we generated an in vitro cellular model using normal, non-transformed oral keratinocytes 
(OKF6/TERT1)19, which were chronically treated with shammah for a period of 6 months. Upon establishment 
of the cellular model, we employed tandem mass tag (TMT) based quantitative proteomic and  TiO2-based 
phosphoenrichment approach to study global proteomic and phosphoproteomic alterations in OKF6/TERT1 
cells upon chronic exposure to shammah.

Results
Chronic shammah treatment induces phenotypic alterations in oral keratinocytes. Non-neo-
plastic oral keratinocytes, OKF6/TERT1, were treated at varying concentrations of shammah extract ranging 
from 0 to 5% to determine the optimum concentration for chronic treatment (data not shown). The highest 
concentration with which the cells could be treated chronically was 0.1%. Cells treated at higher concentrations 
of shammah (> 0.1%) underwent apoptosis/necrosis within days of treatment (data not shown). Six months of 
chronic exposure to shammah resulted in cellular morphological changes in OKF6/TERT1-Shammah as com-
pared to OKF6/TERT1-Parental cells. A significant increase in the proliferative ability of the cells was observed 
after chronic treatment with shammah (Fig. 1a). We further observed significant increase in colony formation 
capability and the invasive ability of OKF6/TERT1-Shammah cells in comparison to OKF6/TERT1-Parental 
cells (Fig.  1b,c). These results indicated that shammah exposure induces growth signals that trigger cellular 
transformation in OKF6/TERT1 cells.

Chronic treatment with shammah alters the cellular proteome and phosphoproteome. We 
employed TMT and  TiO2 based proteomic and phosphoproteomic approach to identify proteomic and phospho-
proteomic alterations in oral keratinocytes in response to shammah exposure (Supplementary Fig. S1A). Total 
proteome analysis led to the quantification of 4712 proteins, amongst which 129 proteins were overexpressed 
(≥ twofold, p-value ≤ 0.05) and 273 proteins were downregulated (≤ twofold, p-value ≤ 0.05) (Fig. 1d).  TiO2 based 
phosphoenrichment of peptides led to quantification of 1555 phosphopeptides that contained phosphorylation 
sites mapping to 836 proteins. We identified 2767 unique phosphosite modifications comprising 2275 serine, 440 
threonine and 52 tyrosine sites (Supplementary Fig. S1B). Of the 836 proteins which were identified, 36 proteins 
were hyperphosphorylated (≥ twofold, p-value ≤ 0.05) while 83 proteins were hypophosphorylated (≤ twofold, 
p-value ≤ 0.05) (Fig. 1e). The complete list of identified proteins and phosphopeptides is provided in Supplemen-
tary Table S1 and Supplementary Table S2, respectively.

Chronic treatment with shammah induces signaling associated with extracellular matrix and 
peroxisomal biogenesis. Bioinformatics analysis of overexpressed and/or hyperphosphorylated proteins 
revealed enrichment of proteins involved in extracellular matrix (ECM) interactions and peroxisome mediated 
fatty acid oxidation (Fig. 2a,b and Supplementary Fig. S2A). ECM is a dynamic non-cellular component of tis-
sue organisation comprised of proteoglycans, collagen, glycoproteins, laminins and fibronectin, which provides 
structural and biochemical support to surrounding cellular architecture. Higher expression of ECM compo-
nents such as expression of fibronectin (FN1) (3.60-fold; p-value ≤ 0.05), thrombospondin 1 (THBS1) (3.26-fold; 
p-value ≤ 0.05) and heparan sulfate proteoglycan 2 (HSPG2) (1.95-fold; p-value ≤ 0.05) were identified in OKF6/
TERT1-Shammah cells compared to OKF6/TERT1-Parental cells. Moreover, laminins which form an integral 
part of ECM were also found to be significantly elevated in shammah treated cells. Laminin subunit alpha-3 
(LAMA3) (2.52-fold; p-value ≤ 0.05), laminin subunit beta-3 (LAMB3) (2.69-fold; p-value ≤ 0.05) and laminin 
subunit gamma-2 (LAMC2) (3.51-fold; p-value ≤ 0.05) were seen significantly overexpressed in OKF6/TERT1-
Shammah cells. Integrins are transmembrane receptor proteins responsible for attachment of cells to ECM and 
transmitting growth signals from ECM to cells for cellular proliferation and differentiation. Abundance levels 
of integrin proteins ITGB8 (2.17-fold; p-value ≤ 0.05) and ITGAV (1.97-fold; p-value ≤ 0.05) were found signifi-
cantly high in OKF6/TERT1-Shammah cells.

Peroxisome are highly dynamic unit membrane cell organelle which performs numerous functions notably 
β-oxidation of long chain fatty acids, reduction of reactive oxygen species (ROS) and biosynthesis of plasm-
alogens (ether phospholipids). Our data shows an increased expression of proteins involved in peroxisome 
mediated catabolism of long chain fatty acids such as peroxisomal biogenesis factor 14 (PEX14) (2.2-fold; 
p-value ≤ 0.05), acyl-CoA oxidase 1 (ACOX1) (2.42-fold; p-value ≤ 0.05), sterol carrier protein 2 (SCP2) (2.59-
fold; p-value ≤ 0.05), enoyl-CoA hydratase 1 (ECH1) (1.98-fold; p-value ≤ 0.05), carnitine O-acetyltransferase 
(CRAT) (2.02-fold; p-value ≤ 0.05), isocitrate dehydrogenase (IDH2) (1.96-fold; p-value ≤ 0.05), isocitrate dehy-
drogenase [NAD] subunit gamma (IDH3G) (2.00-fold; p-value ≤ 0.05) and hydroxymethylglutaryl-CoA lyas 
(HMGCL) (1.95-fold; p-value ≤ 0.05) in OKF6/TERT1-Shammah compared to OKF6/TERT1-Parental cells.



3

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9397  | https://doi.org/10.1038/s41598-021-88345-x

www.nature.com/scientificreports/

OKF6/TERT1-Parental OKF6/TERT1-Shammah

*

*

0.0

C
el

l n
u

m
b

er

1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

Time (h)
0 24 48 72 96

*

N
u

m
b

er
 o

f 
co

lo
n

ie
s/

 f
ie

ld

0.0

3.0

6.0

9.0

0

20

40

60

80

100

120

140

160

dleif/sllec
f

o
re

b
m

u
N

*

180

OKF6/TERT1-Parental
OKF6/TERT1-Shammah

-4 -2 2 4
Log  fold change

0

2.5

2.0

1.5

1.0

0.5

0.0

-L
o

g
 (

p
-v

al
u

e)

-4 -2 0 2 4
Log  fold change

0

1

2

3

4

5

6

-L
o

g
 (

p
-v

al
u

e)

