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SYNOPSIS
Introduction
Oral cancers are one of the leading cancers in India. In Indian males, it accounts for
approximately 30% of the overall cancer burden.The major hurdle over the years in the oral
cancer scenario, is diagnosing oral cancer at an early stage [1]. Some of the oral cancers arise
from precursor lesions like leukoplakia (a predominantly white lesion), erythroplakia (a
predominantly reddish lesion), lichen planus, and submucous fibrosis (SMF). The malignant
transformation rates of leukoplakia range from less than 1% to 18%. In Indian studies, the
rate of malignant transformation ranges from 0.13% to 2.2% per year [2]. The ability of
current clinical/histological methods to predict which lesions further progress into
malignancy is limited.Also, regional lymph node metastasis, local recurrence and second
primary tumors result
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in high morbidity and mortality especially when the disease is in an advanced stage at initial
diagnosis [3].
Vimentin (a type III intermediate filament protein) expression has recently gained
importance from the point of view of identifying the mesenchymal origin of a cell, as a
prognostic marker to predict the biology of the tumor and to detect micro-metastasis
[4].Overexpression of vimentin is seen in various carcinomas like, prostate, gastrointestinal,
breast, etc. [5]. Our laboratory along with others has shown correlation between aberrant
vimentin expression and late events of tumorigenesis like, lymph node metastasis, recurrence
and poor survival [6-8]. Vimentin is now being perceived not only as a canonical marker but
also as a driver of epithelial–mesenchymal transition (EMT) [4]. During the process of EMT,
the cell acquires a characteristic flattened morphology (mesenchymal like) due to loss of cellcell and cell-substrate contacts. Parallely, there is a dramatic reprogramming of epithelialspecific keratins, to now initiate the expression of mesenchyme specific protein vimentin [9].
Whether vimentin is a cause or a consequence of the dedifferentiation state of the tumor cell
is not well understood. It has been shown that vimentin might play a functional role in
epithelial cell migration associated with stress or pathological situations [10, 11]. Conversely,
in mesenchymal epithelial transition (MET) vimentin levels decrease leading to the inhibition
of in vitro cell invasion [12]. Though, the contribution of vimentin in cancer cell migration
and invasion is well established, the role of regulatory molecules/signaling pathways
involved are not yet well defined.
Our group for the first time has reported an aberrant expression of vimentin in human
oral precancerous lesions [13]. Also, our recent data showed a sequential increase in the
expression of vimentin from early stages, in a 4-Nitroquinoline 1-oxide (4NQO) inducedmodel of rat lingual carcinogenesis [14]. The presence of vimentin in early events of oral
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tumorigenesis is suggestive of its active or a passive contribution in bringing about this
process.
Rationale:
We have shown the expression of vimentin in leukoplakia and SMF, which are known
premalignant lesions of human oral cancer. Its presence in premalignant lesions suggests the
possibility of its role in early oncogenesis. Also, role of vimentin in tumor progression and
invasion has been reported but the molecular mechanisms underlying the same is not clear.
Hence we overexpressed vimentin in a premalignant lesion derived cell line and
downregulated it in OSCC derived cell line, to study the role of aberrant vimentin expression
in human oral pre-cancer and cancer.
Key question:
Does vimentin contribute in the early and late events of human oral oncogenesis?
Objectives:
1. To study the phenotypic and molecular changes associated with vimentin in OSCC
derived cell line.
2. To delineate the molecular pathways by which vimentin confers a particular phenotype
to the cancer cell.
3. To study role of vimentin in early events of human oral cancer development.
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Materials and methods:
Ethics statement
This study was approved by the “Human Ethics Committee’’, Tata memorial centre,
India (Reg Number: DCGI: ECR/149/Inst/MH/2013). All protocols for animal studies were
approved by the ‘‘Institutional Animal Ethics Committee (IAEC)’’ (Approval ID: 19/2014).
Cell lines and their maintenance
The cell lines AW13516 and AW8507 derived from SCC of tongue [15] and SCC29B from
SCC of buccal mucosa [16] were cultured in IMDM with 10% fetal bovine serum (fbs) and
antibiotics. A431 (derived from epidermoidcarcinoma) and HEK-293 cells were cultured in
DMEM with 10% fbs and antibiotics. DOK cells, derived from human dysplastic oral mucosa
(a kind gift from Dr. Daniela Elena Costea, Norway) were cultured as described previously
[17].
Plasmids and retroviral constructs
Effective shRNA sequences vim3A and vim3B were transfected using lipofectamine 2000 to
generate vimentin knockdown clones in AW13516 cells. For vimentin overexpression,
emerald GFP vimentin retroviral construct (a kind gift from Dr. Robert Goldman, Feinberg
School of Medicine, Northwestern University, USA) was used. Vimentin-β4 integrin double
knockdown and vector control clones were generated by transducing β4 integrin shRNA and
scrambled shRNA cloned in pCLXSN retroviral vector (a kind gift from Dr. LivioTrusolino,
Italy) in vimentin knockdown clone shvim2. Emerald GFP-K14 construct was generated by
amplifying K14 gene sequence from K14-pEGFP-N3 construct and subcloned in emerald
GFP-pQCXIP vector. K5 pLNCX2 retroviral construct was a kind gift from Professor
Thomas Magin, Germany. For the cloning of ΔNp63α, its cDNA was prepared from HaCat
cell line and was cloned in pLNCX2 vector containing N-terminal flag tag sequence.
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Quantitative real-time PCR (qRT-PCR)/reverse transcriptase PCR (RT-PCR), western
blotting, sub-cellular fractionation, immunoprecipitation (IP), scratch wound migration
assay, soft agar assay and zymography
QRT-PCR/RT-PCR was performed as described previously [18]. Cell lysates for
western blotting were prepared in SDS lysis buffer. Isolation of cytoplasmic and nuclear
fractions was done as per manufacturer’s protocol (CelLyticNuCLEAR Extraction Kit
(Sigma, product code NXTRACT)). For immunoprecipitation, cell lysates were made by
pooling both NP-40 (1%) and Empigen (2%) fractions as described previously [19]. Scratch
wound migration assay, soft agar assay [20] and gelatin zymography [21] were performed as
described previously.
Immunofluorescence and immuno-electron microscopy
Immunofluorescence staining [22] and immuno-electron microscopy [23] were
performed as described previously.
Cell-ECM adhesion assay, transwell migration assay, invasion assay, induction of EMT
and stimulation of β4 integrin signaling
Cell-laminin-5/cell-fibronectin adhesion and invasion assays were performed as described
previously [24]. Transwell migration assays were performed in a manner similar to invasion
assays, without coating the inserts [24]. The methodology followed for the induction of EMT
and stimulation of β4 integrin signaling is as described previously [24].
Cell proliferation, clonogenic andtumorigenicityassays
Cell proliferation, clonogenic and tumorigenicity assays were performed as described
previously [18]
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High salt Keratin extraction, two-dimensional (2D) gel electrophoresis and mass
spectroscopy
High salt Keratin extraction, 2D gel electrophoresis and mass spectroscopy were
performed as previously described [25].
Development of in vitro carcinogenesis model using benzo[a]pyrene
Cells (vimentin overexpressing and its vector control) were treated with
benzo[a]pyreneonce in a week for 1 h till atleast one of the groups showed formation of
colonies in the soft agar assay, marking the attainment of a transformed state [26].
Immunohistochemistry (IHC) and statistical analysis
Tissue samples were collected from the operation theatre of Tata Memorial Hospital,
India. IHC was carried out as described previously [14]. Statistical analysis was carried out as
described previously [20]. A p value of less than 0.05 was considered statistically significant.
Results
Objective 1 and 2:
Part 1
Vimentin mediates regulation of cell motility through modulation of β4 integrin protein
levels in oral tumor derived cells
a)

Vimentin regulates β4 integrin levels
As a first step, we generated a vimentin knockdown system and found a reduction in

in vitro migration and invasion in vimentin deficient state. Interestingly, we found substantial
difference in the cell spreading between vimentin knockdown and vector control clones.
Next, to determine the cause of difference in cell morphology; α6β4 integrin levels (which
govern cell spreading) were examined. β4 integrin levels were found to be upregulated at
protein level while its transcript levels stayed unaffected with vimentin downregulation. Both
protein and RNA levels of α6 integrin remained unaltered. Also, other SCC derived cell lines

8

AW13516, AW8507, SCC29B and A431 displayed inverse relation between the status of
vimentin and β4 integrin protein levels. As a proof of principle, exogenous expression of
vimentin in A431 demonstrated decrease in β4 integrin levels compared to the vector control
clone A431vc.
b)

Vimentin knockdown results in increased localization of hemidesmosomal proteins (β4

integrin and plectin) at membrane-substrate front
Plectin is known to link β4 integrin to the intermediate filament cytoskeleton [27]. Coimmunoprecipitation with vimentin was able to pull down both plectin and β4 integrin.
Further, in vimentin knockdown clones, plectin protein levels were seen to be increased
without any change at its transcript levels. Our immuno-electron microscopy data showed
extensive localization of β4 integrin at the membrane-substrate front in vimentin knockdown
as compared to vector control cells. Also, at the wound front, β4 integrin and plectin showed
higher co-localization in vimentin knockdown as compared to vector control cells.
c)

Functional consequence of β4 integrin upregulation in vimentin knockdown cells

As assessed using cell-ECM adhesion assay, the attachment of vimentin knockdown clone to
laminin-5 increased significantly with time as compared to vector control clone. Consistent
with our results of adhesion assay, vimentin knockdown cells showed more spread
morphology on laminin-5 while migration on laminin-5 was significantly reduced as
compared to vector control cells. Treatment with adhesion blocking antibody of β4 integrin
(ASC-8), which abrogates laminin-5-β4 integrin interaction [28], demonstrated higher in vitro
invasive potential in vimentin knockdown as compared to vector control clones. Further, β4
integrin downregulation rescued the vimentin knockdown phenotype.
d)

Vimentin knockdown results in decreased protein turnover of β4 integrin and plectin

Upon cycloheximide (inhibitor of protein biosynthesis) treatment, β4 integrin levels remained
almost unaffected in vimentin knockdown while 40% reduction was observed in the vector
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control cells. Treatment with lysosomal inhibitor chloroquine (CQ) resulted in decrease in β4
integrin protein levels in vimentin knockdown while the vector control clone showed an
increase of 2.7 fold. Further, plectin followed similar stability trend in vimentin knockdown
and vector control clones as observed for β4 integrin.
e)

High vimentin-low β4 integrin expression is together associated with poor survival

Immunohistochemistry analysis showed an inverse relationship between β4 integrin and
vimentin expression (Spearman’s nonparametric correlation = -0.200, p=0.044, n=74) in oral
tumor tissues, which corroborated with our in vitro findings. Significant correlation was
observed between high vimentin-lowβ4 integrin staining intensity and stage (p=0.05), tumor
size (p=0.037), node status (p=0.021) and poor survival (p=0.008).
Part 2
Vimentin regulates differentiation switch via modulation of Keratin 14 levels and their
expression together correlates with poor prognosis in oral cancer patients
a)

