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Epithelial-mesenchymal  transition  (EMT)  is  a critical  process  that  occurs  during the  embryonic  devel-
opment,  wound  healing,  organ  fibrosis  and  the  onset  of  malignancy.  Emerging  evidence  suggests  that
the  EMT  is involved  in  the  invasion  and  metastasis  of  cancers.  The  inflammatory  reaction  antecedent  to
fibrosis  in  the onset  of  oral  submucous  fibrosis  (OSF)  and  the  role of  EMT  in its malignant  transformation
indicates  a hitherto  unexplored  involvement  of EMT.  This review  focuses  on  the  role of  EMT  markers
which  are  regulators  of  the EMT  mediated  complex  network  of  molecular  mechanisms  involved  in the
ral submucous fibrosis (OSF)
pithelial-mesenchymal transition (EMT)
ral squamous cell carcinoma (OSCC)
ype II EMT
ignaling pathways in EMT
ranscription factors in EMT

pathogenesis  of  OSF  and  OSCC.  Further  the  gene  enrichment  analysis  and  pathway  analysis  supports  the
association  of  the  upregulated  and  downregulated  genes  in various  EMT  regulating  pathways.

© 2020  The  Authors.  Published  by  Elsevier  Ltd on  behalf  of  The  Japanese  Association  for Dental
Science.  This  is  an open  access  article  under  the  CC BY-NC-ND  license  (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

unctional enrichment

. Introduction

Oral submucous fibrosis (OSF) is a chronic mucosal condition
ccurring predominantly among the Indians, possibly due to pro-

onged use of areca nut, leading to marked rigidity and inability to
pen the mouth [1]. The pathogenesis of OSF is not clearly under-
tood, but there is compelling evidence to suggest that OSF is a
esult of collagen deregulation [2]. Therefore, an increase in colla-
en formation concomitant with reduced collagen degradation is
ne of the plausible explanations for the onset of this condition [2].
n alarming complication associated with OSF is the higher risk of

ransforming to oral squamous cell carcinoma (OSCC). It has been
escribed that the pathological changes in the connective tissue of
SF are likely to affect the overlying epithelium and induce EMT
1].
OSCC is the most common type of oral cancer, which accounts for

.8% of all the cancers and 3.6% of cancer deaths [3]. Despite its ease

∗ Corresponding author.
E-mail address: raghu.ar@manipal.edu (R. Radhakrishnan).

ttps://doi.org/10.1016/j.jdsr.2020.07.002
882-7616/© 2020 The Authors. Published by Elsevier Ltd on behalf of The Japanese Ass

icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
of access for diagnosis and treatment, the mortality rate remains
high because of the increased risk of developing second primary
malignancy, which is the leading cause of death in patients with
head and neck cancer [4]. It is well-established that EMT  contributes
to the acquisition of invasive behavior, essential for metastasis and
invasion [5].

Although the experimental evidence points to the association
of EMT  in the mechanism of metastasis, its specific role in human
cancer needs to be further explored [6]. Identification of signa-
ture genes influencing EMT  may  unravel novel pathways, which
are critical to the progression of oral cancer. These markers of EMT
may  prove to be efficient targets to control the further spread and
improve the prognosis of OSCC. With this background, this review
focuses on the mechanisms and signaling pathways that direct the
change in the gene expression signatures inducing EMT  in OSF and
OSCC.
2. Epithelial to mesenchymal transition (EMT)

Epithelial to mesenchymal transition (EMT) is a biological pro-
cess involving the transition of a polarized epithelial cell into a cell

ociation for Dental Science. This is an open access article under the CC BY-NC-ND
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hat has the characteristics of a mesenchymal phenotype [7]. EMT
s crucial for developmental milestones such as gastrulation of the

etazoans, neural crest formation, and heart morphogenesis [8].
MT is shown to be elicited following chronic inflammation and
uring wound healing [9]. The role of EMT  has increasingly gained
ignificance as an essential process in fibrosis and carcinogenesis.
onsidering the involvement of EMT  in various physiological and
athological mechanisms, three types of EMTs have been described
7].

Type 1 EMT  is associated with implantation, embryo formation
nd organ development. This type of EMT  generates mesenchy-
al  cells that have the ability to undergo a further transition

o form secondary epithelia [7]. Type II EMT  is associated with
nflammation related to wound healing, organ fibrosis and tissue
egeneration [7]. Type III EMT  is associated with tumor formation,
rogression and metastasis [7]. Although the molecular basis for all
he three types of EMT  remains the same, the type I EMT  is a phys-
ological process during organogenesis, which further undergoes

ET  (Mesenchymal to epithelial transition) to form the secondary
pithelia, hence reversal in the expression of EMT  inducing genes
ay  be seen. Type II EMT  presents with upregulation of ECM pro-

eins and transcription factors bring about the phenotypic switch
o induce fibrosis. Type III EMT  exhibits change in the phenotype
ith the upregulation of EMT  associated genes to promote tissue

nvasion and metastasis of cancer cells [10].
EMT  is a process in which there is a reduced expression of

pithelial genes (E-cadherin) and an increase in the expression
f mesenchymal genes (N-cadherin) and EMT  transcription fac-
ors. Together with an altered localization of the �-catenin, the
pithelial cells lose their phenotype and intercellular adhesions
11]. Besides, there is an increased expression of Vimentin [12] sig-
ifying a mesenchymal change in the cytoskeleton. An increase in
enascin [13] implies that the matrix deposition enables the migra-
ion of cells. Significantly, the matrix metalloproteinase 9 (MMP9)
11] overexpression demonstrates the disruption of the basement

embrane and the proneness of cells to infiltrate the underlying
troma [14,15].