ed

a

b

c

Figure 1.  Chronic shammah treatment induces phenotypic alterations in oral keratinocytes. OKF6/TERT1-
Parental and OKF6/TERT1-Shammah cells were assessed for (a) cellular proliferation (b) colony formation and 
(c) invasive capability with corresponding bar graphs shown in the right panel. Volcano plot representation of 
OKF6/TERT1 cells treated with shammah extract (d) total proteomics (e) phosphoproteomics. Significantly 
(p ≤ 0.05) overexpressed and downregulated proteins are depicted in red and blue, respectively.
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Figure 2.  Chronic treatment with shammah induces signaling associated with extracellular matrix 
and peroxisomal biogenesis. Kyoto Encyclopedia of Genes and Genomes (KEGG)80 pathway analysis of 
overexpressed and/or hyperphosphorylated proteins (a) overexpressed and/or hyperphosphorylated proteins 
showed enrichment of peroxisome mediated long chain fatty acid oxidation and (b) enrichment of proteins in 
extracellular matrix organization (ECM). Proteins color coded in red are enriched in our dataset.
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Chronic shammah treatment alters necroptosis pathway. Downregulated and/or hypophospho-
rylated proteins showed enrichment of proteins mapped to metabolic pathway glycolysis/gluconeogenesis 
in addition to programmed form of necrosis called necroptosis (Fig. 3a,b and Supplementary Fig. S2B). Pro-
teins/enzymes which drive the glycolytic pathway such as glucose-6-phosphate isomerase (GPI) (0.39-fold; 
p-value ≤ 0.05), phosphofructokinase (PFKP) (0.46--fold; p-value ≤ 0.05), aldolase A (ALDOA) (0.43-fold; 
p-value ≤ 0.05), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (0.44-fold; p-value ≤ 0.05), phosphoglyc-
erate kinase 1 (PGK1) (0.51-fold; p-value ≤ 0.05), enolase 1 (ENO1) (0.38-fold; p-value ≤ 0.05) and pyruvate 
kinase (PKM) (0.25-fold; p-value ≤ 0.05) were observed to be significantly downregulated in OKF6/TERT1-
Shammah cells. Necroptosis is a programmed form of necrotic cell death which mechanistically resembles 
apoptosis and morphologically has similarities with necrosis. Evidences have shown necroptosis has both tumor 
promoting and tumor suppressing effects in different cancer types. Decreased expression of various necrotic fac-
tors has been identified in breast cancer, colorectal cancer, gastric cancer and head and neck squamous cell car-
cinoma (HNSCC)20–23. We found reduced expression of several genes mapped to necroptic pathway such as Fas 
associated via death domain (FADD) (0.49-fold; p-value ≤ 0.05), peptidylprolyl isomerase A (PPIA) (0.43-fold; 
p-value ≤ 0.05), caspase 8 (CASP8) (0.48-fold; p-value ≤ 0.05), caspase 1 (CASP1) (0.37-fold; p-value ≤ 0.05), gly-
cogen phosphorylase (PYGL) (0.39-fold; p-value ≤ 0.05), calpain 2 (CAPN2) (0.51-fold; p-value ≤ 0.05), PYD 
and CARD domain containing (PYCARD) (0.43-fold; p-value ≤ 0.05), eukaryotic translation initiation factor 
2 alpha kinase 2 (EIF2AK2) (0.44-fold; p-value ≤ 0.05) and high mobility group box  1 (HMGB1) (0.41-fold; 
p-value ≤ 0.05) in OKF6/TERT1-Shammah cells.

Alteration of protein kinase mediated signaling. Protein kinases play key regulatory role in signal-
ing cascade which affect cell cycle regulation, growth and differentiation. Aberrant regulation of kinase activ-
ity leads to dysregulation of key cell signaling pathways which are responsible for multiple disease conditions 
including cancer. We used Kinase-Substrate Enrichment Analysis (KSEA) tool for the characterisation of kinase 
activity from the phosphoproteomics data set. Rho associated coiled-coil containing protein kinase 1 (ROCK1), 
Raf-1 proto-oncogene, serine/threonine kinase (RAF1), protein kinase C epsilon (PRKCE) and homeodomain 
interacting protein kinase 2 (HIPK2) were predicted to be significantly enriched (Fig. 4). ROCK1 (p = 0.017; 
z-score = 2.1), RAF1 (p = 0.017; z-score = 2.1) and PRKCE (p = 0.017; z-score = 2.1) were predicted to be activated 
and responsible for the phosphorylation of vimentin (VIM) at site S299. HIPK2 (p = 0.018; z-score = 2.07) was 
predicted to be activated upstream kinase of substrates HNRNPH1 (S104), H2AFX (S140), LMNA (S392), NCL 
(S563) and PKD2 (S812).

Discussion
Epidemiological studies have shown direct association of shammah exposure with development of oral lesions 
such as leukoplakia, erythroplakia and  OSCC9, 24. Genomic studies have identified driver mutations associated 
with oral cancer in shammah users. Though the first contact with shammah remains oral cavity, the precise 
molecular alterations in response to shammah exposure is lacking. In addition, the alterations induced by any 
tobacco product can be best appreciated by chronic exposure and not acute. We and others have shown the 
effect of chronic exposure to different forms of tobacco on multiple cell types using in vitro  models25–32. In this 
study, we have developed an in vitro cellular model to study the effect of chronic shammah exposure on oral 
keratinocytes. Non-neoplastic oral keratinocytes were chronically treated with shammah for a period of 6 months 
followed by evaluation of proteomic and phosphoproteomic alterations in response to chronic exposure to 
shammah. Our data indicates phenotypic alterations associated with oncogenic transformation in normal oral 
keratinocytes chronically treated with shammah. Shammah treated cells showed a higher rate of proliferation, 
colony formation and invasive ability compared to the parental cells, which is one of the hallmarks of malignant 
transformation. Our data indicates significant dysregulation of proteins and phosphorylated proteins in cells 
chronically treated with shammah.

KEGG pathway analysis of upregulated and/or hyperphosphorylated proteins showed enrichment of proteins 
in ECM and peroxisome mediated fatty acid oxidation. Frequently disorganised and dysregulation of ECM pro-
teins have been reported in multiple cancer types which stimulates tumor progression and metastasis. Tumor 
microenvironment plays a pivotal role in the formation and dissemination of cancer cells to distant locations. 
Alterations in cell adhesion and ECM disorganisation/remodelling are prerequisites for cancer invasion and 
metastasis. Overexpression of ECM factors have been associated with chemoresistance and is a marker for poor 
 prognosis33. Thrombospondin 1 (THBS1) (3.26-fold; p-value ≤ 0.05) which was significantly overexpressed in 
OKF6/TERT1-Shammah cells has been documented to be elevated in OSCC specimens induced by TGFBI which 
further promotes tumor migration and  invasion34. High expression levels of LAMC2 have been reported in vari-
ous cancer types such as lung carcinoma, colorectal carcinoma, and pancreatic  cancer35–38. Higher expression 
of LAMC2 was also shown to be associated with poor prognosis in ESCC  patients39. Elevated levels of LAMC2 
were observed in oral tongue squamous cell carcinoma and HNSCC tissues in comparison to normal  tissues40. 
We observed an overexpression of LAMC2 (3.51-fold; p-value ≤ 0.05) in OKF6/TERT1-Shammah compared to 
OKF6/TERT1-Parental cells. Fibronectin (FN1) is an extracellular matrix glycoprotein which binds collagen, 
fibrin and integrin receptors and plays a major role in cell migration and adhesion. Higher expression of FN1 
has been reported in various cancers including HNSCC, renal carcinoma and lung  cancer41–44. Our study shows 
significant overexpression of FN1 (3.60-fold; p-value ≤ 0.05) in OKF6/TERT1-Shammah cells.

Peroxisomes play an essential role in diverse metabolic activities and have been reported to be deregulated in 
various disease conditions including cancer. This includes prostate, hepatocellular, colorectal, breast and blad-
der  carcinoma45–48. Peroxisome mediated metabolism of ether phospholipids serves as an alternative source of 
energy to meet the energy requirements of highly proliferating cancer cells and has been well documented in 



6

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9397  | https://doi.org/10.1038/s41598-021-88345-x

www.nature.com/scientificreports/

Figure 3.  Chronic shammah treatment alters necroptosis pathway. Kyoto Encyclopedia of Genes and Genomes 
(KEGG)80 pathway analysis of downregulated and/or hypophosphorylated proteins (a) downregulated and/or 
hypophosphorylated proteins showed enrichment of metabolic pathway glycolysis and (b) necroptotic pathway. 
Proteins color coded in red are enriched in our dataset.
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multiple  cancers49. Potential role of peroxisomes in tumorigenesis is supported by its crosstalk with mitochon-
dria in beta-oxidation of fatty  acids50. Peroxisome containing proteins/enzymes have either oncogenic or tumor 
suppressor effect on tumor growth which in turn depends on the tumor cell type and tumor microenvironment. 
Higher expression of PEX14 has been reported in III and IV grade glioma both at transcriptomic and proteomic 
levels in comparison to normal healthy brain  specimens51. We observed increased expression of PEX14 (2.2-fold; 
p-value ≤ 0.05) in shammah treated oral keratinocytes. Higher expression of ACOX1 is reported in both human 
epidermal growth factor receptor 2 (HER2) and estrogen receptor (ER) positive breast cancers and has been 
associated with poor  survival52. ACOX1 has been shown to promote tumorigenesis in hepatocellular carcinoma 
by the succinylation of ACOX1 with concomitant downregulation of sirtuin 5 (SIRT5)53. In concordance with 
these studies ACOX1, which is integral part of peroxisomal pathway, was found to be overexpressed in OKF6/
TERT1-Shammah cells.