Downregulation of vimentin results in alteration in the keratin profile of the OSCC

derived cell line AW13516
The global keratin profile revealed the identity of the differentially expressed proteins across
the clones, one among which was found to be K14. Further, binding partner of K14, which is
K5, was also seen to be downregulated at both protein and mRNA level in vimentin
knockdown clones.Previous report from our laboratory has shown direct evidence wherein
K5/K14 pair is able to regulate cell proliferation, differentiation and neoplastic progression in
the same system AW13516 [18]. Surprisingly, we did not see any obvious differences in the
proliferation potential of the vimentin knockdown as compared to the vector control cells
using MTT assay. However, vimentin downregulation led to increased expression of
differentiation specific markers, K1, involucrin, filaggrin and loricrin respectively while
expression of multipotent stem cell marker Oct-4 decreased significantly. Re-expression of
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K5/K14 pair in vimentin knockdown background showed reversal of vimentin knockdown
phenotype. Next, we wanted to investigate the molecular regulator, through which vimentin
modulates the expression of K5/K14. ΔNp63 is known to directly regulate the expression of
K5/K14 pair during the program of keratinocyte stratification [29, 30]. Therefore, flag tagged
ΔNp63α (since ΔNp63α is a major isoform expressed in keratinocytes [31]) was stably reexpressed in vimentin knockdown clone.The differentiation status (defined by the expression
of differentiation specific markers) remained unchanged while the expression of Oct-4
showed only a marginal increase (not significant) upon ΔNp63α upregulation in vimentin
knockdown background.
b)

Activation of Notch1 may be a cause or a consequence of ΔNp63 downregulation in

vimentin knockdown background
ΔNp63 and notch regulate each other by a negative feedback loop [31]. Vimentin knockdown
clone showed an increase in activated Notch1 (NICD) levels as compared to vector control
clone. Correspondingly, its levels showed a significant decrease upon ΔNp63α
overexpression. The other candidate molecule which may modulate the level of ΔNp63 is
nuclear factor-kappaB (NF-κB), since it negatively regulates ΔNp63 either through notch or
independently as a part of the differentiation program [32]. Increased nuclear localization of
NF-κB (p65) was observed upon vimentin downregulation, while the inverse was seen in
ΔNp63α overexpressing clone
c)