The inflammatory reaction antecedent to fibrosis and the role of
MT in fibrogenesis and malignant transformation in other organs
16–18], points to the involvement of EMT  in the pathogenesis
f OSF and its malignant transformation [1,9]. The inflammatory
ytokines produced in response to the inflammation may  mediate
he progression of OSF via various EMT  pathways [19]. The mem-
ranous loss of E-cadherin [20], �- catenin [11], Cytokeratin 5(CK
), and Cytokeratin 14(CK14) [21] with an overwhelming expres-
ion of vimentin [22], N-cadherin [11], and �- Smooth muscle actin
�- SMA) [23,24] seen in OSF further confirms the role of EMT  in
SF (Table 1).

. Transcription factors inducing EMT

Several transcription factors have been shown to induce EMT  by
epressing the transcription of cell adhesion molecules and driving
pithelial cell reprogramming. These transcription factors bind to
he promoter region of the CDH1 gene encoding E- cadherin and
hus initiate EMT [5]. An important attribute of EMT  is the loss of
xpression of cell-cell adhesion molecule, E-cadherin. Among the
ranscription factors directly contributing to this process includes
nail super family of zinc-finger transcription factors, Snail1 and
nail2 (also known as Slug) [25], zinc finger E-box–binding home-

box (ZEB) family with the ZF (zinc finger) class of homeodomain
ranscription factors ZEB1 [26], ZEB2 [27] and TWIST1 gene, which
ncodes a basic helix-loop-helix (bHLH) transcription factor [28]
nd lymphoid enhancer binding factor-1 (LEF-1) [29] (Table 1).
nce Review 56 (2020) 97–108

The Snail1 and Snail2 (Slug) belong to the snail superfamily con-
sisting of highly conserved C terminal domain with zinc fingers that
bind to the E-box motif in the target gene promoters [25]. The tran-
scription factors of the Snail family plays an important role in EMT
through the functional inhibition and suppression of E-cadherin
expression by binding to the promoter region of the E-cadherin
gene [30]. However, in the fibrotic buccal mucosa fibroblasts, snail
binds to the E-box in the �-SMA promoter and brings about upregu-
lation of myofibroblasts expression, thus perpetuating fibrosis [31].
Stromal Snail positivity has been reported in OSCC due to the pres-
ence of fibro-/myofibroblasts generated from the dedifferentiated
carcinoma cells [32]. An inverse correlation between the E-cadherin
and snail expression has been observed in OSCC cells in vitro [33].
The cells lines that exhibit upregulated Snail expression along with
the downregulation of E-cadherin and desmoglein 2 show higher
invasive potential implicating the role of Snail transcription fac-
tor in driving the epithelial cell reprogramming [33,34]. TGF-� was
shown to upregulate Snail (SNAI1) and Slug (SNAI2) expression in
OSCCs and thereby promote chemo- resistance to anti-cancer drugs
[35]. The upregulation of both Snail and Slug in OSCC cells showed
decreased sensitivity to anti-cancer drugs. Hence knock down of
Slug and Snail would suppress its chemo-resistance to anti-cancer
drugs [35].

Twist, a basic helix-loop-helix domain-containing transcription
factor functions as a transcription repressor to activate EMT  [36,37].
Ectopic expression of Twist has resulted in the loss of E-cadherin
mediated cell-cell adhesion, activation of mesenchymal markers,
and gain of cell motility [36]. Twist was  shown to be upregulated in
fibroblasts of lung tissue in idiopathic pulmonary fibrosis patients
[38]. Further, the arecoline treated cells show enhanced expression
of Twist and myofibroblast transdifferentiation, with the silenc-
ing of Twist being able to reverse this phenomenon [37]. The role
of Twist playing a critical role in the progression and metasta-
sis of head and neck carcinomas [39], including OSCC, has been
demonstrated [40,41]. Twist overexpression has been associated
with clinical outcomes such as advanced clinical stage, presence
of lymph node metastasis, distant metastasis and local recurrence
[39].

Zinc finger E-box binding homeobox 1 (ZEB1) is a well-known
activator of the EMT  programme [23]. ZEB1 functions as a transcrip-
tion repressor that negatively regulates the expression of polarity
markers, such as E-cadherin, MucI and Pkp3 [32]. ZEB1 plays a
pathogenic role in the induction of the myofibroblast activity of
buccal mucosal fibroblasts (BMFs) by binding to the promoter
region of �-SMA and hence inducing myofibroblasts transdifferen-
tiation and promoting fibrosis [42]. In OSCC, a negative correlation
exists between ZEB1 and E- cadherin expression [43]. Overex-
pression of ZEB1 and loss of E-cadherin expression is shown to
be associated with local recurrence, lymph node metastasis and
advanced pathological grading [43]. ZEB-1 promotes EMT by inter-
acting with acetyltransferases p300/pCAF and SMADs to activate
the target genes that contribute to mesenchymal differentiation
[44]. Upregulated of ZEB1 has been noted in recurrent OSCC cases
compared to primary lesions, indicating its role as marker of tumor
recurrence [45].

Lymphoid enhancer- binding factor 1 (LEF1), a member of the
T-cell Factor (TCF)/LEF1 family of transcription factors, is a down-
stream mediator of the Wnt/�-catenin signaling pathway that
promotes the transcription of the Wnt  target genes [46]. It has an
essential role in EMT  by activating the transcription of N-cadherin,
Vimentin and Snail [46]. During embryogenesis, EMT  is executed
by the binding of SMAD2-P-SMAD4-LEF1 complex to three binding

regions in the E- cadherin promoter leading to its transcriptional
silencing [47]. Activation of the Wnt-� catenin pathway promotes
the transcription of downstream target genes such as c-myc,  LBH,
Oct4, Nanog and LEF1 in various carcinomas [46]. In OSCC, LEF1
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Table  1
Molecular events regulating EMT  in the pathogenesis of OSF and OSCC.