Necroptosis is initiated by tumor necrosis factor (TNF), TNF-related apoptosis-inducing ligand (TRAIL), Fas 
ligand (FasL) and many other agents which further requires activity of receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) and receptor-interacting serine/threonine-protein kinase 3 (RIPK3). Fas-associated 
protein with death domain (FADD) and caspase-8 proteins forms complex with RIPK1 and RIPK3 to mediate 
necroptosis. The role of necroptosis in cancer biology is quite complicated; expression of some of the key signal-
ing proteins associated with necroptosis are reported to be downregulated in majority of  cancers54, 55. Reduced 
expression of necroptotic factors favours cancer progression and metastasis. Promoter hypermethylation of 
FADD gene and its reduced expression has been reported in OSCC patients compared to healthy  cases56. How-
ever, there are limited studies which describe the tumor promoting or oncogenic role of necroptotic pathway. A 
study by Li et al.; has shown necroptosis promotes tumor migration and invasion by releasing damage-associated 
molecular patterns (DAMPs) in head and neck squamous cell  carcinoma57. We observed reduced expression of 
necroptotic proteins in shammah treated oral keratinocytes which could possibly be responsible for transforma-
tion of normal non-transformed oral cells.

Recent advances in cancer research have established the crucial role of kinases in modulating carcinogen-
esis/metastasis and are considered to be key therapeutic targets in multiple tumor  malignancies58. KSEA based 
analysis of our data set revealed increased activity of four kinases ROCK1, RAF1, PRKCE and HIPK2. Vimentin 
is known to be phosphorylated by ROCK1, RAF1, and PRKCE at S299. ROCK1 is frequently upregulated in 
various malignancies including OSCC. A study by Jin et al.; has shown overexpression of ROCK1 in OSCC 
tumor tissues in comparison to healthy  controls59. PRKCE is known to be implicated in EMT by which it medi-
ates the motility of cells and tumor invasion. It also affects the ECM interactions by regulating the assembly of 
cytoskeletal elements within the cell. Nevertheless, PRKCE activation has a protective role in cardiac and brain 
ischemia while its aberrant activation induces cell proliferation, disruption of cell–cell contacts, tumor progres-
sion and metastasis. Higher expression of PRKCE is reported in multiple cancer types such as HNSCC, breast 
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Figure 4.  Alteration of protein kinase mediated signaling. Kinase–Substrate Enrichment Analysis (KSEA) 
tool scores each kinase based on the relative hyper or hypophosphorylation of its substrates. The positive or 
negative score implies increase or decrease in kinase’s overall activity as compared to the control. The kinases 
which are color coded in red are significantly activated in shammah treated oral keratinocytes.
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cancer and lung  cancer60. RAF1 is a part of the signaling module RAS/RAF/ERK pathway and its dysregulation 
is associated with colorectal and thyroid  carcinoma61–63. Moreover, invasive property of lung cancer cells A549 
was significantly increased on RAF1  transfection64. HIPK2 regulates the expression of various genes by interact-
ing with homeobox genes and is found to be significantly overexpressed in cervical and prostate  carcinoma65, 66.

Interestingly, we observed many differentially phosphorylated proteins that were unaltered at the protein 
expression level in OKF6/TERT1-Shammah cells. Proteins such as myeloid leukemia factor 2 (MLF2), ladinin-1 
(LAD1), apoptotic chromatin condensation inducer in the nucleus isoform 1 (ACIN1), keratin, type II cytoskel-
etal 8 isoform 1 (KRT8), RNA-binding protein 10 isoform X1 (RBM10), lamin-B2 (LMNB2), and collagen alpha-
1(XVII) chain (COL17A1) amongst others were found to be significantly hyperphosphorylated (p-value ≤ 0.05) 
while they showed no change in protein expression in response to shammah exposure. Phosphorylation of 
MLF2 at serine 24 plays an essential role in the proliferation and oncogenicity in chronic myelogenous leukemia 
(CML)67. LAD1 is a downstream phosphoserine and phosphothreonine effector protein of EGFR/ERK signaling 
pathway and its phosphorylation has been seen to control cell proliferation and migration in untransformed 
mammary epithelial cells on stimulation with  EGF68. ACIN1 is serine/arginine-rich domain (SR proteins) protein 
which aids in mRNA splicing and processing. It was shown to regulate the expression of Cyclin A1 via SRPK2 
mediated phosphorylation in human leukemia cells and patients with myeloid hematological  malignancies69. 
Phosphoproteomic study carried out by Ruan et al.; has shown KRT8 as downstream target of EGFR mediated 
signaling network in nasopharyngeal  carcinoma70. Similarly, proteins heat shock protein HSP 90-beta isoform 
X1 (HSP90AB1), ubiquitin carboxyl-terminal hydrolase 24 isoform X1 (USP24), myosin-9 isoform X1 (MYH9), 
integrin beta-4 isoform X1 (ITGB4), serine/arginine-rich splicing factor 2 (SRSF2), high mobility group pro-
tein HMG-I/HMG-Y isoform a (HMGA1), cyclin-dependent kinase 2 isoform X1 (CDK2), proline-rich AKT1 
substrate 1 isoform a (AKT1S1), and eukaryotic translation initiation factor 4B isoform 1 (EIF4B) were found 
to be significantly hypophosphorylated (p-value ≤ 0.05) although their protein expression remained unaltered 
in OKF6/TERT1-Shammah cells. Phosphorylation of HSP90AB1 at  Ser255 was found to be associated with lung 
adenocarcinoma. Site specific inhibition of HSP90AB1 phosphorylation (Ser 255) leads to suppression of key 
signaling pathways involved in cancer progression and metastasis, including the MAPK/ERK  cascade71. Protein 
tyrosine phosphatase 1B (PTP1B) positively regulates the EGFR expression by dephosphorylating MYH9 at 
Y1408 to promote cell migration and invasion in  ESCC72.

Our study presents the first comprehensive analysis of proteome and phosphoproteome of oral keratinocytes 
exposed to shammah tobacco preparation. Our findings indicate the chronic exposure of oral keratinocytes to 
shammah results in the altered expression/phosphorylation of multiple proteins/kinases which play a critical 
role in ECM modulation, lipid metabolism, necroptosis and cancer signaling. These findings will serve as a rich 
resource to understand the molecular underpinnings of shammah induced OSCC. Our results are corroborating 
with previously published studies and we hypothesise that altered expression/phosphorylation of these proteins 
play an essential role in shammah induced transformation of oral keratinocytes leading to malignancy. However, 
given the tumor complexity and heterogeneity, these findings warrant further experimentation and clinical 
validation in larger cohorts of OSCC patients habitual of shammah smoking.

Materials and methods
Preparation of shammah extract. Shammah was procured from Jazan, Saudi Arabia. 50 g of shammah 
homogenized in 100 ml of 1× phosphate buffer saline (PBS). The mixture was stirred at 37 °C for 24 h, followed 
by centrifugation at 2000g for 15 min. The supernatant was collected, filtered using a Whatman filter paper, and 
sterilized using 0.22 µm filter. This was considered as 100% extract of shammah. The shammah extract was ali-
quoted and stored at 80 °C until further use.