High expression of vimentin-K14 together correlates with recurrence and poor

survival of oral cancer patients
IHC analysis of OSCC tissues showed positive correlation of high vimentin-K14 staining
intensity with recurrence (p=0.001) and poor disease free survival (p=0.005).
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Objective 3
Evaluation of transformation potential of vimentin in the development of human oral
cancer
a) Overexpression of vimentin in DOK cell line
The emerald vimentin retroviral construct was used to transduce DOK cell line.
Phenotypically the vimentin overexpressing clones were more migratory and proliferating as
compared to the vector control clones. Vimentin overexpression did not change the in vitro
transformation potential of the cells as assessed using soft agar colony formation assay.
Vimentin overexpressing clones showed an increase in the expression of the EMT regulator
twist while, a significant decrease was seen in the expression of epithelial specific marker, Ecadherin. Also the expression of stemness related marker nanog was found to be upregulated
in vimentin overexpressing clones.
b) Development of in vitro carcinogenesis model using benzo[a]pyrene
Benzo[a]pyrene was used as a procarcinogen to develop an in vitro carcinogenesis model in
vimentin overexpressing and its vector control cells, after checking for its metabolic
competence. Benzo[a]pyrene treatment was carried on till transformation was reached, as
assessed using soft agar colony formation assay. 35th week marked the appearance of visible
colonies on soft agar plate. The number of colonies was significantly higher in vimentin
overexpressing clone as compared to the vector control clone at the 35th week of
benzo[a]pyrene treatment. Molecular changes associated with transformation like
downregulation of p21, E-cadherin, involucrin, etc and upregulation of stemness related
markers (Nanog, Sox2, Oct-4), were more prominent in benzo[a]pyrene treated vimentin
overexpressing clones as compared to its vector control clones.
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Summary and Conclusion:
Vimentin knockdown resulted in increased β4 integrin surface levels leading to strong
adhesive contacts. This manifested into decreased motility. Interestingly, along with β4
integrin, its linker protein plectin was also upregulated with vimentin downregulation
probably due to decreased targeting of these molecules to proteasomal and lysosomal
machinery. A similar inverse correlation was observed between vimentin and β4 integrin in
human oral cancer tissue samples.This study provides insights into the role of vimentin in
mediating tumor cell migration by modulation of β4 integrin levels. Furthermore, vimentin
and β4 integrin together may be used to predict the biology of oral cancer progression.
In addition, studies to understand whether vimentin is contributing and not merely
associated with the transition from a more differentiated epithelial phenotype to a
dedifferentiated state, showed reduction in the expression of K5/K14 pair upon vimentin
downregulation. Our study deciphers the role of vimentin in modulating the expression of
K5/K14 pair partly through ΔNp63, to regulate differentiation state of a transformed cell.
Furthermore, vimentin-K14 expression may be clinically relevant in order to prognosticate
the fate of the OSCC
Finally, experiments to understand whether expression of vimentin is one of the
causes or a consequence of the development of human oral cancershowed that, vimentin
overexpression by itself is not enough to bring about transformation. Nevertheless, its forced
expression in the initial stage proves to be advantageous to the cell in order to push itself
towards transformation in presence of a carcinogenic stimulus.
Collectively, vimentin has emerged as one of the drivers of key events, beneficial for
tumor progression. Further studies are required to understand the role of vimentin in initial
stages of human oral oncogenesis.
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1. Introduction
Oral cancers are one of the leading cancers in India. In Indian males, these account for
approximately 30% of the overall cancer burden [1]. Majority of oral cancers in Indian scenario
are preceded by precursor lesions like leukoplakia (a predominantly white lesion), erythroplakia
(a predominantly reddish lesion), lichen planus and submucous fibrosis. The malignant
transformation rates of leukoplakia range from less than 1% to 18%. In Indian studies, the rate of
malignant transformation ranges from 0.13% to 2.2% per year [2]. Further, regional lymph node
metastasis, local recurrence and second primary tumors result in high morbidity and mortality
especially when the disease is in advanced stage at initial diagnosis [3]. Ability of current
clinical/histological methods to predict which lesions would further progress into malignancy is
limited. Hence development of biological markers which will prove as an adjunct to histodiagnosis has become essential.
Vimentin (a type III intermediate filament protein) expression has recently gained importance
to identify mesenchymal origin of a cell, as a prognostic marker to predict the biology of the
tumor and to detect micrometastasis [4, 5]. Previous report from our laboratory has shown the
expression of vimentin in oral leukoplakia and submucous fibrosis, which are known
premalignant lesions for human oral cancer [6]. Further, our group has documented sequential
increase in the aberrant expression of vimentin from early stages, in 4NQO-model of rat lingual
carcinogenesis [7]. The presence of vimentin in early events of oral tumorigenesis is suggestive
of its active or a passive contribution in bringing about this process.
Overexpression of vimentin is seen in various carcinomas like, prostate, gastrointestinal,
breast, lung and also melanomas [5]. Our laboratory along with others has shown correlation of
aberrant vimentin expression with late events of tumorigenesis like, lymph node metastasis,
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recurrence and poor survival [6]. Though, several reports have suggested the role of vimentin in
tumor cell migration and invasion [8, 9], the molecular mechanism/s underlying these
phenotypes is/are still under investigation. On these lines, Vuoriluoto et al. have shown vimentin
mediated regulation of receptor tyrosine kinase Axl, to bring about cancer cell migration during
epithelial mesenchymal transition (EMT) [10]. Conversely, in mesenchymal epithelial transition
(MET) vimentin levels decrease leading to the inhibition of in vitro cell invasion [11].
Integrin pairs of α6β4 and α6β1 are also one of the major contributors of cell spreading and
motility, in case of carcinomas [12]. Although, the primary function of α6β4 integrin in stratified
epithelia is to form stable contacts with underlying basement membrane; in carcinomas, it is
known to stimulate signaling molecules to enhance migration and invasion [13]. α6β4 integrin is
known to exclusively interact with intermediate filaments in stratified epithelia. Coherently,
vimentin-α6β4 integrin interaction is known to exist in endothelial cells [14]. Hence, it is
worthwhile to investigate the role of α6β4 integrin in regulation of vimentin mediated tumor cell
motility.
Vimentin is being perceived not only as a canonical marker but also as a driver of epithelial–
mesenchymal transition (EMT) [4]. During the process of EMT, the cell acquires a characteristic
flattened morphology (mesenchymal like) due to loss of cell-cell and cell-substrate contacts.
Parallely, there is a dramatic reprogramming of epithelial-specific keratins, to initiate the
expression of mesenchyme specific protein vimentin [15]. In this regard, expression of vimentin
has been shown to significantly correlate with the poorly-differentiated and fibroblastic
phenotype of the breast cancer derived cell lines [16]. However, the molecular mechanisms
involved in vimentin mediated maintenance of undifferentiated state of tumor cell are not yet
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clear. Therefore it will be interesting to understand, whether vimentin is a cause or a
consequence of the dedifferentiated state of the tumor cell.
Thus, our preliminary results suggested role of vimentin in tumor progression and invasion.
However, the molecular mechanisms underlying the same are not clear. Also, our interesting
observations in oral premalignant lesions showed expression of vimentin in leukoplakia and
submucous fibrosis (SMF), suggesting the possibility of its role in early oncogenesis. Based on
these observations and literature the key question raised was:
1.1 Key question:
Does vimentin contribute in the early and late events of human oral oncogenesis?
1.2 Objectives
1.2.1 To study the phenotypic and molecular changes associated with vimentin in OSCC derived
cell line.
1.2.2 To delineate the molecular pathways by which vimentin confers a particular phenotype to
the cancer cell.
1.2.3 To study role of vimentin in early events of human oral cancer development.
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Chapter 2: Review of
Literature
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2. Review of literature
2.1 Human oral cancer:
2.1.1 Epidemiology
Squamous cell carcinoma is the most common cancer in the head and neck region of the
body, among which oral squamous cell carcinoma predominates over the others [17]. Oral
squamous cell carcinoma is a heterogeneous group of cancers arising from different parts of the
oral cavity and is the sixth most common cancer reported globally [1]. The 5-year survival rate
(40-50%) of oral cancer has not changed over several decades, in spite of continuous
improvement in surgical techniques and adjuvant therapies [18]. 48% of these group of cancers
are located in the oral cavity and 90% of these are oral squamous cell carcinomas (OSCC) [19].
It has an annual incidence of over 300,000 cases, of which 62% arise in developing countries. In
comparison with the USA population, where oral cavity cancer represents only about 3% of
malignancies, it accounts for over 30% of all cancers in India [1].
2.1.2 Risk factors
The common risk factors for oral cancer in Indian scenario are excessive alcohol
consumption, use of tobacco like cigarettes, smokeless tobacco, betel nut chewing and human
papilloma virus (HPV) [20]. Excessive tobacco usage increases the risk of cancer by 5-fold to
25-fold. Nicotine and polycyclic aromatic hydrocarbons present in tobacco are the main
compounds responsible for the tobacco associated cancers. Smoking along with alcohol
consumption increases the risk of cancer by 40 folds [21]. Mutations in TP53 gene are largely
associated with alcohol and tobacco associated cancer. Viruses like HPV and Epstein-Barr virus
(EBV) have been linked with the pathogenesis of head and neck squamous cell carcinoma
(HNSCC) [22, 23]. HPV associated HNSCCs contribute to around 25% of all HNSCCs. HPV
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uses its E6 and E7 oncoproteins to cause cancer [24]. According to molecular studies, E6 and E7
viral oncoproteins inactivate the TP53 and retinoblastoma tumor suppressor gene products in
order to transform the cell [24].
The less common risk factors for oral cancer are poor dental care and poor diet. Among
this, dietary factors like vitamin A deficiency and the iron deficiency associated with PlummerVinson syndrome are reported to be important risk factors for oral and pharyngeal cancers [25,
26]. Occupational hazards like exposure to chromium, nickel, radium, mustard gas, and
byproducts of leather tanning and wood working are also linked to sinonasal cancers [27, 28].
2.1.3 Tumorigenesis
Constant exposure to cancer causing agents results in alterations in key genes leading to
tumorigenesis [26]. Described below are the details of oncogenes and tumor suppressor genes
that are commonly altered in oral cancer.
Cyclin D1 is known to play a role in activation of cell cycle progression. Amplification
(30% to 50%) and overexpression of Cyclin D1 is seen in HNSCC patients [29]. EGFR normally
plays an important role in the induction of cell differentiation and proliferation upon activation.
Overexpression of EGFR is seen in more than 95% of HNSCCs and is associated with decreased
progression-free survival (PFS), decreased overall survival (OS) and increased resistance to
radiation [26, 30]. TP53 is known to display several tumor suppressor functions. Mutations in
TP53 gene (40% to 60%) are seen in head and neck cancer, and this mutation is associated with
the progression from premalignancy to advanced stage and also with early recurrence [31, 32].
CDKN2A (formerly P16) is another tumor suppressor gene which regulates the cell cycle by
causing the inhibition of cyclin-dependent kinase. Loss of chromosomal region 9p21 leading to
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inactivation of the CDKN2A gene; occurs early in the progression of a majority of the HNSCC
patients [33].
2.2 Human oral pre-cancer
2.2.1 Types of Oral premalignant lesions (OPLs)
In the Indian scenario, a majority of the oral cancers arise from precancerous lesions.
Early detection of oral premalignant lesions (OPLs) is central to the improvement of prognosis of
oral cancer. Some of the oral cancers arise from precursor lesions like leukoplakia (a
predominantly white lesion), erythroplakia (a predominantly reddish lesion), submucous fibrosis
(SMF) and lichen planus [34]. In Indian studies, the rate of malignant transformation ranges from
0.13% to 2.2% per year [2].
Following are the commonly seen precancerous lesions of oral mucosa,
2.2.1.1 Leukoplakia
Leukoplakia is usually defined as “a white patch or plaque that cannot be characterized,
clinically or pathologically, as any other disease” [34]. The percentage of malignant
transformation in case of leukoplakia is between 1-18% [18]. Clinically, leukoplakia can be
divided into two subtypes, homogenous lesions, which are characterized by uniformly flat, thin,
white, showing shallow cracks of the surface keratin and non-homogenous lesions which are red
lesions that may be either irregularly flat or nodular. Verrucous leukoplakia, which falls in a nonhomogenous leukoplakia type, is known to show increased transformation and therapy resistance
[35].
2.2.1.2 Erythroplakia
Erythroplakia and/or erythroleukoplakia are a red patch of the oral mucosa which is
correlated with significantly higher rates of dysplasia, carcinoma in situ and invasive carcinoma
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as compared to leukoplakia [34, 35]. The soft palate, floor of the mouth and the buccal cavity are
the most commonly affected regions in the case of erythroplakia. Histopathologically, oral
lesions showing erythroplakia are mainly moderate or severe dysplasia grade. Congruently, its
malignant transformation rates are also very high (vary from 14% to 50%) [35].
2.2.1.3 Oral Submucous Fibrosis (OSMF)
Schwartz in 1952 defined OSMF as a “chronic and potentially malignant disorder
characterized by juxta-epithelial fibrosis of the oral cavity” [35]. It is reported to show a
malignant transformation rate of 7%-30%. OSMF is predominantly seen in Indians mainly due to
the chewing of betel quid containing areca nut. OSMF occurs in the second and third decade of
life, in both the sexes while in the pediatric age group it is comparatively rare [34, 35].
2.2.1.4 Lichen planus
Lichen planus is a chronic inflammatory mucocutaneous disease [36] and it is reported to
be a less frequently occurring premalignant disorder (0.62%) [35]. Lichen planus commonly
occurs in the fifth decade of life and is more common in females as compared to males [36].
2.2.2 Diagnosis
Oral squamous cell carcinomas (OSCCs) are usually preceded by the visible changes of
the oral mucosa, e.g. oral premalignant lesions [37]. A thorough mucosal examination as a part
of a routine dental examination helps to screen for oral cancer in a regular manner. This method
is shown to be useful and is currently accepted practice for the detection of oral cancer and
premalignancy [38]. The diagnosis of lesions appearing on oral mucosa may be enhanced by the
use of adjunctive aids such as toluidine blue, diffused white light, chemiluminescence or loss of
tissue autofluorescence [39]. Early diagnosis is crucial in the treatment of oral cancer since it
significantly increases the survival rates of OSCC [40].
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2.2.3 Treatment
Till 1960 to 1980 the primary curative management of patients with head and neck was
done by only surgery and radiation therapy (RT). In 1991, the concept of organ preservation
emerged by combining chemotherapy and RT. The treatment modality is decided depending
upon the stage of cancer, for example, Stage T1 or T2 without nodal involvement (N0) are
treated either with surgery or with radiation depending on the subsite and the expertise of the
clinical team. T2 tumors, or exophytic T3, N0-N1 tumors are shown to benefit from a
combination of both surgery and radiation. Concurrent chemoradiation therapy is generally
preferred for T3 or T4 primary tumors with N2 or N3 lymphadenopathy in the situations where
the tumor is unresectable, or even if the tumor is resectable but organ preservation is desired
[26]. Recent advancement in the treatment of HNSCC is the introduction of targeted therapy and
concurrent radiotherapy. This treatment is useful for patients who are not candidates for therapy
with platinum and radiation [41].
2.2.4 Challenges
The major hurdles over the years in the oral cancer scenario have been in terms of their
high risk of developing a second primary cancer, lymph node metastasis and failure in diagnosis
and treatment of oral cancer at an early stage. Therefore, the early detection and prevention of
oral cancer and premalignancy are quite important [1, 42]. The ability of current
clinical/histological methods to predict which lesions will further progress into malignancy is
limited. Hence the development of biological markers which will prove as an adjunct to histodiagnosis has become essential.
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2.3 Intermediate filaments (IFs)
Aberrant expression of intermediate filament proteins like keratins and vimentin is
widely reported since last two decades. Further, investigation of the diagnostic, prognostic and
therapeutic potential of these molecules would be useful to screen and treat oral cancer patients.
Intermediate filaments, along with microtubules and microfilaments, form the cytoskeletal
organization of the cell. They have an average diameter of 7-11 nm and is mainly responsible for
the structural appearance of the cytoplasm [43]. Along with this, they play an important role in
cell division, motility and various other cellular processes [44, 45]. Around 70 IF genes code for
the diverse group of IF proteins in the human genome (Human Intermediate Filament Mutation
Database; http://www.interfil.org). On the basis of their cell, tissue, differentiation and
developmental specific expression patterns, IFs are classified into six major groups (Table 2.1).
Group I–IV constitute the IFs localized to the cell cytoplasm while group V forms the Ifs lamins
localized to the nucleus. The last group is the “orphan” group, which involves cytoplasmic IFs
expressed in the eye lens [46].
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Table 2.1: Classification of IFs based on their cell, tissue, differentiation and developmental
specific expression patterns. Adapted from [46]
Type
I

Cell types
Epithelia

II

III

IV

V

Orphan

Localization
Cytoplasm

Proteins
Acid keratins (pl< 5.7)
17 human epithelial keratins; K9-K28
Hair
Hair
11 human hair keratins; K31-40 (Ha 1-8)
Epithelia
Cytoplasm
Basic keratins (pl< 6.0)
20 human epithelial keratins; K1-8, K71- 80
Hair
Hair
6 human hair keratins; K81 – 86 (Hb 1-6)
Muscle
Cytoplasm
Desmin
Mesenchymal
Vimentin
Neurons
Peripherin
Astrocytes and glia
GFAP
Neurons
Cytoplasm
NF-L
Neurons
NF-M
Neurons
NF-H
Neurons
α-internexin
Muscle
Synemin α
Muscle
Synemin β (desmuslin)
Muscle
Syncoilin
Neuroepithelia
Nestin
Ubiquitous
Nuclear lamina Lamin A/C
B1
B2
Eye lens
Cytoplasm
Phakinin (CP49)
Filensin (CP115)

2.3.1 Structure and assembly of IFs
IFs are made up of a non-helical N-terminal head (amino-end), a central α-helical coiledcoil domain and a non-helical C-terminal tail (carboxy-end) [46]. As per the X-ray diffraction
data analysis, the rods of two polypeptide chains intertwine to give rise to a coiled-coil structure.
This data was further substantiated by sequence data and model building. The surface of the αhelical domain is hydrophobic due to the presence of repeats of hydrophobic amino acids at the
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first and fourth of every seven residues. This hydrophobicity facilitates the coiling between two
IF polypeptides. [47]. The assembly of IF is initiated with the formation of parallel α-helical
coiled-coil dimers through four heptad repeat-containing regions designated 1A, 1B, 2A and 2B,
separated by non-coiled linkers, L1, L12 and L2. Once the dimers are formed they arrange
laterally into antiparallel manner to form unit length filaments (~60 nm long), which later anneal
longitudinally to form immature filaments. Immature filaments undergo extensive compaction to
finally form mature filaments [46].
Figure 2.1: Schematic depiction of the structure and assembly groups of IFs. Adapted from
[48].