OSF OSCC

Epithelial markers
• ↓ E –cadherin (membranous loss) (CDH1) [20] • ↓ E –cadherin (membranous loss) (CDH1) [43,139]
•  ↓ Cytokeratin 5, 14 (CK5, CK14) (KRT 5, 14) [21] • ↑ Cytokeratin 5, 14 (CK5, CK14) (KRT 5, 14) [140]

Mesenchymal markers
• ↑Vimentin (VIM) [22] • ↑ Vimentin (VIM) [69]
•  ↑N- cadherin (CDH2) [11] • ↑ N- Cadherin (CDH2) [139]
•  ↑Alpha Smooth muscle Actin (�-SMA)(ACTA2) [42] • ↑Alpha Smooth muscle Actin (�-SMA)(ACTA2) [141]
• ↑ SNAI-1 [142] • ↑ SNAI-1 [143], SNAI-2 [144]
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Transcription factors
•  ↑ Twist [11,37] 

•  ↑ ZEB1 [23] 

s over expressed in the moderate and poorly differentiated car-
inomas [48]. Overexpressed LEF1 maintains the cancer cells in
ndifferentiated embryonic stem cell morphology [29]. This may
e the mechanism by which LEF1 promotes tumor invasion and its
verexpression is associated with poor prognosis [48].

. Signaling pathways in EMT

.1. TGF-  ̌ activated Smad signaling in EMT

The canonical signaling pathway for TGF-� involves the Smad
ranscription activators. TGF-� pathway is the most common path-
ay that induces EMT. The signaling pathway is activated by TGF-�

uperfamily of ligands, which includes the 3 isoforms for TGF � and
 isoforms of Bone morphogenetic protein (BMP2−7) [5]. Binding
f TGF-� to the cell membrane receptor TGF �R, activates type II
GF-�R to Trans phosphorylate and activate the type I TGF-�R. This
ecruits the receptor-activated Smads, the R- Smads (Smad2/3),
hich are phosphorylated to form a complex with Smad4. In the

MP  signaling, Smad 1/Smad 5 form complex with Smad4. This
rimeric Smad complex translocates into the nucleus and bind
o the promoter region of the target genes and thus activates or
epresses the transcription of regulatory genes [49].

The inhibitory Smads (I-Smads), Smad6 and Smad7 are negative
egulators. They negatively regulate the Smad activation by com-
eting with Smad2 and Smad3 or Smad1 and Smad5 for binding
o the type I TGF-�R [50]. I- Smads also recruits the E3 ubiquitin-
rotein ligases Smurf1 and Smurf2 for proteasomal degradation of
mad proteins. It acts by forming complexes with smurfs in the
ucleus, translocates to the plasma membrane and induces ubiqui-
ination and proteasomal degradation of the TGF� receptors hence
erminating Smad-mediated signaling [51] (Fig. 1).

TGF-� induces EMT  through transcription factors like Snail1 and
EB1. The downstream mediator Smad3-Smad4 complex translo-
ates into the nucleus and interacts with the transcriptional
epressor Snail1 to form a complex which then targets the pro-

oters of genes encoding E-cadherin and Occludin [52]. Several
eedback loops between transcription factors and microRNAs also
egulate the TGF-� induced EMT. A Double-negative feedback loop
xists between Snail1/miR-34 and ZEB1/miR-200 and an autocrine
eedback loop between TGF- � /miR-200, which brings about EMT
hanges [53].

TGF–� is upregulated in OSF tissues [54–56] and its activa-
ion is shown by the nuclear localization of p-SMAD2 [57]. The
xtracts of areca nut induce TGF-� signaling in epithelial cells with
ncreased levels of p-SMAD2, indicating the induction of TGF-� lig-
nd (TGF-�2) and its activator Thrombospondin1 (THBS-1) leading
o activation of TGF-� pathway [58]. Thus there is a pro fibrotic

ascade involving TGF- � pathway triggered in epithelium that
nfluences the underlying submucosa for a fibrotic response [59].
lso there is down regulation of BMP7 in OSF as induced by TGF-�,
uppressing the antifibrotic effect of BMP7 [57]. In OSCCs, BMP  7,
• ↑ Twist [41]
• ↑ ZEB1 [43]
• ↑ LEF-1 [48]

2 [60] expression is associated with the tumor differentiation and
lymph node metastasis and hence indicative of poor prognosis [60].

Defective TGF-� Smad signaling pathway may  lead to loss of
proliferation inhibitory effect of TGF-�. Loss or decreased expres-
sion of the TGF-� receptors effect the regulatory function of TGF-�,
hence is associated with carcinogenesis and tumor progression
[61]. TGF-� treated OSCC cell lines showed EMT  changes character-
ized by transformation to fibroblasts like cells with downregulation
of E -cadherin and upregulation of Vimentin [62]. TGF-� also
induces THBS-1 in OSCC, which promotes the migration of cancer
cells and upregulates the MMPs  thereby favoring the OSCC invasion
[60] (Table 2).