Treatment of OKF6/TERT1 cells with shammah. Human oral keratinocytes OKF6/TERT1 cells were 
a generous gift from Dr. James Rheinwald (Brigham and Women’s Hospital, Boston, MA). OKF6/TERT1 cells are 
normal non-transformed oral mucosal epithelial cells immortalized by  hTERT19. OKF6/TERT1 were cultured 
and maintained in keratinocytes serum free medium (KSFM) supplemented with 1% penicillin/streptomycin, 
 CaCl2 (0.4  mM), bovine pituitary extract (25  µg/ml) and epidermal growth factor (EGF) (0.2  ng/ml). Cells 
were grown at 37 °C in a humidified 5%  CO2 incubator. OKF6/TERT1 cells were treated with 0.1% of sham-
mah extract for a period of 6 months to study chronic shammah exposure. Untreated parental OKF6/TER1 
cells which were not treated with shammah were maintained for the same duration. Henceforth, OKF6/TERT1 
cells treated with shammah are referred as “OKF6/TERT1-Shammah” and parental control cells are referred as 
“OKF6/TERT1-Parental” cells.

Cell proliferation assays. OKF6/TERT1-Parental and OKF6/TERT1-Shammah cells were seeded in 
96-well plate at a density of 5 ×  103 cells/ well. Cellular proliferation was monitored for 4  days using MTT 
(3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide) assays as previously  described73. Absorbance 
was measured at 570 nm and 650 nm. All experiments were carried out in triplicate and repeated thrice. Paired 
t-test was carried out to evaluate the difference between the control and treated groups. P-value < 0.05 was con-
sidered to be significant.

Colony formation assays. Colony formation assays were carried out as described  previously25. Briefly, 
OKF6/TERT1-Parental and OKF6/TERT1-Shammah cells were seeded in triplicate at a density of 3 ×  103/well 
in 6-well plates and cells with complete media. Cell colonies were allowed to grow for 10–14 days, before the 
colonies were fixed with methanol and stained with 4% methylene blue solution.
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Colonies formed was counted for ten randomly selected viewing fields and representative images were pho-
tographed at 2.5× magnification. All experiments were performed in triplicate and repeated thrice.

Cell invasion assays. Invasion assays were performed in a transwell system (BD Biosciences) with Matrigel-
coated filters, and cellular invasion was evaluated after 48 h as described  previously25. Invasiveness of the cells 
was assayed in the membrane invasion culture system using polyethylene terephthalate (PET) membrane (8-μm 
pore size) in the upper compartment of a transwell coated with Matrigel (BD BioCoat Matrigel Invasion Cham-
ber; BD Biosciences). OKF6/TERT1-Parental and OKF6/TERT1-Shammah were seeded at a density of 2 ×  104 
cells/well in serum free media in the upper compartment of the transwell. The lower compartment was filled 
with complete growth media and the plates were maintained at 37 °C for 48 h. At the end of the incubation 
time, the upper surface of the insert membrane was wiped with a cotton-tip applicator to remove non-migratory 
cells. Cells that have invaded the matrigel to the lower surface of the membrane were fixed and stained with 
4% methylene blue (Sigma, St. Loius, MO) in 50% methanol. All experiments were carried out in triplicates 
and repeated thrice. The number of cells that invaded were counted for 10 randomly selected fields and imaged 
at 10× magnification. Paired t-test was carried out to evaluate the difference between the control and treated 
groups. P-value < 0.05 was considered to be significant.

Protein extraction. OKF6/TERT1-Parental and OKF6/TERT1-Shammah were cultured and grown till 
80% confluence. The cells were serum starved for 8 h in ice-cold 1X PBS, lysed in 2% of SDS buffer (2% SDS, 
5 mM sodium fluoride, 1 mM β-glycerophosphate, 1 mM sodium orthovanadate in 50 mM Triethyl ammo-
nium bicarbonate (TEABC) followed by sonication (Branson Sonifier, Danbury, CT) and centrifugation. The 
cell lysates were sonicated at 40% amplitude and centrifuged at 12,000 rpm for 10 min. Protein was precipitated 
overnight at − 80 °C using the ice cold acetone. The samples were centrifuged at 12,000 rpm for 15 min; the 
acetone was removed and air-dried. The pellet was then dissolved in 4 M urea. Protein estimation was carried 
out using bicinchoninic acid assays (BCA) method (Thermo Scientific, Bremen, Germany)74. Equal amounts 
of protein from each cell line were reduced using dithiothreitol (DTT) at 60 °C for 20 min and alkylated with 
iodoacetamide (IAA) for 10 min at room temperature. Proteins were then digested using Lysyl Endopeptidase, 
Mass Spectrometry Grade (Catalog#125-05061, Wako, Richmond, VA) at 1:100 enzyme to protein ratio for 4 h 
at 37 °C. After 4 h, the urea concentration was reduced from 4 to 2 M using 50 mM TEABC. The samples were 
then digested using TPCK-treated trypsin (Worthington, NJ) at a 1:20 enzyme to protein ratio for 16 h at 37 °C. 
The samples were cleaned using Sep-PAK Classic  C18 columns (Catalog#WAT051910, Waters, Milford, MA).The 
samples were then completely dried and reconstituted in 50 mM TEABC buffer.

TMT labeling and basic reversed‑phase liquid chromatography (bRPLC). After tryptic digestion 
of proteins, the peptides were labelled with tandem mass tag (TMT) reagents as described  previously25. Briefly, 
peptide samples were dissolved in 50 mM TEABC (pH 8.0) and added to TMT reagents dissolved in anhydrous 
acetonitrile. Peptides from OKF6/TERT1-Parental and OKF6/TERT1-Shammah cells were labelled with 129 
and 130 TMT tags, respectively. After 60 min incubation at room temperature, the reaction was quenched with 
5% hydroxylamine. The labelled samples were pooled and subjected to fractionation. The 96 fractions obtained 
were concatenated into 6 fractions.

Phosphopeptide enrichment using titanium dioxide. To carry out phosphoproteomic, phosphopep-
tide enrichment was carried out using  TiO2-based enrichment method, as described  previously75. Briefly,  TiO2 
beads were washed with 5% 2,5-dihydroxybenzoic acid (DHB) at room temperature for 2 h using a rotor. Peptide 
fractions were dissolved in 5% DHB containing  TiO2 beads and incubated for 30 min while placed on the rotor. 
Following this,  TiO2 beads were washed repeatedly and eluted with 2% ammonia. The enriched peptides were 
vacuum-dried and desalted using  C18 Stage Tips. The enriched and desalted peptides were further taken for LC/
MS/MS analysis.

LC–MS/MS analysis. Enriched phosphopeptides and total proteome were analyzed in triplicate on Orbit-
rap Fusion Tribrid mass spectrometer (Thermo Scientific) that was interfaced with nanoACQUITY UPLC liquid 
chromatography system (Waters, Milford, MA). Peptides reconstituted in 0.1% formic acid were loaded onto a 
trap column (180 µm × 20 mm, Acquity UPLC M-Class V/M symmetry) at a flow rate of 5 µL/min. The peptides 
were then resolved on an analytical column (75 µm × 200 mm Acquity UPLC Peptide BEH C18 nano column) at 
a flow rate of 300 nl/min using 10–35% solvent B (0.1% formic acid in 95% acetonitrile) for 97 min and 35–70% 
solvent B for 97 to 99 min. The MS and MS/MS scans were acquired at a mass resolution of 60,000 and 50,000 at 
200 m/z. Full MS scans were acquired in the m/z range of 350–1400. Precursor ions with single charge or unas-
signed charge were rejected. Dynamic exclusion of fragmented precursor ions was set to 60 s.