2.3.2 Functions of intermediate filaments
IFs form important cytoskeletal machinery which contributes to the regulation of cell
architecture and functions. The wide array of functions performed by IFs can be attributed to the
differences in their N-terminal head and C-terminal tail domains, to their stage and tissue
specific expression and to their post-translational modifications [49].
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2.3.2.1 Structural functions of IFs
Traditionally IFs were thought to play a dedicated role of supporting cell strength and
maintaining tissue structure in a static manner. Additionally, IFs were also shown to confer
resistance against mechanical and non-mechanical stress and deformation. For example simple
epithelial-specific keratins are known to modulate cell stiffness in hepatic cells while
mesenchymal specific vimentin is also known to provide elastic properties and protection against
compressive stress [50, 51].
2.3.2.2 Role of IFs in cellular processes
IFs are reported to regulate multiple cellular functions. IFs, microtubules and
microfilaments are in constant communication with each other through proteins known as
cytolinkers, since modulation of one affects the other two networks. This consequently, affects
one or the other cellular processes [52, 53]. For instance, direct communication between
vimentin and actin is shown to regulate cell stiffness [54, 55]. Additionally, IFs are shown to
play important role in cell signaling (eg modulation of ERKs (extracellular-signal-regulated
kinases) by vimentin [56]), cell cycle (eg keratins are involved in the regulation of cell cycle
[57]), apoptosis (eg both keratins [58] and lamins [59] have a role in apoptosis), cell migration
and cancer (eg vimentin, keratins and nestin regulate migration and cancer progression [60-63]).
2.3.2.3 Role of nuclear IFs in controlling the nuclear organization
Nuclear lamins are known to form nuclear lamia by interacting with the inner nuclear
membrane as well as chromatin [64]. Studies have shown that nuclear lamina plays an important
role during mitosis wherein breakdown and reformation of the nuclear envelope are the key
events [65]. Experiments using an intracellular injection of anti-lamin antibodies showed defect
in the decondensation of the chromosomes following mitosis [66]. This suggested that the
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nuclear lamina may interact either directly or indirectly with the chromosome and the nuclear
envelope. Interestingly, studies have also indicated the role of nuclear lamina in distribution of
the nuclear pore complexes in the nuclear membrane [67].
2.3.2.4 Role of IFs in vesicular trafficking
Emerging reports have substantial evidence to show that IFs and vesicular transport are
linked [49]. Studies have demonstrated the role of IFs in early stages of enodcytosis, for
example, in sertoli cells, seminiferous tubule and testis, Rab4 is shown to interact with vimentin
to play a role in sorting of early endosomes and endocytic recycling vesicles [49]. Along with
vesicular trafficking, IFs have been shown to play a role in distribution and motility of late
endocytic vesicles and compartments, for instance, in astrocytes, vimentin along with GFAP is
shown to regulate endocytosis and motility of endosome and lysosome [49].
2.3.3 Diseases associated with intermediate filaments
The pioneering research that mutations in K5 and 14 led to epidermal fragility in mice
and epidermolysis bullosa simplex (EBS) in humans compelled the researchers to investigate the
human disorders associated with IFs [68]. Following this, many studies showed the connection
between mutations in genes encoding IF proteins and causation or predisposition to a particular
human disease. The list of IF family members along with its disease phenotypes is described in
Table 2.2 [46]. The peculiar feature about IF is that, the simplest unit of an IF is a tetramer (as
described in structure and assembly of IFs section) that consists of either homopolymers (as is
seen for desmin, vimentin and some other IF proteins) or obligate heteropolymers (as is seen for
keratins). Hence most of the mutations in IF proteins act in a dominant fashion as a result of its
normal oligomeric state [69]. The severity of the IF-associated diseases is determined by the
location of a mutation within the IF protein backbone [70]. The IF-associated diseases can be
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caused due to several genetic alterations like deletions, gene duplications, missense and nonsense
mutations etc [69]. However, a majority of them occur as missense mutations. Hotspot mutations
are also seen for different IFs, but generally mutations involve many amino acids that are
distributed over the entire body of IFs, for instance, Lamin A has about 30% amino acids which
are involved in a disease [71]. Certain variants of IFs are also known which show 100%
association with specific ethnic backgrounds; like, the K8 Gly434Ser variant is found
exclusively in African population [72]. Overall, IFs are associated with more than 80 human
tissue-specific diseases; hence it is important to study its functional role in the context of disease
biology.
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Table 2.2: Diseases associated with IFs. Adapted from [46]
Type
I

II

III

IV

V
Orphan

Disease associations
K14 – epidermolysis bullosa simplex diseases
K10, K16, K14 – keratoderma disorders
K12 – Meesmann corneal dystrophy
K13 – white sponge nevus of cannon
K16 – pachyonychia congenital type I
K17 – pachyonychia congenital type II
K5 – epidermolysis bullosa simplex diseases
K1, K9, K2 – keratoderma disorders
K3 – Meesmann corneal dystrophy
K4 – white sponge nevus of cannon
K6a – pachyonychia congenital type I
K6b – pachyonychia congenital type II
K81 (Hb1), K83 (Hb3), K86 (Hb6) – monilerthrix
K85 (Hb5) – pure hair type ectodermal dysplasia
Desmin – desmin related myopathy, dilated cardiomyopathy 1I, familial
restrictive cardiomyopathy 2
Peripherin – amyotrophic lateral sclerosis
GFAP – Alexander disease
NF-L, M and H – amyotrophic lateral sclerosis
NF-L – Charcot-Marie-Tooth diseases
NF-M – Parkinson disease
NF-H – neuronal IF inclusion disease
Lamins – large number of disorders including lipodystrophies, muscular
dystrophies, neurological disorders and premature aging
CP49 – autosomal dominant cataract disease
CP115 – autosomal recessive cataract disease

2.3.4 Intermediate filament (IF) proteins and cancer
Intermediate filament proteins are expressed in a tissue-specific and differentiation stage
specific manner which is why IF typing is used to distinguish and determine the histogenesis of
the major tumor groups [73]. Keratins are typically found in keratinizing and nonkeratinizing
epithelia; hence they are used to characterize carcinomas. Similarly, desmin filaments, which are
usually expressed in sarcomeric, visceral and some type of vascular smooth muscle tissue, are
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used to characterize sarcomas of muscle cells. Vimentin filaments classically expressed by
endothelial cells, fibroblasts, macrophages, chondrocytes and most but not all lymphatic cells are
used to characterize nonmuscle sarcomas. Neurofilaments, which are arranged as neurofilament
triplet composed of three different polypeptides, to form the cytoskeletal organization of the
central and peripheral neurons, are used to characterize a group of tumors originating from the
sympathetic nervous system, e.g., ganglioneuroblastoma, pheochromocytoma, and at least some
neuroblastomas. Glial fibrillary acidic protein (GFAP), which is expressed by the normal and
reactive astrocytes and also some ependymal cells, is used to characterize gliomas [73, 74].
Increasing evidence suggests the potential of intermediate filaments as prognostic and diagnostic
markers in human cancers. For instance, nestin, which is neuroepithelial stem cells specific IF,
could be useful as a prognostic and diagnostic marker in case of astrocytomas and malignant
melanomas, where its expression is suggestive of a dedifferentiation and advanced phenotype
[75]. Aberrant expression of simple epithelial-specific Keratin 8/18 pair was shown to correlate
with a poor clinical prognosis, suggesting their potential to be used as prognostic markers for
human oral cancer [76]. Aberrant expression of mesenchymal specific protein vimentin was seen
in early events of tobacco/areca nut associated oral tumorigenesis. Also in the late events, a
significant correlation was seen between vimentin expression and invasive fronts/aggressive
phenotype of oral tumours [6]. All this evidence clearly defines the diagnostic and prognostic
potential of intermediate filament expression patterns in squamous cell carcinomas of the oral
cavity.
2.3.5 Vimentin
Vimentin is a 53 kDa, type III intermediate filament protein (IF), predominantly
expressed in cells of mesenchymal origin and in many undifferentiated cells and cultured cells
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[5]. Vimentin is encoded by a single-copy gene and is located on chromosome 10p13 [77]. The
promoter of vimentin includes elements like TATA box, eight putative GC boxes, Activator
protein 1 (AP-1) binding sites, the NF-kB–binding site, and a Smad binding element [5]. In the
tumor cell, vimentin expression was shown to be transactivated by β-catenin/ TCF, binding to
the putative site 468 bp upstream of the transcription initiation site of vimentin promoter to
regulate the invasive potential of the tumor cell [78].
2.3.5.1 Structure
Vimentin protein is comprised of 466 amino acids and its structure resembles any typical
IFs with a highly conserved α- helical “rod” domain that is flanked by non-α-helical N-terminal
head domain (77-residues) and C-terminal tail domain (61-residues) [79]. Vimentin forms both
homopolymers and heteropolymers (with other type III or IV IFs), through its coiled-coiled
alpha-helical domain which helps in the formation of highly stable polymers [5]. The assembly
of vimentin filaments is similar to the classical assembly of intermediate filaments.
2.3.5.2 Post translational modifications of vimentin
The head and the tail domains of vimentin serve as a substrate for a number of enzymes
which in turn regulates its assembly and functional properties.[5, 80]. For instance, disassembly
of vimentin is regulated by its phosphorylation on sites S38 and S72 by protein kinase A (PKA)
[81]. Similarly, structural reorganization of vimentin is regulated by p21-activated kinase (PAK)
mediated phosphorylation [82]. Also during cytokinetic processes, vimentin filament segregation
is regulated by its phosphorylation mediated by Aurora B Kinase [83]. The dynamics of IF, in
the interphase of the cell cycle, is also regulated by protein phosphatase 2A (PP2A), which
prevents the phosphorylation of vimentin [84]. Vimentin undergoes several other post
translational modifications which confer diverse characteristic phenotypes to the cell, for
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instance, citrullinated vimentin is seen in macrophages undergoing apoptosis [85]. Similarly,
vimentin