4.2. Non-Smad signaling in TGF-ˇ-induced EMT

TGF-� induces EMT  alternatively by initiating Non-Smad sig-
naling, which leads to the activation of pathways that are more
commonly considered as the effectors pathways of receptor tyro-
sine kinase (RTK) signaling, such as PI3K/Akt, Erk, and p38
(Mitogen-activated protein kinase) MAPK, and Rho-GTPases path-
ways [63]. Activation of non -Smad pathways can occur as an
indirect response to Smad -mediated gene expression induced by
TGF �. Direct activation of non- Smad signaling can occur through
the interaction of signaling mediators directly with the TGF-�
receptors or through other adopter proteins [50].

4.3. PI3 kinase/Akt /mTOR signaling in EMT

Activation of PI3 kinase/Akt signaling by TGF-� plays a sig-
nificant role in inducing EMT. TGF-� activates phosphoinositide
3-kinase (PI3K) through its receptors or trans-activation through
epidermal growth factor (EGF) and platelet –derived growth
factor (PDGF) receptors. PI3K on activation phosphorylates phos-
phatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol
3,4,5- trisphosphate (PIP3), a phospholipid membrane protein that
binds Akt. Upon binding, Akt is phosphorylated and activated by
phosphoinositide- dependent kinase 1 (PDK1). Phosphatase and
tensin homolog (PTEN) facilitates the dephosphorylation of PIP3
[5]. Loss of function and mutation of PTEN is observed in vari-
ous carcinomas [64]. Integrin-linked kinase (ILK) on activation may
alternatively mediate the phosphorylation of Akt through inte-
grins. Akt induces EMT  in SCCs by promoting the transcription of
snail through nuclear factor-kB (NF-kB) [65]. TGF-� brings about
the change in cell size and protein content during EMT by activa-
tion of mammalian target of rapamycin complex 1 (mTORC1) and
mTORC2 through Akt to bring about cell migration and invasion
[66,67] (Fig. 1).

Arecoline, the major active ingredient in the betel nut is
involved in the pathogenesis of OSF. Downregulation of Akt/mTOR

pathway in HacaT cells is seen on treatment with arecoline, exe-
cuted through suppression in phosphorylation of AKT, mTOR and
eukaryotic initiation factor 4E–binding protein 1(4E-BP1) [68]. The
arecoline induced downregulation of the Akt/mTOR pathway is
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Figure 1. Signaling pathways promoting epithelial mesenchymal transition (EMT) in oral submucous fibrosis.

Table 2
Signaling pathways regulating epithelial mesenchymal transition (EMT) in Oral submucous fibrosis (OSF) and oral squamous cell carcinoma (OSCC).

Pathways OSF OSCC

TGF-� signaling

↑ Transforming growth factor �1 & �2 [59,145] ↑ Transforming growth factor �1 & �2 (TGFB1 & TGFB2) [150,151]
↑  Collagen type 1(COL1A1) [113,146] ↑ Collagen type 1, 4 (COL1A1, COL4A1) [127]
↑  Type I plasminogen activator inhibitor (PAI-1) [147] ↑ Type I plasminogen activator inhibitor (PAI-1) [152]
↑  Thrombospondin1 (THBS1) [148] ↑ Thrombospondin1 (THBS1) [151]
↓  Bone Morphogenetic protein 7 (BMP7) [57] ↑ Bone Morphogenetic protein 7, 2 (BMP7, 2) [153]
↑  SMAD2 [149] ↓ SMAD7 [154]

RTK  signaling

↑ Insulin-like growth factor-1 (IGF1) [94] ↑ Insulin-like growth factor-1 (IGF1) [97]
↑  Vascular endothelial growth factor (VEGF) [155] ↑ Vascular endothelial growth factor (VEGF) [102]
↑  Basic fibroblast growth factor (bFGF) [86] ↑ Basic fibroblast growth factor (bFGF) [89]
↑  Fibroblast growth factors 2 (FGF2) [156] ↑ Fibroblast growth factors 2(FGF2) [156]
↑  Epidermal growth factor (EGF) [90] ↑ Epidermal growth factor (EGF) [93,158]
↑  Tumor necrosis factor � (TNF-�)(TNFa) [157] ↑ Tumor necrosis factor � (TNF-�)

(TNFa) [159]
Hypoxia signaling pathway ↑ Hypoxia-inducible factor-1� (HIF-1�) [133] ↑ Hypoxia-inducible factor-1� (HIF-1�) [135]

Wnt  signaling

↓ Secreted frizzled related proteins 1, 5 (SFRP1,5) [160] ↓Secreted frizzled related proteins 1,4, 5 (SFRP1, SFRP4, SFRP5) [110]
↓  -� - catenin (membranous loss) (CTNNB1) [11] ↓ -� - catenin (membranous loss) (CTNNB1) [161]
↓  Wnt  Inhibitory factor (WIF1) [107] ↓ Wnt  Inhibitory factor (WIF1) [108]
↓Dickkopf WNT  signaling pathway inhibitor 3 (DKK3) [105,106] ↓ Dickkopf WNT  signaling pathway inhibitor 3 (DKK3) [108]

MAPk/ERK pathway ↑c-myc (MYC) [80] ↑ c-myc (MYC) [110]

Akt/mTOR pathway
↓ Phosphatase and tensin homolog (PTEN) [72] ↓ Phosphatase and tensin homolog (PTEN) [162,163]
↑  PHLPP2 [[68]]

Matrix signaling

↑ �v�6 Integrin (ITGB6) [125] ↑ �v�6 Integrin (ITGB6) [127]
↑  �1 integrin (ITGB1) [126] ↑ �1 integrin (ITGB1) [126]

] 

m
r
s
l

pathway
↓  Matrix Metallopeptidase 1 (MMP1) [114,164] 