Data analysis. Proteome Discoverer software suite (https:// www. therm ofish er. com/ store/ produ cts/ 
OPTON- 30945#/ OPTON- 30945, version 2.2.0.388, Thermo Fisher Scientific) was used for MS/MS searches 
using SEQUEST (version 2.4.1) algorithms against NCBI RefSeq human protein database (version 89). The 
search parameters included trypsin as the protease with a maximum of 2 missed cleavages; oxidation of methio-
nine was set as a dynamic modification, carbamidomethylation of cysteine and TMT modification at peptide 
N-terminus and lysine were set as static modifications. For phosphoproteomic data, phosphorylation of serine, 
threonine, and tyrosine were defined as additional dynamic modifications. Precursor ion mass tolerance and 
fragment ion mass tolerance were allowed with 20 ppm and 0.05 Da, respectively and all the PSMs were identi-

https://www.thermofisher.com/store/products/OPTON-30945#/OPTON-30945
https://www.thermofisher.com/store/products/OPTON-30945#/OPTON-30945
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fied with 1%  FDR76. A false discovery rate of 1% was applied to peptide and protein levels. Proteins identified 
by at least one unique peptide were taken for further analysis. The ratio was calculated as follows: 130 (OKF6/
TERT1-Shammah)/129 (OKF6/TERT1-Parental).

Bioinformatics analysis. Student’s t-test of all quantified proteins and phosphopeptides in OKF6/TERT1-
Parental and OKF6/TERT1-Shammah cells was calculated using Perseus proteomics software (Version 1.6.2.2). 
Pathway analysis of differentially expressed/or phosphorylated proteins were carried out using clusterProfiler 
package in R (version 4.0.0) with Kyoto Encyclopedia of Genes and Genomes (KEGG) database  resource77, 78. To 
identify and visualise kinase level annotations from the phosphoproteomic dataset we have used Kinase–Sub-
strate Enrichment Analysis (KSEA) App. KSEA tool scores each kinase based on the relative hyper or hypophos-
phorylation of its substrates, as identified from phosphosite-specific Kinase–Substrate (K–S) databases. The 
positive or negative score implies increase or decrease in kinase’s overall activity as compared to the  control79.

Received: 22 August 2020; Accepted: 8 March 2021

References
 1. Kirave, P. et al. Exosome mediated miR-155 delivery confers cisplatin chemoresistance in oral cancer cells via epithelial-mesen-

chymal transition. Oncotarget 11, 1157–1171. https:// doi. org/ 10. 18632/ oncot arget. 27531 (2020).
 2. Goertzen, C. et al. Oral inflammation promotes oral squamous cell carcinoma invasion. Oncotarget 9, 29047–29063. https:// doi. 

org/ 10. 18632/ oncot arget. 25540 (2018).
 3. Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA Cancer J. Clin. 68, 394–424. https:// doi. org/ 10. 3322/ caac. 21492 (2018).
 4. Saraiya, M. et al. US assessment of HPV types in cancers: Implications for current and 9-valent HPV vaccines. J. Natl. Cancer Inst. 

107, djv086. https:// doi. org/ 10. 1093/ jnci/ djv086 (2015).
 5. Bradley, G., Magalhaes, M. A. & Hyrcza, M. Mutational signatures in oral cancer indicate a complex role for tobacco smoke car-

cinogens. Oral Dis. https:// doi. org/ 10. 1111/ odi. 12665 (2017).
 6. Rodu, B. & Jansson, C. Smokeless tobacco and oral cancer: A review of the risks and determinants. Crit. Rev. Oral Biol. Med. 15, 

252–263 (2004).
 7. Kuper, H., Boffetta, P. & Adami, H. O. Tobacco use and cancer causation: Association by tumour type. J. Intern. Med. 252, 206–224 

(2002).
 8. Raj, A. T., Patil, S., Sarode, S. C. & Sarode, G. S. Systematic reviews and meta-analyses on smokeless tobacco products should 

include Shammah. Nicotine Tob. Res. https:// doi. org/ 10. 1093/ ntr/ nty144 (2018).
 9. Al-Tayar, B. A., Tin-Oo, M. M., Sinor, M. Z. & Alakhali, M. S. Association between shammah use and oral leukoplakia-like lesions 

among adult males in Dawan valley, Yemen. Asian Pac. J. Cancer Prev. 16, 8365–8370 (2015).
 10. Alharbi, F. & Quadri, M. F. A. Individual and integrated effects of potential risk factors for oral squamous cell carcinoma: A 

hospital-based case-control study in Jazan, Saudi Arabia. Asian Pac. J. Cancer Prev. 19, 791–796. https:// doi. org/ 10. 22034/ APJCP. 
2018. 19.3. 791 (2018).

 11. Nasher, A. T., Al-Hebshi, N. N., Al-Moayad, E. E. & Suleiman, A. M. Viral infection and oral habits as risk factors for oral squamous 
cell carcinoma in Yemen: A case-control study. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 118, 566–572.e561. https:// doi. org/ 
10. 1016/j. oooo. 2014. 08. 005 (2014).

 12. Idris, A. et al. Relative frequency of oral malignancies and oral precancer in the biopsy service of Jazan Province, 2009–2014. Asian 
Pac. J. Cancer Prev. 17, 519–525 (2016).

 13. Hannan, M. A., El-Yazigi, A., Paul, M., Gibson, D. P. & Phillips, R. L. Genotoxicity of “shamma”, a chewing material suspected of 
causing oral cancer in Saudi Arabia. Mutat. Res. 169, 41–46 (1986).

 14. Al-Hebshi, N. N. et al. Exome sequencing of oral squamous cell carcinoma in users of Arabian snuff reveals novel candidates for 
driver genes. Int. J. Cancer 139, 363–372. https:// doi. org/ 10. 1002/ ijc. 30068 (2016).

 15. Ljungberg, L. U., Persson, K., Eriksson, A. C., Green, H. & Whiss, P. A. Effects of nicotine, its metabolites and tobacco extracts on 
human platelet function in vitro. Toxicol. In Vitro 27, 932–938. https:// doi. org/ 10. 1016/j. tiv. 2013. 01. 004 (2013).

 16. Bagchi, M., Bagchi, D. & Stohs, S. J. In vitro effects of a smokeless tobacco extract on the production of reactive oxygen species by 
human oral epidermal cells and rat hepatic mitochondria and microsomes, and peritoneal macrophages. Arch. Environ. Contam. 
Toxicol. 30, 418–422. https:// doi. org/ 10. 1007/ BF002 12303 (1996).

 17. Rohatgi, N., Kaur, J., Srivastava, A. & Ralhan, R. Smokeless tobacco (khaini) extracts modulate gene expression in epithelial cell 
culture from an oral hyperplasia. Oral Oncol. 41, 806–820. https:// doi. org/ 10. 1016/j. oralo ncolo gy. 2005. 04. 010 (2005).

 18. Abdelwahab, S. I., Mohan, S., Taha, M. M., Alsanosy, R. B. & Karimian, H. Assessment of cytotoxicity of smokeless tobacco (Sham-
mah) in Hepg2 and WRL68 cells line. Pharmacogn. J. 7, 6. https:// doi. org/ 10. 5530/ pj. 2015.4.6 (2015).

 19. Dickson, M. A. et al. Human keratinocytes that express hTERT and also bypass a p16(INK4a)-enforced mechanism that limits life 
span become immortal yet retain normal growth and differentiation characteristics. Mol. Cell. Biol. 20, 1436–1447. https:// doi. 
org/ 10. 1128/ mcb. 20.4. 1436- 1447. 2000 (2000).

 20. Ertao, Z. et al. Prognostic value of mixed lineage kinase domain-like protein expression in the survival of patients with gastric 
caner. Tumour Biol. 37, 13679–13685. https:// doi. org/ 10. 1007/ s13277- 016- 5229-1 (2016).

 21. Li, X. et al. Association of mixed lineage kinase domain-like protein expression with prognosis in patients with colon cancer. 
Technol. Cancer Res. Treat. 16, 428–434. https:// doi. org/ 10. 1177/ 15330 34616 655909 (2017).

 22. McCormick, K. D. et al. Innate immune signaling through differential RIPK1 expression promote tumor progression in head and 
neck squamous cell carcinoma. Carcinogenesis 37, 522–529. https:// doi. org/ 10. 1093/ carcin/ bgw032 (2016).