expressed

in

glial

cells

undergoes

O-GlcNAcylation

which

prevents

its

hyperphosphorylation to finally enable neuronal migration [86], while sumoylation of vimentin
is known to regulate the structure and motility of glioblastoma multiforme cells [87]. Moreover,
identification of novel post translational modifications on vimentin will provide insights into
novel functions executed by vimentin.
2.3.5.3 Functions of vimentin
2.3.5.3.1 Role of vimentin in normal development and differentiation
The primary function of Vimentin IFs is to maintain cyto-architecture and tissue integrity
[88]. Vimentin is partially or completely replaced with their cell type specific IF protein in cells
which are committed to undergo terminal differentiation [89]. During mouse embryonic
development, vimentin is expressed very early in motile cells like parietal endoderm cells [90].
Surprisingly, functional deletion of vimentin in mice did not result in an obvious phenotype.
However, careful examination revealed a certain functional defect in mice lacking vimentin. For
example, lymphocytes from vimentin knockout mice showed a decreased capacity for homing to
lymph nodes and spleen [91]. Their fibroblasts were unable to bring about migration [92].
Cerebellar defect and an impaired motor coordination were also reported in vimentin null mice
[93].
2.3.5.3.2 Role of vimentin in precancerous lesions
The emerging literature suggests that aberrant expression of vimentin may begin very
early in the development of oral tumor. Van der Velden et al., in 1999 had demonstrated the
aberrant expression of vimentin in the hyperkeratotic lesions of oral mucosa [94]. Sawant et al.
have reported the aberrant expression of vimentin in oral premalignant lesions like leukoplakia
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and submucous fibrosis. This expression was found to correlate with the degree of
histopathological grade of oral precancerous lesions. Further, they also found a sequential
increase in the expression of vimentin, in keratinocytes isolated from carcinoma as compared to
dysplasia and hyperplasia [6]. Later to this, Soni et al., observed an increase in aberrant
expression of vimentin from early stages (hyperplasia to papilloma), in 4NQO-model of rat
lingual carcinogenesis by using quantitative proteomics [7]. These studies indicate that it will be
worthwhile to investigate if vimentin is one of the causes or just a consequence of the process of
neoplastic development.
2.3.5.3.3 Role of vimentin in cancer
The role of vimentin is increasingly recognized in case of cancer progression. However,
it may not play a significant function in the development of cancer as seen in the model of
experimental teratocarcinomas. Here, vimentin null or wild-type embryonic stem cells did not
alter teratocarcinoma formation or the normal development of experimental tumors [95].
Vimentin expression is seen to be upregulated in many invasive cancers including prostate
cancer, gastrointestinal tumors, breast cancer, malignant melanoma and lung cancer [5].
Malignancy is accompanied by a switch in the expression of the type of intermediate filament.
Sommers et al., have reported downregulation of keratin and corresponding upregulation of
vimentin in malignant breast cancer cells [96]. Lahat et al., have shown that treatment of
Withaferin-A (WFA) (a bioactive compound with anticancer properties) specifically targets
vimentin-expressing cancer cells to apoptosis [97]. Study on gene expression signatures in breast
cancer by Sotiriou et al., has revealed that, vimentin-expressing cancers are of either
mesenchymal or Basal B type [98]. Vimentin-expressing breast cancers are known to exhibit
undifferentiated, fibroblastic phenotype which increases their likelihood to form distant
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metastases to tissues like lung and brain [10]. Coherently, our group along with others has shown
a positive correlation of vimentin with the accelerated tumor growth, invasive phenotype,
recurrence and poor prognosis [6, 99, 100]. In vitro studies using vimentin knockdown system
generated in cancer cell lines; have highlighted the contribution of vimentin in migration [9,
101]. A recent report by Polioudaki has suggested use of vimentin for quantifying protein
expression for the characterization of circulating tumor cells (CTCs). This evaluation can be used
to generate prognostic information upon diagnosis or during follow-up of patients with breast
cancer [102].
2.3.5.3.4 Role of vimentin in Epithelial mesenchymal transition (EMT)
EMT is a critical event during development wherein at the gastrulation stage; individual
cells detach from a layer and migrate to form primitive streak and somites [103]. EMT is also
seen in the context with different morphogenetic events like fibrosis, invasion and metastasis of
carcinomas [5]. EMT program sets in during tumor metastasis, in which epithelial tumor cells in
the primary cancer site are converted into aggressive and metastatic tumor cells. EMT involves
series of events which include loss of cell–cell adhesion and gain of a mesenchymal phenotype,
followed by the disappearance of basoapical polarization, finally resulting in altered cell-ECM
interaction by activation of matrix metalloproteases [104]. Vimentin expression is significantly
upregulated while, expression of E-cadherin is downregulated during EMT, which further
contributes to tumor metastasis. The mesenchymal-like cells generated as a result of EMT may
be transported to metastatic sites, where they may undergo mesenchymal–epithelial transition
(MET) by regaining E-cadherin expression to establish itself in a new niche [105]. Therefore,
epigenetic regulation appears to be more important than genetic level regulation in maintaining
EMT-like phenotype. For instance, Marsit et al. have shown promoter level hypermethylation of
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E-cadherin gene in head and neck squamous cell carcinoma [106]. Additionally, EMT process
can be epigenetically regulated by microRNAs (miRNAs) as well. Cheng et al., have
demonstrated the downregulation of the vimentin expression by miR-30a, leading to inhibition of
breast tumor invasiveness and metastasis [107]. Moreover, according to Chaw et al., EMT occurs
not only in the late stages of cancer but also at the stage of oral epithelial dysplasia. This
indicates that EMT changes may begin much early in the development of OSCC and
identification of molecule/mechanism underlying this transition process may serve as a potential
target to bring about inhibition of malignant transformation [108]. Furthermore, the role of
vimentin is highly reported in the case of cancer cell migration. Hence, a study of the
mechanisms underlying vimentin mediated mechanism is important. α6β4 integrin, which
connects intermediate filaments to the basement membrane has emerged as one of the indirect
targets of vimentin, to modulate the migratory ability of the tumor cell.
2.3.5.3.5 Role of vimentin in cell signaling
Vimentin IFs are seen to interact with many signalling molecules to carry out several
cellular functions. Vimentin was shown to bind with activated Erk to prevent its
dephosphorylation [109]. In soft-tissue sarcoma cells, phosphorylated vimentin was protected
from caspases by AKT1 kinase, in order to promote cell motility and invasion [110].
Phosphorylated vimentin was shown to regulate the availability of 14-3-3 proteins by interacting
with it, to prevent its complex formation with other interactors [111]. This thus impacts
signalling and cell cycle regulatory pathways. Additionally, vimentin was shown to prevent
degradation of Scrib (which is involved in migration), to support directed cell migration of the
invasive cells [112]. Similarly, it was known to induce Axl to promote cancer cell migration
[10]. Moreover, EMT phenotype induced by Slug and Ras was also dependent on vimentin [10].
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Furthermore, a complex interplay between filamin A, an actin binding protein along with
vimentin and PKC enable tight regulation of β1 integrin function. This consequently modulates
early events in cell adhesion and migration [113]. These reports together highlight the role of
vimentin in the regulation of various signalling pathways activated normally and during cancer.
2.3.6 Vimentin and α6β4 integrin
In stratified epithelium, α6β4 integrin is majorly involved in stabilizing the association of
epithelium to its underlying basement membrane. It forms stable adhesion structures by
interacting with ECM component laminin-5 [114]. α6β4 integrin loss has been shown to result in
epidermis detachment in response to mechanical stress [115]. Also, homozygous in-frame
deletion in the β4 integrin gene results in epidermal blistering as seen in the case of humans
[116]. It interacts primarily with the keratin intermediate filament system at the cytoplasmic side
and laminin-5 at the basement membrane side and gets localized in type I hemidesmosomes in
stratified epithelial cells [117]. Along with α6β4 integrin, type I hemidesmosomes consist of
other proteins which include BP180, IFAP300, HD1, plectin and BP230 [118]. The endothelial
cells do not express type I hemidesmosomes, but they do express type II hemidesmosomes which
consist of only α6β4 and plectin (lacking BP180, BP230 and electron-dense intracellular
plaques) [114]. β4 is known to interact with vimentin through HD1/plectin in endothelial cells
[14]. Disruption of HD1/plectin or BP230 has been shown to inhibit interactions of basal
keratinocytes to its basement membrane [119-121]. Also, the fact that HD1/plectin null mice had
very few hemidesmosomes associating with keratin filaments, implied that HD1/plectin may not
be indispensable for the linkage of α6β4 to keratin filaments, but may stabilize this association
[121, 122]. A study by Homan et al, has shown that when endothelial cells are grown on laminin
5-rich matrix, recombinant α6β4 redistributes from the fibrillar structure to type I
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hemidesmosome-like structures. This suggests that vimentin may be connected with cell matrix
adhesion contact through α6β4 integrin, in endothelial cells [114].
2.3.6.1 Vimentin and α6β4 integrin in cancer
Loss of α6β4 at the basal layer was seen in cervical cancer [123]. Similarly, Downer et
al., have shown loss of α6β4 and its corresponding basement membrane component laminin, in
squamous cell carcinomas [124]. α6β4 integrin has been shown to play a reverse role during
cancer progression wherein α6β4 integrin has been seen to facilitate cancer cell migration and
invasion by regulating multiple signaling pathways, including phosphatidylinositol 3-kinase/Akt
and MAPK [125]. In carcinoma derived cells, α6β4 integrin can also interact with the actin
cytoskeleton in migrating cells [126]. Coherently, β4 integrin has been also shown to be capable
of activating pivotal kinases involved in carcinogenesis like PKB/Akt and ERK1/2 [127].
Further, activation of β4 cytoplasmic domain is seen to recruit adaptor protein Shc to bring about
downstream signaling cascade [128].These observations indicate that the β4 integrin signaling
component functions to determine the fate of carcinoma cells. Evidence also suggests that α6β4
integrin molecules associated with carcinoma cells, bind with the actin cytoskeleton in filopodia
and lamellipodia [126, 129]. This collectively indicates that α6β4 integrin in normal epithelia
functions as adhesion receptor while in cancer plays an anomalous role to enhance migration.
Correspondingly, observations by Rabinovitz et al. also suggest that during cancer progression
α6β4 integrin disappears from the hemidesmosomes to accumulate preferentially in the F-actin
rich cell protrusions. This change occurs in response to chemotactic stimulation, to contribute in
cancer cell migration [129]. Furthermore, increased turnover of α6β4 integrin was seen in a
multistep mouse model of skin carcinogenesis [130]. In this context, it is noteworthy that though
α6β4 integrin was shown to be predominant receptor expressed in carcinomas, its expression was
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not polarized but was dissociated and not restricted to the basement membrane [131]. Previously,
β4 integrin and E-cadherin loss was seen during EMT of mammary gland cells induced by TGF
β due to epigenetic modifications [132]. Also, in a report on kindlin-1 deficient keratinocytes,
increase in mesenchymal markers vimentin and fibronectin was seen with a concomitant
decrease in epithelial markers like E-cadherin, α6β4 integrin, etc., marking the loss of epithelial
like phenotype [133]. In this direction, it is noteworthy that cells showing increased levels of
vimentin generally exhibit a more dedifferentiated/mesenchymal like phenotype. Therefore, it is
worthwhile to investigate, if vimentin is able to modulate the proteins involved in either
maintenance or generation of a differentiated epithelial phenotype.
2.3.7 Vimentin and differentiation state of cancer cell
Traditionally, IFs are known to define the tissue origin of poorly differentiated tumors,
wherein keratin IFs define epithelial cells while vimentin IFs define mesenchymal cells [4]. In
most of the cancers, expression of vimentin is inversely related to the differentiation state of the
tumor. For instance, in prostate cancer, its expression has been detected in a poorly differentiated
stage of cancer [134]. Though, majority of the reports suggest a strong association of decreased
E-cadherin expression and increase mesenchymal differentiation, Nakajima et al found a
significant correlation of mesenchymal differentiation with expression of vimentin and Ncadherin but not with expression of E-cadherin in pancreatic carcinoma [135]. In a study by
Sommers et al., on breast cancer derived cell lines, expression of vimentin was found to
positively correlate with poorly differentiated, fibroblastic phenotype [16].
2.3.8 Vimentin and keratins in cancer cell differentiation
At the advanced stages of cancer progression when tumor cell undergoes EMT, it acquires a
characteristic flattened morphology (mesenchymal like) due to loss of cell-cell and cell-substrate
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contacts. As reported by Mendez et al., coherently at the same time, there is a dramatic
reprogramming of epithelia specific keratins, to now initiate the expression of vimentin [15].
Moll et al., reported a change in keratin composition, associated with a decrease in the degree of
differentiation during an injury (inflammation/atrophy), wherein a cell starts expressing more
than two keratins/IF proteins, e.g. K7, K17, K19, vimentin etc.[136]. Recent report by Boraas et
al. demonstrated cytoskeletal remodeling in case of mouse embryonic fibroblasts, in the course
of transition between progenitor and differentiated states [137]. Due to tissue and differentiation
state specific expression of keratins, many of them have found wide utility in clinics as
diagnostic markers, especially in tumor pathology. Moll et al. have shown a positive correlation
of expression patterns of K5, K6, K14, K17, etc. with dedifferentiated and metastatic nature of
the squamous cell carcinomas [138]. Alam et al., have shown the contribution of K5/K14 pair in
the maintenance of a proliferative and dedifferentiated state of tongue SCC derived cell line
AW13516 perhaps in a notch dependent manner [139].
In view of the available literature, the importance of aberrant IFs expression in cancer
and their usefulness as diagnostic and prognostic markers is apparent. With the growing evidence
of the potential of vimentin in driving the progression of oral cancer, research needs to be
focused on understanding overall molecular pathways regulated by vimentin and designing of
anticancer agents targeting vimentin expressing carcinomas.
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Chapter 3: Materials
and Methods
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3 Materials and Methods
3.1 List of Cell lines, antibodies and reagents
List of cell lines, reagents and antibodies with their particulars are described in the Table 3.1, 3.2
and 3.3 respectively.
Table 3.1 List of cell lines with their particulars.
Cell lines
AW13516
AW8507
SCC029B