↑  Matrix Metallopeptidase 2, 9 (MMP2, MMP9) [113
↑  Nuclear factor-kappa B (NF-�B) (NFKB1) [128]

ediated through the upregulation of PH domain Leucine-rich

epeat Protein Phosphatase 2 (PHLPP2), an upstream target of Akt.
iRNA-mediated knockdown of PHLPP2 recovered the phosphory-
ation state of Akt, as well as attenuated the effect of arecoline
↑ Matrix Metallopeptidase 1, 2, 7, 9 (MMP1, MMP2, MMP7, MMP9) [116]
↑ Nuclear factor-kappa B (NF-�B) (NFKB1) [165]

on cell viability [68]. Inverse correlation between p-Akt and E-

cadherin expression is observed in OSCC. Akt activation represses
E-cadherin gene transcription by upregulation of the transcription
repressors SNAIL, TWIST [41] and Smad interacting protein 1 (SIP1)
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69]. Akt is associated with invasiveness, enhancement of prolifer-
tion, growth and anti-apoptosis, hence upregulation of Akt was
ssociated with poor prognosis in patient with OSCC [70]. Upreg-
lation of Akt and PI3K with inactivation of PTEN is reported to
e induced by tobacco components such as nicotine [71]. Progres-
ive decrease in expression of PTEN is observed in OSF, suggesting
GF-� mediated loss of PTEN that results in decreased apoptosis,

ncreased survival of fibroblast leading to fibrosis [72]. The genes
ssociated with the PI3K/AKT pathway, including PI3K, Akt, RAS
nd PTEN, are infrequently found to be mutated in Head and neck
quamous cell carcinoma (HNSCC) and are rarely reported in OSCC
ases [73] (Table 2).

.4. MAPK/ERK pathway in EMT

MAP  kinases represent the cytoplasmic components of the sig-
aling pathway that are activated by tyrosine kinases and the G
rotein-coupled receptors. The activation of the MAPK pathway
y the family of TGF-� proteins are weaker than those induced
y the receptor tyrosine kinase (RTK) ligands. Erk1/2 MAPK sig-
aling is activated by TGF-� through the association of ShcA (Src
omology and collagen A adaptor protein A) with TGF-�RI and sub-
equent phosphorylation at tyrosine and serine, which provides a
ocking site for the growth factor receptor-bound protein 2 (Grb2)
nd the son of sevenless (SOS) proteins hence initiating the MAPK
athway [49,74]. The ShcA/ Grb2/SOS complex converts G protein,
uch as Ras into its active GTP-bound form, which binds Raf kinase.
he MAP  kinase pathway is composed of three consecutive kinases
MAPKKK, MAPKK, and MAPK) leading to its phosphorylation to

EK  (MAPKK), which on further phosphorylation forms MAPK
ERK). MAPK now functions as an enzyme and translocates into
he nucleus to bring about phosphorylation and activation of vari-
us transcription factors to induce EMT  [75,76]. The TGF� induced
athway stabilizes SNAIL1 by inhibiting GSK3�, thus increasing
NAIL1 activity, and repression of E- cadherin [49] (Fig. 1).

Areca nut and arecoline induce the activation of the
RK/JNK/p38 MAPK pathways, through phosphorylation of p-Akt,
-ERK and p-p38 and activation of these pathways play an impor-
ant role in OSF and OSCC [77,78]. These pathways regulate
he expression of matrix metalloproteinases (MMPs) and tissue
nhibitors of metalloproteinases (TIMPs) to promote wound heal-
ng and fibrosis [77]. Upregulation of the downstream targets like
-myc has also been reported in OSF, where the expression of
-myc may  be correlated with the progressive cellular transforma-
ion in these precancerous conditions [79,80]. Induction of Ras/ERK
athways by EGF reduces the interferon-� mediated apoptosis of
pidermoid carcinoma cells, indicating the survival of DNA dam-
ged cells via this pathway [81].

Mutation in Ras or Raf oncogenes leads to the activation of
RK1/ERK2 pathways in many cancers [82]. But there have been
iscrepancies pertaining to ERK1/ERK2 expression in oral cancer
nd HNSCC [83], however, this may  be due to the differentiation
tage of the tumor, where poorly differentiated tumors present
ith decreased phosphorylation of ERK leading to increase in cell

roliferation and cancer progression [84].

.5. Receptor tyrosine kinase (RTK) signaling in EMT

RTK signaling pathway can be activated by various growth fac-
ors such as epidermal growth factor (EGF), vascular endothelial
rowth factor (VEGF), platelet-derived growth factor (PDGF), fibro-

last growth factor (FGF) and insulin-like growth factor (IGF). These
rowth factors bind to the external domain of RTK, inducing the
imerization and subsequent auto phosphorylation of the tyrosine
esidue in the receptor. Hence activating the downstream signaling
nce Review 56 (2020) 97–108 101

pathways such as PI3K/Akt/mTOR and ERK/MAPK pathway [5,49]
(Fig. 1).

Basic Fibroblast growth factor-2 (bFGF-2) induces EMT  by
decreasing the expression of cytokeratin and E- cadherin and
inducing the expression of vimentin, FSP-1 and �SMA [85]. bFGF
is upregulated in the early stages of OSF [86], with increased
expression in fibroblasts and endothelial cells. The expression
in fibroblasts may  be due to the heparan sulfate, which shows
enrichment of bFGF-binding domains in fibrotic lesions, and these
regions may  play an important role in the fibrogenesis through their
interaction with endogenous bFGF [87]. The increased bFGF expres-
sivity in endothelial cells along with fibroblasts may  potentiate the
leukocyte recruitment to inflammation by enhancing endothelial
adhesion molecule expression [88]. OSCCs showed the increased
intensity of bFGF staining in the invasive fonts indicating the role
of cancer cells in producing the bFGF. However, the expression was
regardless of its clinical characteristics. bFGF promotes the produc-
tion of proteinases and enhances the invasive capabilities of the
cancer cells [89].