 23. Koo, G. B. et al. Methylation-dependent loss of RIP3 expression in cancer represses programmed necrosis in response to chemo-
therapeutics. Cell Res. 25, 707–725. https:// doi. org/ 10. 1038/ cr. 2015. 56 (2015).

 24. Alsanosy, R. M. Smokeless tobacco (shammah) in Saudi Arabia: A review of its pattern of use, prevalence, and potential role in 
oral cancer. Asian Pac. J. Cancer Prev. 15, 6477–6483. https:// doi. org/ 10. 7314/ apjcp. 2014. 15. 16. 6477 (2014).

 25. Bhat, M. Y. et al. Cigarette smoke and chewing tobacco alter expression of different sets of miRNAs in oral keratinocytes. Sci. Rep. 
8, 7040. https:// doi. org/ 10. 1038/ s41598- 018- 25498-2 (2018).

 26. Chang, S. S. et al. Chronic cigarette smoke extract treatment selects for apoptotic dysfunction and mitochondrial mutations in 
minimally transformed oral keratinocytes. Int. J. Cancer 126, 19–27. https:// doi. org/ 10. 1002/ ijc. 24777 (2010).

 27. Chang, X. et al. Adenylate kinase 3 sensitizes cells to cigarette smoke condensate vapor induced cisplatin resistance. PLoS ONE 6, 
e20806. https:// doi. org/ 10. 1371/ journ al. pone. 00208 06 (2011).

https://doi.org/10.18632/oncotarget.27531
https://doi.org/10.18632/oncotarget.25540
https://doi.org/10.18632/oncotarget.25540
https://doi.org/10.3322/caac.21492
https://doi.org/10.1093/jnci/djv086
https://doi.org/10.1111/odi.12665
https://doi.org/10.1093/ntr/nty144
https://doi.org/10.22034/APJCP.2018.19.3.791
https://doi.org/10.22034/APJCP.2018.19.3.791
https://doi.org/10.1016/j.oooo.2014.08.005
https://doi.org/10.1016/j.oooo.2014.08.005
https://doi.org/10.1002/ijc.30068
https://doi.org/10.1016/j.tiv.2013.01.004
https://doi.org/10.1007/BF00212303
https://doi.org/10.1016/j.oraloncology.2005.04.010
https://doi.org/10.5530/pj.2015.4.6
https://doi.org/10.1128/mcb.20.4.1436-1447.2000
https://doi.org/10.1128/mcb.20.4.1436-1447.2000
https://doi.org/10.1007/s13277-016-5229-1
https://doi.org/10.1177/1533034616655909
https://doi.org/10.1093/carcin/bgw032
https://doi.org/10.1038/cr.2015.56
https://doi.org/10.7314/apjcp.2014.15.16.6477
https://doi.org/10.1038/s41598-018-25498-2
https://doi.org/10.1002/ijc.24777
https://doi.org/10.1371/journal.pone.0020806


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9397  | https://doi.org/10.1038/s41598-021-88345-x

www.nature.com/scientificreports/

 28. Nanjappa, V. et al. Chronic exposure to chewing tobacco selects for overexpression of stearoyl-CoA desaturase in normal oral 
keratinocytes. Cancer Biol. Ther. 16, 1593–1603. https:// doi. org/ 10. 1080/ 15384 047. 2015. 10780 22 (2015).

 29. Rajagopalan, P. et al. Role of protein kinase N2 (PKN2) in cigarette smoke-mediated oncogenic transformation of oral cells. J. Cell 
Commun. Signal. 12, 709–721. https:// doi. org/ 10. 1007/ s12079- 017- 0442-2 (2018).

 30. Rajagopalan, P. et al. Molecular alterations associated with chronic exposure to cigarette smoke and chewing tobacco in normal 
oral keratinocytes. Cancer Biol. Ther. 19, 773–785. https:// doi. org/ 10. 1080/ 15384 047. 2018. 14707 24 (2018).

 31. Patil, S. et al. Chronic shisha exposure alters phosphoproteome of oral keratinocytes. J. Cell Commun. Signal. 13, 281–289. https:// 
doi. org/ 10. 1007/ s12079- 019- 00528-4 (2019).

 32. Patil, S. et al. Proteomic changes in oral keratinocytes chronically exposed to shisha (water pipe). OMICS 23, 86–97. https:// doi. 
org/ 10. 1089/ omi. 2018. 0173 (2019).

 33. Henke, E., Nandigama, R. & Ergun, S. Extracellular matrix in the tumor microenvironment and its impact on cancer therapy. 
Front. Mol. Biosci. 6, 160. https:// doi. org/ 10. 3389/ fmolb. 2019. 00160 (2019).

 34. Pal, S. K. et al. THBS1 is induced by TGFB1 in the cancer stroma and promotes invasion of oral squamous cell carcinoma. J. Oral 
Pathol. Med. 45, 730–739. https:// doi. org/ 10. 1111/ jop. 12430 (2016).

 35. Hlubek, F., Jung, A., Kotzor, N., Kirchner, T. & Brabletz, T. Expression of the invasion factor laminin gamma2 in colorectal carci-
nomas is regulated by beta-catenin. Can. Res. 61, 8089–8093 (2001).

 36. Kagesato, Y. et al. Sole expression of laminin gamma 2 chain in invading tumor cells and its association with stromal fibrosis in 
lung adenocarcinomas. Jpn. J. Cancer Res. 92, 184–192. https:// doi. org/ 10. 1111/j. 1349- 7006. 2001. tb010 81.x (2001).

 37. Soini, Y., Maatta, M., Salo, S., Tryggvason, K. & Autio-Harmainen, H. Expression of the laminin gamma 2 chain in pancreatic 
adenocarcinoma. J. Pathol. 180, 290–294. https:// doi. org/ 10. 1002/ (SICI) 1096- 9896(199611) 180:3% 3c290:: AID- PATH6 61% 3e3.0. 
CO;2-6 (1996).

 38. Pyke, C. et al. Laminin-5 is a marker of invading cancer cells in some human carcinomas and is coexpressed with the receptor for 
urokinase plasminogen activator in budding cancer cells in colon adenocarcinomas. Can. Res. 55, 4132–4139 (1995).

 39. Yamamoto, H., Itoh, F., Iku, S., Hosokawa, M. & Imai, K. Expression of the gamma(2) chain of laminin-5 at the invasive front is 
associated with recurrence and poor prognosis in human esophageal squamous cell carcinoma. Clin. Cancer Res. 7, 896–900 (2001).

 40. Zhong, P. et al. Five extracellular matrix-associated genes upregulated in oral tongue squamous cell carcinoma: An integrated 
bioinformatics analysis. Oncol. Lett. 18, 5959–5967. https:// doi. org/ 10. 3892/ ol. 2019. 10982 (2019).

 41. Devriese, L. A. et al. Circulating tumor cell detection in advanced non-small cell lung cancer patients by multi-marker QPCR 
analysis. Lung Cancer 75, 242–247. https:// doi. org/ 10. 1016/j. lungc an. 2011. 07. 003 (2012).

 42. Waalkes, S. et al. Fibronectin 1 mRNA expression correlates with advanced disease in renal cancer. BMC Cancer 10, 503. https:// 
doi. org/ 10. 1186/ 1471- 2407- 10- 503 (2010).

 43. Ryu, M. H., Park, H. M., Chung, J., Lee, C. H. & Park, H. R. Hypoxia-inducible factor-1alpha mediates oral squamous cell carci-
noma invasion via upregulation of alpha5 integrin and fibronectin. Biochem. Biophys. Res. Commun. 393, 11–15. https:// doi. org/ 
10. 1016/j. bbrc. 2010. 01. 060 (2010).

 44. Warawdekar, U. M. et al. Elevated levels and fragmented nature of cellular fibronectin in the plasma of gastrointestinal and head 
and neck cancer patients. Clin. Chim. Acta 372, 83–93. https:// doi. org/ 10. 1016/j. cca. 2006. 03. 023 (2006).