Source
and SCC of tongue

A431
HEK-293 cells
DOK

HaCat

SCC
of
buccal
mucosa
Epidermal carcinoma
of the vulva
Human
Embryo
Kidney
Human
dysplastic
oral mucosa
Immortal
keratinocyte

Media

References

Complete IMDM

[140]

Complete IMDM

[141]

Complete DMEM

[142]

Complete DMEM

[143]

Complete DMEM with
hydrocortisone

[144]

human Complete DMEM

[145]

Table 3.2 List of reagents with their particulars.
Reagents

Catalogue

Company

Country

Accutase

TCL075

Himedia

Mumbai, India

Calcein AM

C1430

Life technologies

Carlsbad, CA, USA

DAPI

D9542

Sigma-Aldrich

USA

Life technologies

Carlsbad, CA, USA

Vector laboratories

USA

HycloneThermo
Scientific

Lafayette, CO

Dulbecco's
eagle’s
(DMEM)

modified 12800-017
medium

Elite ABC Kit
Fetal
(fbs)

bovine

PK6100
serum SH30071.0
3
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Reagents

Catalogue

Company

Country

FITC-conjugated
phalloidin

P5282

Sigma Aldrich

USA

G418

A1720

Sigma-Aldrich

USA

Human Laminin 332

EUV102

Kerafast

USA

Life technologies

Carlsbad, CA, USA

Lipofectamine® 2000 11668030
Transfection Reagent

Life technologies

Carlsbad, CA, USA

Matrigel

354234

BD Biosciences

Franklin
USA

MG-132

474790

Calbiochem

San Diego, CA, USA

Protease
cocktail

inhibitor 539131

Calbiochem

San Diego, CA, USA

Iscove's
Dulbecco's
(IMDM)

Modified 12200-036
Medium

lakes,

NJ,

Protein G-sepharose

P3296

Sigma-Aldrich

USA

Puromycin

P8833

Sigma-Aldrich

USA

PVDF membrane

RPN303F

GE Healthcare

UK

Revert
Aid
First K1622
Strand
cDNA
synthesis Kit

ThermoFischer
Scientific

USA

SYBR Green Master 4367659
Mix

Applied Biosystems

Bedford, MA, USA

TGF-β1

100-21

PeproTech Inc.

Rocky Hill, USA

TRI reagent

93289100ml

Sigma-Aldrich

USA

Lipofectamine 2000

11668027

ThermoFischer
Scientific

USA

Vector Laboratories

CA, USA

Vectashield mounting H-1000
medium

48

Table 3.3 List of antibodies with their particulars.
Antibody

Dilution

Clone

AKT

1:1000 (WB)

Rabbit polyclonal

Anti-Flag

1:100

BP180

1:1000 (WB)

CD151

1:2000 (WB)

E-cadherin

1:500 (WB)

ERK1/2

1: 2000 (WB)

Cell signaling,
USA
Clone
M2, Sigma, USA
Mouse monoclonal
Rabbit polyclonal
Aviva
Systems
Biology, USA
Clone
11G5a, Abcam, USA
Mouse monoclonal
36/E-cadherin,
BD Transduction
Mouse monoclonal Lab
Mouse monoclonal Abcam, USA

Histone H3

1:1000 (WB)

Clone 6.6.2

Millipore, USA

05-499

Involucrin

1:1000 (WB)

Serotec, UK

5390-9950

Keratin 17

1:1000 (WB)

Keratin 5

1:1000 (WB)
1:100 (IF/ IHC)

Clone
SY5,
Mouse monoclonal
Clone
D12E5,
Rabbit monoclonal
Clone
XM26,
Mouse monoclonal

Keratin 14

Clone
LL002, Serotec, UK
Mouse monoclonal
Clone
M20, Sigma, USA
Mouse monoclonal

MCA890

Keratin 8

1:10000 (WB)
1:100 (IF/ IHC)
1:8000 (WB)

Keratin 18

1:8000 (WB)

Sigma, USA

C 8541

Ki67

1:50 (IF)

Novocastra, UK

PA0118

Laminin-5

1:100 (IF)

Millipore, USA

MAB1947

NF-κB (p65)

1:1000(WB)
1:30 (IF)
1:1000 (WB)
1:1000(WB)
1:1000(WB)
1:1000 (WB)

Clone
CY-90,
Mouse monoclonal
Clone
MM1,
Mouse monoclonal
P3H9-2,
Mouse monoclonal
Rabbit polyclonal

Abcam, USA

Ab7970-1

Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal
Clone (H-137)

Abcam, USA
Santacruz, USA
Santacruz, USA
Santacruz, USA

Ab8925
Sc-471
sc-528
Sc-8343

Notch 1 (NICD)
p21
p27
p63

Company

Catalogue
No.
9272
F 3165
OAAB05688
ab33315
610182
ab36991

Cell
signalling 12509
technology, USA
Novacastra, UK
NCL-CK5

C5301
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Antibody

Dilution

PCNA

1:50 (IF)

Phospho ERK1/2 1: 1000 (WB)
(phosphor
T185+T202)
Plectin
1:500(WB)

Clone

Company

Catalogue
No.
PC10,
BD Pharmingen, 555566
Mouse monoclonal USA
Rabbit polyclonal
Abcam, USA
ab4819

Clone
10F6, AbDSerotec, UK
Mouse monoclonal
Vimentin
1:1000
(WB) Clone
V9, Sigma, USA
1:100
(IF), Mouse monoclonal
1:150(IHC)
α tubulin
1:5000(WB)
B-5-1-2,
Sigma, USA
Mouse monoclonal
β1 integrin
1:1000 (WB),
Clone 9EG7
BD Pharmingen,
USA
β4 integrin
1:1000
(WB) Clone
H-101, Santa Cruz, USA
1:75 (IF and Rabbit polyclonal
IHC)
β-actin
1:8000 (WB)
Clone
AC-74, Sigma, USA
Mouse monoclonal
WB- western blot, IF- immunofluorescence, IHC- immunohistochemistry