While increased expression of EGFR was noted in the stratum
spinosum of the epithelium, TGF-� was  restricted to stratum ger-
minativum, indicating an upregulation of TGF-� initially and then
exerting a paracrine effect of the non-proliferative cells to increase
the expression of cell surface receptor [80]. There was  an upreg-
ulation of both the TGF- � and EGF in the precancerous lesions
like OSF and oral leukoplakia, seen with the increase in the degree
of dysplasia, implying the activation of RTK pathways and activa-
tion of oncogenes such as c-fos and c-myc subsequently [90]. Areca
nut extract (ANE) induces activation of RTK signaling by activat-
ing the upstream epidermal growth factor receptor (EGFR), Src and
Ras signaling pathways [91]. Increased expression of EGFR has been
reported in OSCC [92] and is usually associated with poor prognosis
and outcome [93].

IGF-1 is a profibrogenic growth factor which is overexpressed in
fibroblasts derived from OSF [94] similar to that seen in lung fibrosis
[95] and systemic sclerosis [96]. This induces excessive production
of collagen and ECM in OSF [94]. The OSCC cell lines express high
levels of IGF-2 and IGF-1R, while the normal mucosa expresses IGF-
1. Thus IGF-2 has a significant role in controlling the proliferation
of oral carcinoma cells [97]. Studies on head and neck cancer have
shown no alteration in the level of expression of IGF2, E2F3 and IGF1
but there is an evidence of the upregulation of pro-apoptotic IGF1
binding protein 3 (IGFBP3) [98]. IGFBP3 regulates the IGF1 by block-
ing its anti-apoptotic function and increasing its half –life. IGFBP3
may  also effect activation of IGF1 signaling in these carcinomas [98]
(Table 2).

Angiogenesis is an important phenomenon in precancerous con-
ditions as it favors the nutrition and growth of the dysplastic cells,
usually initiated through angiogenic stimulants such as Vascular
endothelial growth factor (VEGF) [99]. Neovascularization induced
by VEGF is important for tumor growth and metastasis [99]. OSF
demonstrated increased expression of VEGF, indicative of hypoxia-
induced angiogenesis in fibrous connective tissue stroma [100].
VEGF expression by epithelial cells in OSF may  promote growth via
an autocrine proliferative effect on the atrophic epithelium sup-
porting its survival and potential to undergo malignant change
[100]. In OSCCs, higher co-localisation of VEGF was  seen in tumoral
blood microvessels in the invasive fronts, well few studies showed
an association with tumor differentiation [101,102].

4.6. Wnt  signaling in EMT
Wnt  signals are transduced through the binding of Wnt  pro-
teins to the extracellular domain of Fizzled (Fz) protein, in the
presence of co-factors such as low-density-lipoprotein-related pro-
tein5/6 (LRP5/6) which is required to mediate the canonical Wnt



102 S.S. Shetty et al. / Japanese Dental Science Review 56 (2020) 97–108

Figure 2. Gene Ontology covering three domains showing top 20 biological processes, molecular functions and cellular components among (A)  Upregulated gene sets (B)
Downregulated gene sets.
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igure 3. Gene Ontology and Protein–Protein Interactions showing (A) Bar graph o
ntology for downregulated list of genes. (C) Protein–Protein Interaction of overexp

ignal [103]. In the absence of signaling, �- catenin is degraded
y the �-catenin destruction complex, which includes Axin, tumor
uppressor adenomatosis polyposis coli (APC), glycogen synthase
inase 3� (GSK- 3�) and casein kinase 1� (CK1�) [5,103]. Phospho-

ylation of �-catenin by this complex drives it for ubiquitination
nd subsequent proteolytic degradation [103]. In case of Wnt
ignaling, the binding of Wnt  protein to the receptor complex
ill result in the phosphorylation of LRP5/6 by glycogen syn-
ched Gene ontology for overexpressed list of genes (B) Bar graph of enriched Gene
d genes, (D) Protein- Protein Interaction of downregulated genes.

thase kinase 3� and recruitment of cytoplsmic phosphoprotein
Dishevelled (Dsh/Dvl) and Axin, which prevents the formation
destruction complex unable to phosphorylate �-catenin thereby
leading to its accumulation in the cytoplasm and translocation

into the nucleus. The nuclear �-catenin interacts with transcrip-
tion factors T-cell factor/lymphocyte enhancer factor (TCF/LEF)
and inhibits the transcription of E -cadherin to bring about
EMT  [5] (Fig. 1).
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Table  3
The pathways involved in upregulated genes (A) downregulated genes (B).