 45. Valenca, I. et al. Prostate cancer proliferation is affected by the subcellular localization of MCT2 and accompanied by significant 
peroxisomal alterations. Cancers https:// doi. org/ 10. 3390/ cance rs121 13152 (2020).

 46. Cai, M. et al. Disruption of peroxisome function leads to metabolic stress, mTOR inhibition, and lethality in liver cancer cells. 
Cancer Lett. 421, 82–93. https:// doi. org/ 10. 1016/j. canlet. 2018. 02. 021 (2018).

 47. Park, J. I. & Kwak, J. Y. The role of peroxisome proliferator-activated receptors in colorectal cancer. PPAR Res. 2012, 876418. https:// 
doi. org/ 10. 1155/ 2012/ 876418 (2012).

 48. Zhou, M., Chinnaiyan, A. M., Kleer, C. G., Lucas, P. C. & Rubin, M. A. Alpha-methylacyl-CoA racemase: A novel tumor marker 
over-expressed in several human cancers and their precursor lesions. Am. J. Surg. Pathol. 26, 926–931. https:// doi. org/ 10. 1097/ 
00000 478- 20020 7000- 00012 (2002).

 49. Liu, Q., Luo, Q., Halim, A. & Song, G. Targeting lipid metabolism of cancer cells: A promising therapeutic strategy for cancer. 
Cancer Lett. 401, 39–45. https:// doi. org/ 10. 1016/j. canlet. 2017. 05. 002 (2017).

 50. Schrader, M., Godinho, L. F., Costello, J. L. & Islinger, M. The different facets of organelle interplay—an overview of organelle 
interactions. Front. Cell Dev. Biol. 3, 56. https:// doi. org/ 10. 3389/ fcell. 2015. 00056 (2015).

 51. Benedetti, E. et al. Lipid metabolism impairment in human gliomas: Expression of peroxisomal proteins in human gliomas at dif-
ferent grades of malignancy. Int. J. Immunopathol. Pharmacol. 23, 235–246. https:// doi. org/ 10. 1177/ 03946 32010 02300 121 (2010).

 52. Kim, S., Lee, Y. & Koo, J. S. Differential expression of lipid metabolism-related proteins in different breast cancer subtypes. PLoS 
ONE 10, e0119473. https:// doi. org/ 10. 1371/ journ al. pone. 01194 73 (2015).

 53. Chen, X. F. et al. SIRT5 inhibits peroxisomal ACOX1 to prevent oxidative damage and is downregulated in liver cancer. EMBO 
Rep. https:// doi. org/ 10. 15252/ embr. 20174 5124 (2018).

 54. Zhu, F., Zhang, W., Yang, T. & He, S. D. Complex roles of necroptosis in cancer. J. Zhejiang Univ. Sci. B 20, 399–413. https:// doi. 
org/ 10. 1631/ jzus. B1900 160 (2019).

 55. Vucur, M. et al. RIP3 inhibits inflammatory hepatocarcinogenesis but promotes cholestasis by controlling caspase-8- and JNK-
dependent compensatory cell proliferation. Cell Rep. 4, 776–790. https:// doi. org/ 10. 1016/j. celrep. 2013. 07. 035 (2013).

 56. Saberi, E., Kordi-Tamandani, D. M., Jamali, S. & Rigi-Ladiz, M. A. Analysis of methylation and mRNA expression status of FADD 
and FAS genes in patients with oral squamous cell carcinoma. Medicina oral patologia oral y cirugia bucal 19, e562-568. https:// 
doi. org/ 10. 4317/ medor al. 19805 (2014).

 57. Li, J. et al. Necroptosis in head and neck squamous cell carcinoma: Characterization of clinicopathological relevance and in vitro 
cell model. Cell Death Dis. 11, 391. https:// doi. org/ 10. 1038/ s41419- 020- 2538-5 (2020).

 58. Lapenna, S. & Giordano, A. Cell cycle kinases as therapeutic targets for cancer. Nat. Rev. Drug Discov. 8, 547–566. https:// doi. org/ 
10. 1038/ nrd29 07 (2009).

 59. Jin, Z., Jiang, S., Jian, S. & Shang, Z. Long noncoding RNA MORT overexpression inhibits cancer cell proliferation in oral squamous 
cell carcinoma by downregulating ROCK1. J. Cell. Biochem. https:// doi. org/ 10. 1002/ jcb. 28449 (2019).

 60. Jain, K. & Basu, A. The multifunctional protein kinase C-epsilon in cancer development and progression. Cancers 6, 860–878. 
https:// doi. org/ 10. 3390/ cance rs602 0860 (2014).

 61. Borovski, T. et al. Inhibition of RAF1 kinase activity restores apicobasal polarity and impairs tumour growth in human colorectal 
cancer. Gut 66, 1106–1115. https:// doi. org/ 10. 1136/ gutjnl- 2016- 311547 (2017).

 62. Wang, F. et al. miR-195 is a key regulator of Raf1 in thyroid cancer. Onco. Targets. Ther. 8, 3021–3028. https:// doi. org/ 10. 2147/ 
OTT. S90710 (2015).

 63. Slattery, M. L., Lundgreen, A. & Wolff, R. K. MAP kinase genes and colon and rectal cancer. Carcinogenesis 33, 2398–2408. https:// 
doi. org/ 10. 1093/ carcin/ bgs305 (2012).

 64. Tian, H. et al. Raf1 is a prognostic factor for progression in patients with nonsmall cell lung cancer after radiotherapy. Oncol. Rep. 
39, 1966–1974. https:// doi. org/ 10. 3892/ or. 2018. 6277 (2018).

 65. Al-Beiti, M. A. & Lu, X. Expression of HIPK2 in cervical cancer: Correlation with clinicopathology and prognosis. Aust. N. Z. J. 
Obstet. Gynaecol. 48, 329–336. https:// doi. org/ 10. 1111/j. 1479- 828X. 2008. 00874.x (2008).

https://doi.org/10.1080/15384047.2015.1078022
https://doi.org/10.1007/s12079-017-0442-2
https://doi.org/10.1080/15384047.2018.1470724
https://doi.org/10.1007/s12079-019-00528-4
https://doi.org/10.1007/s12079-019-00528-4
https://doi.org/10.1089/omi.2018.0173
https://doi.org/10.1089/omi.2018.0173
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.1111/jop.12430
https://doi.org/10.1111/j.1349-7006.2001.tb01081.x
https://doi.org/10.1002/(SICI)1096-9896(199611)180:3%3c290::AID-PATH661%3e3.0.CO;2-6
https://doi.org/10.1002/(SICI)1096-9896(199611)180:3%3c290::AID-PATH661%3e3.0.CO;2-6
https://doi.org/10.3892/ol.2019.10982
https://doi.org/10.1016/j.lungcan.2011.07.003
https://doi.org/10.1186/1471-2407-10-503
https://doi.org/10.1186/1471-2407-10-503
https://doi.org/10.1016/j.bbrc.2010.01.060
https://doi.org/10.1016/j.bbrc.2010.01.060
https://doi.org/10.1016/j.cca.2006.03.023
https://doi.org/10.3390/cancers12113152
https://doi.org/10.1016/j.canlet.2018.02.021
https://doi.org/10.1155/2012/876418
https://doi.org/10.1155/2012/876418
https://doi.org/10.1097/00000478-200207000-00012
https://doi.org/10.1097/00000478-200207000-00012
https://doi.org/10.1016/j.canlet.2017.05.002
https://doi.org/10.3389/fcell.2015.00056
https://doi.org/10.1177/039463201002300121
https://doi.org/10.1371/journal.pone.0119473
https://doi.org/10.15252/embr.201745124
https://doi.org/10.1631/jzus.B1900160
https://doi.org/10.1631/jzus.B1900160
https://doi.org/10.1016/j.celrep.2013.07.035
https://doi.org/10.4317/medoral.19805
https://doi.org/10.4317/medoral.19805
https://doi.org/10.1038/s41419-020-2538-5
https://doi.org/10.1038/nrd2907
https://doi.org/10.1038/nrd2907
https://doi.org/10.1002/jcb.28449
https://doi.org/10.3390/cancers6020860
https://doi.org/10.1136/gutjnl-2016-311547
https://doi.org/10.2147/OTT.S90710
https://doi.org/10.2147/OTT.S90710
https://doi.org/10.1093/carcin/bgs305
https://doi.org/10.1093/carcin/bgs305
https://doi.org/10.3892/or.2018.6277
https://doi.org/10.1111/j.1479-828X.2008.00874.x


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9397  | https://doi.org/10.1038/s41598-021-88345-x

www.nature.com/scientificreports/

 66. Imberg-Kazdan, K. et al. A genome-wide RNA interference screen identifies new regulators of androgen receptor function in 
prostate cancer cells. Genome Res. 23, 581–591. https:// doi. org/ 10. 1101/ gr. 144774. 112 (2013).