MCA2741
V 6630

T6074
553715
sc9090

A 5316

3.2 Routine maintenance of cell lines
Powdered medium was dissolved in 1l of water. For Dulbecco’s Modified Eagle’s medium
(DMEM), 3.7 g of sodium bicarbonate per liter was added and the pH of medium was adjusted to
6.8. For Iscove’s Modified Dulbecco’s medium (IMDM), 3.02 g of sodium bicarbonate per liter
was added). The media were filtered using Millipore assembly – 0.45 μM Membrane filter
(Whatman). 1 ml of the filtered medium was added to the sterility test medium and kept at room
temperature (RT) for 6 days under observation to ensure the sterility.
3.3 Other reagents:
a) Phosphate Buffered Saline (PBS): (150 mM NaCl, 2 mM KCl, 8 mM Na2HPO4, 1 mM
KH2PO4.) The buffer is autoclaved and used.
b) Trypsin-EDTA: (0.025% Trypsin, 0.2 mM EDTA, 5 mM D-glucose, 5 mM KCL, 0.1 M NaCl
and 6 mM NaHCO3) The medium was filtered using Millipore assembly – 0.45 μM Membrane
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filter (Whatman). 1 ml of the filtered trypsin was added to the sterility test medium and kept at
RT for 6 days under observation to ensure sterility.
c) Erythrocin B staining solution: 0.4% Erythrocin B in 1X PBS.
d) Freezing medium: 90% Fetal Bovine Serum, 10% DMSO.
e) Complete medium: DMEM or IMDM with 10% FBS and 1% antibiotic solution
(Amphotericin B 20 μg/ml, Penicillin 2500 Units/ml, Streptomycin 800 μg/ml in PBS). For
culturing DOK cell line, complete DMEM supplemented with 5 µg/ml hydrocortisone was used.
f) Sterility test medium: 14.9 g of Fluid-Thioglycolate was dissolved in approximately 250 ml in
water. The volume was made up to 500 ml in measuring flask and boiled. After aliquoting 6 ml
of the medium in glass tubes a pinch of Ca2CO3 was added to each tube and autoclaved.
3.4 Revival of cells
A vial was taken out from liquid nitrogen cylinder and placed into a 37ºC water bath for thawing.
The thawed cell suspension was mixed gently and transferred into a sterile test tube. 5 ml of
complete medium was added drop wise with gentle shaking. The thawed cells with medium were
further mixed smoothly using glass pipette. The cell suspension obtained was centrifuged for 10’
at 1500 rpm at RT. The supernatant was discarded and the pellet was dislodged by finger
tapping. 3 ml of complete medium was added drop wise to the test tube with continuous shaking
followed by centrifugation at 1500 rpm for 10’ at RT. The supernatant was discarded and the
pellet was dislodged by tapping and resuspended in 1ml of complete medium. Total cell count
and the percent viability were calculated by dye exclusion method using Erythrocin B dye on a
haemocytometer in an inverted microscope. The medium was mixed by pipetting and the 100
mm petri plates were seeded with 1 x 106 cells. The cells were incubated in a humidified CO2
(5%) incubator at 37ºC and their growth was observed each day under inverted microscope.
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3.5 Subculture/Trypsinization and transfer of cells:
The cells were washed with 1X PBS twice and trypsin-EDTA was added to the culture plate.
Excess trypsin-EDTA was discarded and the plate was incubated till the cells were partially
detached. Complete medium was added to inhibit the trypsin activity into plate containing
detached cells, the resulting cell suspension was mixed by pipette to make a single cell
suspension. Total cell count was taken and appropriate amount of cells depending upon cell type
were seeded in culture plates. The plates were incubated in humidified CO2 incubator at 37ºC.
3.6 Freezing and cryopreservation of cells
Log phase cells were trypsinised and single cell suspension was obtained. After noting the total
cell count, the cell suspension was spun at 1500 rpm for 10’ at RT. The supernatant was
discarded and the pellet was dislodged by tapping. 1 ml of freezing medium was added into the
tube drop wise and mixed gently by pipette. The cells suspension was then transferred to freezing
vials. The freezing vials were then placed in bio-freezer with 3 rings. First ring was removed
after 90’, the second ring was removed after 120’ and third ring was removed after 150’. The
vials were then kept in liquid nitrogen freeze boxes at -196ºC for long term storage.
3.7 Plasmids and cloning:
For generation of shRNAs against vimentin, the selected vimentin shRNA sequences (Table 3.4)
were cloned into pTU6 PURO vector (a kind gift from Dr. Sorab Dalal, ACTREC, India). For
vimentin overexpression, emerald GFP vimentin retroviral construct was used, which was a kind
gift from Dr. Robert Goldman (Feinberg School of Medicine, Northwestern University,
USA).The emerald GFP vector control was generated by digesting the emerald GFP vimentin
retroviral construct with BamH1 followed by self ligation in order to remove the vimentin gene.
Vimentin-β4 integrin double knockdown and vector control clones were generated by
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transducing beta4integrin shRNA and scrambled shRNA cloned in pCLXSN retroviral vector, a
kind gift from Dr.LivioTrusolino, (Department of Oncology, University of Torino School of
Medicine, Italy) in vimentin knockdown clone shvim2. Emerald GFP-K14 construct was
generated by amplifying K14 gene sequence from K14-pEGFP-N3 construct and subcloned in
emerald GFP-pQCXIP vector using single BamHI site. Firstly, emerald GFP-K14 was
overexpressed in vimentin knockdown background shvim2 and the positive clones were sorted
using FACSAria based on the GFP fluorescence. Next, the K14 positive clones were used to
transduce K5 pLNCX2 retroviral construct (a kind gift from Professor Thomas Magin, TRM &
Biology II, University of Leipzig, Germany) and the positive clones were selected using G418
sulphate (400μg/ml). The empty vector backbone of both the constructs was used to generate the
vector control clones. For the cloning of ΔNp63α, its cDNA was prepared from HaCat cell line
and was cloned in pLNCX2 vector containing N-terminal flag tag sequence using HindIII and
SalI restriction enzyme sites. Flag-ΔNp63α containing retroviral construct was then transduced
in vimentin knockdown clone shvim2 and positive clones were selected using G418 sulphate
(400μg/ml). The empty flag pLNCX2 vector backbone served as a vector control.
Table 3.4 List of vimentin shRNA sequences along with their target site.
Oligo
name
1A

Length

Target site

Sequence (5’-3’)

62

971bp992bp

CCGGAGAAATTGCAGGAGGAGATGAAGTTCT
CTCATCTCCTCCTGCAATTTCTCCTTTTTTC

1004bp1026bp

TCGAGAAAAAAGGAGAAATTGCAGGAGGAGA
TGAGAGAACTTCATCTCCTCCTCCTGCAATTTCT
CCGGAAGCCGAAAACACCCTGCAATAAGTTCT
CTATTGCAGGGTGTTTTCGGCTTCCTTTTTTC

1B
2A

2B

64

TCGAGAAAAAAGGAAGCCGAAAACACCGTGCA
ATAGAGAACTTATTGCAGGGTGTTTTCGGCTT
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Oligo
name
3A

Length

Target site

Sequence (5’-3’)

62

1250bp1271bp

CCGGCTGCCAAGAACCTGCAGGAGAAGTTCT
CTCTCCTGCAGGTTCTTGGCAGCCTTTTTTC

1416bp1437bp

TCGAGAAAAAAGGCTGCCAAGAACCTGCAGG
AGAGAGAGAACTTCTCCTGCAGGTTCTTGGCAG
CCGGAACCAATGAGTCCCTGGAACAAGTTCT
CTGTTCCAGGGACTCATTGGTTCCTTTTTTC

3B
4A

62

4B

TCGAGAAAAAAGGAACCAATGAGTCCCTGGA
ACAGAGAACTTGTTCCAGGGACTCATTGGTT

3.8 Validation of shRNA constructs:
To determine the efficacy of RNAi constructs to knockdown the expression of vimentin, 3 μg
vimentin shRNA constructs were cotransfected with 1 μg of GFP tagged wild type vimentin
expression constructs in HEK293 cells using calcium phosphate precipitation method (Table 3.5)
which uses 0.5 M CaCl2 and 2X BBS (50 mM BES, 1.5 mM Na2PO4 and 250 mM NaCl). pTU6PURO vector was included in the experiment as a control. 72 h post transfection, fluorescence of
GFP was checked by fluorescence microscopy. Further, cells were lysed in SDS lysis buffer and
proteins were separated on 10% SDS polyacrylamide gel. For stable selection of knockdown
clones, 2 μg of the shRNA construct was transfected into AW13516 using Lipofectamine 2000
transfection reagent, as per manufacturer’s instructions. The cells were transfected at a
confluency of 30-40%.
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Table 3.5 Calcium phosphate transfection mix. The table shows the different volumes of the
reagents to be mixed for calcium phosphate transfections in different culturedishes.
S. No

Size/diameter
of culture
dish

Total amount Autoclaved 0.5 M
of DNA
D/W
CaCl2
(in μg)
(in μl)
(in μl)

2X BBS
(in μl)

Total
volume
(in μl)