Description P Value FDR

(A) Pathways involved in upregulated genes
TGF-� Signaling in Thyroid Cells for Epithelial-Mesenchymal Transition 0.0000010501 0.000078755
Pathways in Bladder Cancer 0.0000042588 0.00012569
Epithelial to mesenchymal transition in colorectal cancer 0.0000050276 0.00012569
TGF-�  Receptor Signaling 0.00041368 0.0077565
TGF-  � Signaling Pathway 0.00052635 0.0078953
Angiogenesis 0.0024025 0.030031
Photodynamic therapy-induced NF-kB survival signaling 0.0071459 0.072530
Pathways in Type 2 papillary renal cell carcinoma 0.0077366 0.072530
Chromosomal and microsatellite instability in colorectal cancer 0.0094417 0.078681
Pathways in clear cell renal cell carcinoma 0.016513 0.11709

(B)  Pathways involved in downregulated gene
Wnt  Signaling Pathway 0.049612 0.41343
DNA  Damage Response (only ATM dependent) 0.047317 0.41343
Epithelial to mesenchymal transition in colorectal cancer 0.010704 0.16056
LncRNA involvement in canonical Wnt  signaling and colorectal cancer 0.039286 0.41343
ncRNAs involved in Wnt  signaling in hepatocellular carcinoma 0.028737 0.35921
Pathways in Endometrial cancer 0.00066794 0.031752
TGF-�  Signaling in Thyroid Cells for Epithelial-Mesenchymal Transition 0.056162 0.42122
Wnt/  �-catenin Signaling Pathway in Leukemia 0.0026673 0.050012
Regulation of Wnt/B-catenin Signaling by Small Molecule Compounds 0.0012701 0.031752
H19  action Rb-E2F1 signaling and CDK- �-catenin activity 0.00099900 0.031752
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athway enrichment performed with WebGestalt.

A group of secreted Wnt  antagonists has been implicated in the
egulation of the Wnt/�-catenin-signaling pathway, including Wnt
nhibitory factor 1, secreted frizzled-related protein (SFRP), and
he Dickkopf families [104]. The expression of SERP1 and SERP5
as seen to reduce in OSF undergoing malignant change and was

ssociated with the loss of membranous �- catenin expression.
he loss of SERP1 and SERP 5 expression was  due to promoter
ethylation [104]. Dickkopf WNT  signaling pathway inhibitor 3

DKK3) showed upregulation in OSF progressing to OSCC and a
are mutation of DKK3 was observed in OSCC, along with increased
opy numbers [105]. However in OSF there was decrease in DKK3
xpression seen with further decline with progression in disease
106]. The expression of Wnt  Inhibitory factor (WIF1), an antag-
nist of the Wnt  signaling is downregulated in OSF and OSCC
ue to methylation [107]. WIF1 methylation is associated with

 poorer prognosis in OSCC patients [108]. WIF1 is considered
 potential epigenetic biomarker indicative of early changes in
SCC [107]. 4-Nitroquinoline carcinogen used to generate prema-

ignant lesions and OSCC in Axin2-CreER; YFP mice. Tamoxifen
as applied to induce Cre activity, which leads to the label-

ng of cancer-initiating cells (CICs). Immunohistochemical studies
evealed co-expression of �catenin and LEF1 in OSCC, suggesting
ctivation of Wnt/2-catenin signaling. Increased Axin2 fluorescence
as visualized in basal cells in OSCC, thus being able to confirm that
nt-responsive CICs in OSCC contribute its malignant progression

109].
The downstream signaling molecules such as Wnt3a, �-catenin,

ecreted frizzled-related proteins sFRP-1, sFRP-2, sFRP-4, sFRP-5,
nt  inhibitory factor 1, dickkopf-1, c-myc, and cyclin-D1 studied

n OSCC did not show significant expression except for c-myc [110].
berrant expression of �-catenin in OSCC was considered not to be
ue to mutation or epigenetic changes but due to focal or tran-
ient expression of �-catenin in OSCC due to various underlying
echanisms [111] (Table 2).

.7. Matrix signaling in EMT
The signaling pathways initiated in ECM is the result of its inter-
ction with epithelium and it may  facilitate the motility of the cells
xhibiting migratory phenotype in the connective tissue through
the remodeling of matrix [5]. EMT  signaling pathways induces var-
ious MMPs  such as MMP-2 and MMP-9 which cleaves the type IV
collagen in the basal lamina and also has a role in weakening the
adherens junctions of the epithelial cells and thereby promoting the
phenotypic change and tumor invasion [112]. In OSF, the upregu-
lation of MMP-2 and MMP-9 has resulted in the decrease in type
IV collagen on the progression of the disease, however the subse-
quent accumulation of type I collagen was  evident [113]. Further,
the overexpression of MMP9  may result in complete destruction
of the basement membrane (BM) due to degradation of collagen
type-IV, which may  stimulate the OSF towards malignancy [113].
However, the expression of MMP1  was decreased in OSF, favor-
ing the condition of fibrosis [114]. In OSCC, upregulation of MMP1,
MMP2, MMP7  and MMP9  is seen, owing to their role in the degra-
dation of BM and ECM and association with the clinical outcome
such as regional lymph node and/or distant metastasis [115,116]
(Table 2).

Integrin binding to ECM proteins will activate intercellular cas-
cades that induce EMT. The importance of type I collagen in matrix
signaling inducing metastasis has been reported in carcinomas of
lungs, breast and esophagus [117,118]. Binding of type I collagen
to integrin activates intercellular cascades causing phosphoryla-
tion of IkB (inhibitor of kB) in an ILK- dependent manner. This,
in turn increases the nuclear translocation of active NF-�B, which
promotes the expression of SNAI1 and LEF1 to induce EMT  [119].
Similarly, the binding of type I collagen to Discoidin domain recep-
tor 1/2 (DDR1/2) increases NF-�B and activation of transcription
factor LEF-1 to initiate EMT  [120]. Abundance of collagen activates
JNK pathways [121] and also canonical and noncanonical TGF-�
signaling pathways [122] (Fig. 1).