 67. Yang, J. et al. The role of phosphorylation of MLF2 at serine 24 in BCR-ABL leukemogenesis. Cancer Gene Ther. 27, 98–107. https:// 
doi. org/ 10. 1038/ s41417- 019- 0152-4 (2020).

 68. Roth, L. et al. SILAC identifies LAD1 as a filamin-binding regulator of actin dynamics in response to EGF and a marker of aggres-
sive breast tumors. Sci. Signal. https:// doi. org/ 10. 1126/ scisi gnal. aan09 49 (2018).

 69. Jang, S. W. et al. Serine/arginine protein-specific kinase 2 promotes leukemia cell proliferation by phosphorylating acinus and 
regulating cyclin A1. Can. Res. 68, 4559–4570. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 08- 0021 (2008).

 70. Ruan, L. et al. Identification of tyrosine phosphoproteins in signaling pathway triggered TGF-a by using functional proteomics 
technology. Med. Oncol. 27, 1407–1414. https:// doi. org/ 10. 1007/ s12032- 009- 9394-6 (2010).

 71. Hu, C. W. et al. Temporal phosphoproteome dynamics induced by an ATP synthase inhibitor citreoviridin. Mol. Cell. Proteomics 
14, 3284–3298. https:// doi. org/ 10. 1074/ mcp. M115. 051383 (2015).

 72. Pan, B. Q. et al. PTP1B up-regulates EGFR expression by dephosphorylating MYH9 at Y1408 to promote cell migration and inva-
sion in esophageal squamous cell carcinoma. Biochem. Biophys. Res. Commun. 522, 53–60. https:// doi. org/ 10. 1016/j. bbrc. 2019. 
10. 168 (2020).

 73. Chatterjee, A., Mambo, E., Zhang, Y., Deweese, T. & Sidransky, D. Targeting of mutant hogg1 in mammalian mitochondria and 
nucleus: Effect on cellular survival upon oxidative stress. BMC Cancer 6, 235. https:// doi. org/ 10. 1186/ 1471- 2407-6- 235 (2006).

 74. Smith, P. K. et al. Measurement of protein using bicinchoninic acid. Anal. Biochem. 150, 76–85 (1985).
 75. Babu, N. et al. Phosphoproteomic analysis identifies CLK1 as a novel therapeutic target in gastric cancer. Gastric Cancer https:// 

doi. org/ 10. 1007/ s10120- 020- 01062-8 (2020).
 76. Baker, P. R., Medzihradszky, K. F. & Chalkley, R. J. Improving software performance for peptide electron transfer dissociation data 

analysis by implementation of charge state- and sequence-dependent scoring. Mol. Cell. Proteomics 9, 1795–1803. https:// doi. org/ 
10. 1074/ mcp. M110. 000422 (2010).

 77. Team, R. C. R: A Language and Environment for Statistical Computing. (2020).
 78. Yu, G., Wang, L. G., Han, Y. & He, Q. Y. clusterProfiler: An R package for comparing biological themes among gene clusters. OMICS 

16, 284–287. https:// doi. org/ 10. 1089/ omi. 2011. 0118 (2012).
 79. Wiredja, D. D., Koyuturk, M. & Chance, M. R. The KSEA App: A web-based tool for kinase activity inference from quantitative 

phosphoproteomics. Bioinformatics 33, 3489–3491. https:// doi. org/ 10. 1093/ bioin forma tics/ btx415 (2017).
 80. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. https:// doi. org/ 10. 1093/ 

nar/ 28.1. 27 (2000).

Acknowledgements
We thank the Department of Biotechnology (DBT), Government of India for research support to the Institute of 
Bioinformatics. Mohd Younis Bhat is a recipient of Senior Research Fellowship from Department of Biotechnol-
ogy (DBT), Government of India; Jayshree Advani and Niraj Babu are recipients of Senior Research Fellowship 
from the Council for Scientific and Industrial Research (CSIR), Government of India. Firdous A. Bhat is recipient 
of Senior Research Fellowship from the University Grants Commission (UGC), Government of India. We thank 
Dr. Anita Mahadevan of National Institute of Mental Health and Neurosciences (NIMHANS) for providing use 
of microscope facility. We thank Kanehisa Laboratories for granting permission (Ref: 210147) for use of KEGG 
Pathway images in Scientific Reports of Springer Nature Ltd to publish both in print and digital under the CC 
BY 4.0 open access license.

Author contributions
A.C., H.G. and N.A. participated in study conception and study design. P.R., T.S. and N.B. were involved in cell 
culture and performed all assays and experiments. S.V.M. and K.K.D. carried out sample preparation, fractiona-
tion and mass spectrometric analysis. M.Y.B. and F.A.B. carried out Proteome Discoverer searches for the analysis 
of .raw files. M.Y.B., J.A. and S.V.M. prepared the manuscript and manuscript figures. M.Y.B., J.A., S.V.M. and 
S.P. were involved in data analyses and interpretation. A.C., H.G. and D.S. edited, critically read and revised the 
manuscript. All the authors have read and approved the final manuscript.

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/ s41598- 021- 88345-x.

Correspondence and requests for materials should be addressed to H.G. or A.C.

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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1101/gr.144774.112
https://doi.org/10.1038/s41417-019-0152-4
https://doi.org/10.1038/s41417-019-0152-4
https://doi.org/10.1126/scisignal.aan0949
https://doi.org/10.1158/0008-5472.CAN-08-0021
https://doi.org/10.1007/s12032-009-9394-6
https://doi.org/10.1074/mcp.M115.051383
https://doi.org/10.1016/j.bbrc.2019.10.168
https://doi.org/10.1016/j.bbrc.2019.10.168
https://doi.org/10.1186/1471-2407-6-235
https://doi.org/10.1007/s10120-020-01062-8
https://doi.org/10.1007/s10120-020-01062-8
https://doi.org/10.1074/mcp.M110.000422
https://doi.org/10.1074/mcp.M110.000422
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bioinformatics/btx415
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1038/s41598-021-88345-x
https://doi.org/10.1038/s41598-021-88345-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Proteomic and phosphoproteomic profiling of shammah induced signaling in oral keratinocytes
	Results
	Chronic shammah treatment induces phenotypic alterations in oral keratinocytes. 
	Chronic treatment with shammah alters the cellular proteome and phosphoproteome. 
	Chronic treatment with shammah induces signaling associated with extracellular matrix and peroxisomal biogenesis. 
	Chronic shammah treatment alters necroptosis pathway. 
	Alteration of protein kinase mediated signaling. 

	Discussion
	Materials and methods
	Preparation of shammah extract. 
	Treatment of OKF6TERT1 cells with shammah. 
	Cell proliferation assays. 
	Colony formation assays. 
	Cell invasion assays. 
	Protein extraction. 
	TMT labeling and basic reversed-phase liquid chromatography (bRPLC). 
	Phosphopeptide enrichment using titanium dioxide. 
	LC–MSMS analysis. 
	Data analysis. 
	Bioinformatics analysis. 

	References
	Acknowledgements