ECM remodeling is noted in OSF and significant alteration in
the expression of ECM molecules is demonstrable as the disease
progresses. With the progression of OSF from early to advanced
stages, Type III collagen and type IV [123] are replaced with type
I collagen leading to the accumulation of type I collagen in the
connective tissue [124]. Upregulation of v�6 in oral keratinocytes

induced by arecoline promotes the invasive and migratory char-
acteristics. 80% of the OSF transformed to OSCC shows a higher
�v�6 expression suggestive of an underlying EMT  change promot-
ing malignant transformation in OSF [125]. Arecoline induces the
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pregulation of �v�6, promoting the trans-differentiation of oral
broblasts into myofibroblasts [125]. �1 integrin is has also shown

o be upregulated in OSF [126]. Activation of integrin by type I col-
agen to induce EMT  changes in OSF needs to be studied further.
he binding of integrin �v�8 with type I collagen activates the
ownstream MEK/ERK signaling pathway, thereby facilitating the
roliferation and invasion of OSCC cells in vivo [127]. The expres-
ion of �v�6 essentially has a role in cell proliferation, adhesion
nd migration in the progression of OSCC [127]. The downstream
F-�B is upregulated in epithelial cells, fibroblasts and inflamma-

ory cells in OSF. NF-�B overexpression is associated with persistent
hronic inflammation indicating the role of inflammation in induc-
ng fibrosis [128]. The invasive and metastatic potential of OSCC
ells is enhanced by Tumor necrosis factor � (TNF�) via the NF-
B signaling pathway. NF-�B regulates the expression of MMPs
specially MMP9 which degrades the ECM to enhance the tumor
nvasion [129].

.8. Hypoxia signaling in EMT

Fibrosis and cancerous tissues are triggered by hypoxia result-
ng in a phenotypic change promoting EMT  [5]. Hypoxia-inducible
actor-1� (HIF-1�)  is one such transcription factor that regulates
xygen homeostasis. Normally, it undergoes ubiquitination and
ubsequent proteasomal degradation with a short half-life of 5 min
130]. Under hypoxic condition it stabilizes and interacts with coac-
ivators such as p300/CBP to modulate its transcriptional activity
130]. HIF-1� induces EMT  by binding to the promoter region of
EB1 [131], SNAIL1 [132] and hence increasing its trans activity
nd expression (Fig. 1).

OSF exhibits the upregulation of HIF-1�, which further pro-
resses with dysplastic changes. Functional HIF-1� helps in cell
urvival and proliferation during the early stages of carcinogenesis
nder hypoxic conditions [133,134]. There is an increase in HIF-1�

n OSCC which is attributed to the genetic changes in the tumor
ells as well the tumor hypoxia which results in the stabilization
f HIF-1� [134]. HIF-1�  regulates various angiogenic-stimulating
ytokines, growth factors and genes regulating angiogenesis [135].
Table 2).

. Gene enrichment analysis

Gene enrichment analysis to analyze the molecular functions,
iological processes and cellular components of the upregulated
nd downregulated genes was performed with the g:Profiler [136].
ssociation of gene with disease and protein- protein interaction
as identified by Metascape tool [137]. Pathway enrichment on
ikiPathway cancer was performed by WebGestalt [137].

Gene enrichment and pathway analysis identified the upreg-
lated genes to be involved in 47 molecular functions, 885
iological process, 24 cellular components significantly (FDR < 0.05
Fig. 2A). The downregulated genes were involved in 2 Molec-
lar functions, 56 Biological process, 24 cellular components
ignificantly (FDR < 0.05) (Fig. 2B). Top 20 gene ontology fea-
ures based on FDR is represented in Fig. 3. Gene ontology
xposed that the genes were commonly involved in growth
actor activity, signaling receptor binding, regulation of cell
ifferentiation, cadherin binding and epithelial cell differentia-
ion.

Evaluation of the association of differentially expressed genes
ith disease showed the involvement of upregulated genes with
ral submucous fibrosis (OSF) and squamous cell carcinoma
SCC) (Fig. 3A). The genes are also seen to be associated with
eoplasm metastasis, neoplasm invasiveness etc. Protein-protein

nteraction (PPI) network was constructed with Molecular Com-
nce Review 56 (2020) 97–108

plex Detection (MCODE) algorithm. For upregulated genes, the
interaction of ITGB1, MMP2, COL1A1, THBS1, and TGFB1 was sig-
nificant. (Indicated in red, Fig. 3C). In downregulated genes,
CDH1, CTNNB1, KRT14, KRT18, PTEN were seen to be interact-
ing significantly (Indicated in red, Fig. 3D). The pathway analysis
revealed the participation of overexpressed genes in TGF-� sig-
naling pathway and Epithelial-Mesenchymal Transition pathways.
Downregulated genes were mainly involved in Wnt  Signaling
Pathway, DNA Damage Response and CDK-� catenin activity
(Table 3).

6. Conclusions

Transcription factors act synergistically to bring about the
epithelial cell reprogramming. Regulation of these factors control
the expression of critical genes and identification of the down-
stream targets. [5] Evidence suggests a cross talk between various
signaling pathways and some studies suggest the inhibition of
single transcription factor is enough to block EMT  [138]. EMT
has detrimental role in the progression of fibrosis and cancer
metastasis. Poor prognosis clinical outcomes of oral cancer com-
bined with the development of drug resistance makes it critical
to identify suitable targets to prevent the induction of EMT. A
thorough understanding of signaling pathways involved in EMT
and the tumor microenvironment in OSF and OSCC paves for
newer therapeutic strategies. Whilst the systematic analysis of
the association of genes with disease showed its involvement
in OSF and SCC, pathway analysis showed the participation of
upregulated and downregulated genes with various EMT regulating
pathways.
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