1
2
3

35 mm
60 mm
100 mm

5
10
25

100
200
500

200
400
1000

45
90
225

50
100
250

3.9 Virus production.
HEK293FT cells were cultured in DMEM complete medium containing G418 500 μg/ml in
90mm culture plate to achieve 50% confluency. Co-transfection of expression and packaging
vectors was performed, by calcium phosphate precipitation method. Desired amount of DNA
was diluted to 260 μl of sterile distilled water in a sterile microcentrifuge tube. Equal volume of
0.5 M CaCl2 was then added followed by addition of 520 μl of BES Buffered Saline (BBS). The
mixture was incubated at RT for 30’ and then added to culture dishes dropwise with 50%
confluent culture plate of HEK293FT, the plate was gently swirled and incubated for 16 h. After
incubation, the medium was replaced with fresh complete DMEM. After 48 h of transfection,
viral supernatant was collected in sterile 15 ml tube and centrifuged for 10’ at 2500rpm to
remove traces of HEK 293FT cells. Supernatant was collected and stored in -80ºC or used for
transduction
3.10 Preparation of whole cell lysates
The cells were grown upto 80-90% confluency in tissue culture dish. They were scraped from the
plate and suspended in SDS lysis buffer ((62.5 mM Tris pH 6.8, 2% SDS, protease and
phosphatase inhibitor cocktail). The cell suspension was then boiled for 10’ followed by
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centrifugation at 13000 rpm for 15’ to remove cell debris. The supernatant was then aliquoted
and stored at -80ºC for further use.
3.11 Protein estimation by modified Lowry’s method
1 ml of 5 to 25 μg/ml of BSA was taken in test tubes in duplicates as standard along with blank.
5 μl of whole cell lysates were added in test tubes in duplicates and the volume was made up to 1
ml by distilled water. 1 ml of Copper Tartarate Carbonate (CTC) solution (0.1 % copper
sulphate(w/v), 0.2 % potassium tartarate (w/v), 10 % Sodium carbonate (w/v), Solution A (Equal
volumes of CTC solution, 10 % SDS (w/v), 0.8 N NaOH (w/v) and distilled water (1: 1: 1: 1
proportion)) was added to each test tube and the tubes were vortexed followed by incubation at
RT for 10’. 500 μl diluted FC reagent (1 part of FC reagent and 5 parts of distilled water) was
added to each tube. The tubes were vortexed and incubated at RT for 30’ in dark and absorbance
was read at 750 nm using a spectrophotometer. The standard curve was plotted. The protein
concentration of the samples was determined using standard curve. The protocol was adapted
from [146].
3.12 SDS PAGE
The samples were dissolved in PAGE sample buffer (62.5 mM Tris HCl pH 6.8, 25% Glycerol
w/v, 2% SDS, 0.5% Bromophenol blue) and were separated on 6-15% SDS PAGE depending on
the molecular weight of the proteins being analyzed with 5% stacking gel. The protocol was
adapted from [147].
3.13 Western blotting
After SDS-PAGE, the gel with resolved proteins and the activated PVDF membrane were placed
in form of the sandwich and wet electro-blotting using transfer buffer (190 mM Glycine, 20%
methanol, 0.05% SDS, 25 mM Tris base) was carried out at 100 V for 1 h. Transfer of proteins
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was visualized using Ponceau-S staining (0.2% ponceau stain in 5% acetic acid). The blot was
incubated in blocking solution (3% BSA in TBS or 5% Milk in 1X TBS) for 1 h at RT on a
rocker. After blocking the blot was incubated with diluted primary antibody for 1 h at RT on the
rocker. The blot was then washed thrice with TBST (0.1% TWEEN 20 (v/v), 150 mM NaCl,
10mM Tris HCl pH 8.0) followed by incubation with horseradish peroxidase (HRPO) conjugated
secondary antibody for 1 h at RT on the rocker. The secondary antibody was removed and the
blot was washed thrice with TBST. Blots were developed using ECL+ chemiluminescence
reagent according to the manufacturer’s protocol. The protocol was adapted from [148].
3.14 Zymography
To determine the Matrix Metalloproteinase (MMP) activity in conditioned culture medium,
gelatin zymography was carried out. 5 x 105 cells were seeded in 35 mm tissue culture dish and
grown for 24 h at 5% CO2 at 37ºC. The cells were then washed thrice with 1X PBS and grown in
serum free medium for 24 h. After 24 h incubation, culture medium was recovered and
centrifuged at 13,000 rpm for 15’ at 4°C. Cells attached to the plates at the time of the
experiment were trypsinized and counted. An equal volume of conditioned medium was mixed
with non-reducing Laemmli’s sample buffer (62.2 mM Tris-HCl, pH 6.8, 10% SDS, 50%
glycerol, 0.025% bromophenol blue) and applied to 10% SDS-PAGE gels polymerized with 1%
gelatin. After electrophoresis, the gels were washed three times in a solution containing 2.5%
Triton X-100 to eliminate the SDS and to allow reconstitution of the proteins. MMP activity was
stimulated by incubating the gels at 37°C for 16 h in reaction buffer (50 mM Tris-HCl, pH 6.8,
150 mM NaCl, 5 mM CaCl2, and 0.05% sodium azide). The activity of the MMPs was visualized
by staining the gels in Coomassie Brilliant Blue G-250 solution [149].
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3.15 Co-immunoprecipitation
The harvested cells were treated for 15’ at 4°C with 1X PBS containing 1% Nonidet P-40, 5 mM
EDTA, and protease and phosphatase inhibitor mixture followed by centrifugation (13,000rpm
for 20’ at 4 °C). The supernatant was collected as the Nonidet P-40-soluble fraction (soluble
fraction). The resulting insoluble pellet was homogenized in phosphate-buffered saline
containing 2% Empigen and incubated for 45’ at 4 °C, followed by centrifugation (13,000rpm
for 20’ at 4 °C). The supernatant was collected as Nonidet P-40-insoluble fraction (filament
fraction). The Nonidet P-40 soluble and insoluble fractions were pooled together and then
incubated with anti-vimentin/plectin/β4 integrin antibody bound to protein G-Sepharose beads
for overnight at 4°C on slow moving rotor (9 rpm). The beads were washed three times with
RIPA buffer (20 mM HEPES, 140 mMNaCl, 5 mM EDTA, and 0.4%Nonidet P-40, pH 7.4). The
immune complexes were solubilized in cell lysis buffer, resolved on 10% SDS-PAGE, blotted
and probed with respective antibodies. The protocol was adapted from [150].
3.16 Protein estimation by RC DC Kit
The proteins were estimated according to the manufacturer’s protocol. Various protein standards
(5 to 25 μg) and the samples to be estimated were added to the 1.5 ml eppendorf tubes and the
volume was made up to 25 μl with distilled water. 125 μl RC Reagent I was added in each tube,
vortexed and incubated for 1’ at RT. 125 μl RC Reagent II was added in each tube and vortexed.
The tubes were then centrifuged at 8000 rpm for 20’. Supernatant was drained completely by
inverting the tubes. Reagent A (127 μl) was then added to each microfuge tube and vortex. The
tubes were incubated at RT for 5’, or until precipitate was completely dissolved. The tubes were
vortexed and 1 ml of DC Reagent B was added to each tube and vortexed immediately. The
tubes were incubated at RT for 15’ and absorbance was read at 750 nm.
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3.17 Two-dimensional polyacrylamide gel electrophoresis (2DE)
The first dimension (IEF) was conducted using IPG strips (pH range 3-10). Samples were
dissolved in Urea buffer (8M Urea, 2M Thio urea, 2% CHAPS, 50 mM DTT). After estimation
of proteins, 200 μg of protein samples were resuspended in rehydration buffer (8M Urea, 2M
Thiourea, 2%CHAPS, 1%DTT, 0.2%Ampholytes, 0.0002%Bromophenol blue) and the resulting
solution was placed in the rehydration tray. IPG strip was placed over the sample in the
rehydration tray and incubated for 30’. 1 ml of mineral oil was overlaid on the IPG strips to
prevent evaporation and the strips were rehydrated overnight (16 h) at RT. The following day,
excess mineral oil was discarded and IPG strips were laid on an IEF tray with gel side towards
the platinum wires of the tray. Small paper wicks made from Whatman filter paper were wet in
distilled water and laid on the platinum wires of the IEF tray to avoid direct contact of gel with
wires. The IPG strips were then overlaid with 1.5 ml of mineral oil. The IEF tray was then placed
in the Biorad Protean IEF cell and isoelctric focusing was performed using the following
automated steps (Table 3.6).
Table 3.6 Conditions for IEF
Step
Start voltage
End voltage
Step 1 0
250
Step 2 250
4000
Step 3 4000
4000

Time (min)
20
120
-

Final volt hours
10000 V-h

Condition
Linear
Linear
Rapid

Further, IPG strips were placed in rehydration tray with the gel side facing upwards and
equilibrated with equilibration buffer 1 (6 M Urea, 0.375 M TrisHCl (pH 8.8), 2% SDS, 20%
Glycerol, 2% DTT) for 15’, followed by equilibration with equilibration buffer 2 (6 M Urea,
0.375 M Tris HCl pH 8.8, 2% SDS, 20% Glycerol, 2.5% Iodoacetamide) for 15’ with constant
and gentle stirring. The IPG strips were then immersed in electrode buffer and placed on the 10%
SDS-PAGE and run on constant 200V for the second-dimension separation.
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3.18 Coomassie staining
For coomassie blue staining, the gel was placed in plastic container containing coomassie
staining solution (0.25% coomassie brilliant blue R 250, 45% methanol and 10% acetic acid in
distilled water) and stained for 2 h. The background of the gel was removed using destainer
(45% methanol (v/v) and 10% acetic acid (v/v) in distilled water) and then the gels were stored
in distilled water.
3.19 In gel tryptic digestion and Mass spectrometry
After coomassie blue staining, different spots observed on 2DE gel were excised by razor blade
and placed in 1.7 ml microfuge tubes. The gel pieces were cut approximately 1-2 mm in size in
the tube. The gel pieces were covered with 200 μl of MS destainer (200 mM ammonium
bicarbonate, 40% acetonitrile) and incubated at 37ºC for 30’. The MS destainer in the tube was
discarded and the destaining step was repeated once. The gel pieces were dried under vacuum in
Speed Vac for 30’ and rehydrated by adding appropriate volume (10-20 μl) of 20 μg/ml trypsin,
further incubated for 18 h at 37ºC for digestion of proteins. Next day, 50 μl of 0.1% TFA was
added to the microfuge tubes and placed in sonication bath for 30’. The tubes were centrifuged
and supernatant was transferred in another microfuge tube. The remaining gel pieces were again
covered with 50 μl of 0.1% TFA and placed in sonication bath for 30’. The former step was
repeated one more time and the supernatants were pooled in a one microfuge tube and dried in
Speed Vac. The dried pellets containing peptides were dissolved in 1% TFA and mixed with
equal volume of the CHCA matrix (Cyano Hydroxy Cinnamic acid). This mixture was spotted
on 384 well MALDI plate and subjected to Mass Spectrometry, using ultra flex II mass
spectrometer from Bruker daltonics.
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3.20 RNA extraction
The RNA from cell lines was isolated by Tri reagent as per the manufacturer’s instructions.
Briefly, the medium was removed and cells were lysed by adding 1 ml/100cm2 plate of Tri
reagent. The lysate was transferred into a 1.5 ml tube and 100 μl of chloroform was added and
incubated for 2’ at RT. The phase was separated by centrifugation at 12000 rpm and supernatant
was transferred to a new tube. RNA was precipitated by adding isopropanol and spun at 12000
rpm. The pellet was washed by 75%ethanol; air dried and dissolved in 50 μl of DEPC treated
water. The purity and content of RNA was determined using NanoDropTM Spectrophotometer.
3.21 Reverse transcriptase - Polymerase chain reaction (RT-PCR)
cDNA synthesis was carried out as per the manufacturer’s protocol (MBI fermantas). Briefly, 1
μg of total RNA and 0.2 μg (100 pmol of random hexamer/oligo(dT) in a volume of 12 μl were
incubated at 70ºC for 5’ and chilled on ice and centrifuged. Reaction buffer, RiboLock™ RNase
Inhibitor, dNTP Mix was added to obtain final concentration of 1X, 1 unit/μl and 1 mM each
respectively and incubated at 25ºC for 5’. RevertAid™ H Minus M-MuLV Reverse
Transcriptase (200 units) was added and the reaction mixture was incubated at 25ºC for 10’
followed by 42ºC for 1 h. The reaction was terminated by heating at 70ºC for 10’. The primer
sequences used to amplify target genes and GAPDH (internal control) are listed in Table 3.7.
PCR products were run on agarose gel electrophoresis to compare RNA levels.
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Table 3.7 RT-PCR primer sequences
Sr.No.

Primer Sequence (5’-3’)

α6 integrin (F)

CTAACGGAGTCTCACAACTC

α6 integrin (R)

ACTCTGAAATCAGTCCTCAG

β4 integrin (F)

GCGACTATGAGATGAAGGTG

β4 integrin (R)

GTGAGTTGTAGTCCCGTGTG

ΔNp63 isoform (F)

CTAACGGAGTCTCACAACTC

ΔNp63α isoform (R)

TCACTCCCCCTCCTCTTTG

ΔNp63β isoform (R)

TCAGACTTGCCAGATCCTG

ΔNp63γ isoform (R)

CTATGGGTACACTGATCGG

Vimentin (F)

GTCAGCAATATGAAAGTGTGGC

Vimentin (R)

GGTAGTTAGCAGCTTCAACGG

GAPDH (F)

GAAGGTGAAGGTCGGAGTC

GAPDH (R)

GAAGATGGTGATGGGATTTC

F: Forward primer, R: Reverse primer.
3.22 Real-Time Quantitative PCR
cDNA was prepared as described above and used as the template for qRT-PCR (quantitative
reverse transcriptase PCR). Master mix SYBR Green (ABI) was used with 200 nM of forward
and reverse primers. The primer sequences used to amplify target genes and GAPDH (internal
control) are listed in Table 3.8. Real-time quantitative PCR was performed with the ABI
PRISM7700 Sequence Detection System. All expression values were normalized against
GAPDH. All amplifications were done thrice in triplicates.
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Table 3.8 QRT-PCR primer sequences
Sr.No.

Primer Sequence (5’-3’)

E-cadherin (F)

CTTTGACGCCGAGAGCTACA

E-cadherin (R)

TTTGAATCGGGTGTCGAGGG

Filaggrin (F)

ATCTGAGGGCACTGAAAGGC

Filaggrin (R)

CACTTCCGTGCTGAGAGTGT

Involucrin (F)

GAAACAGCCAACTCCACTGC

Involucrin (R)

ATTCTTGCTCAGGCAGTCCC

K1 (F)

TGACAAGGTGAGGTTCCTGG

K1 (R)

GTTGGTCCACTCTCCTTCGG

K14 (F)

CCAGTTCTCCTCTGGATCGCAG

K14 (R)

GATCTTCCAGTGGGATCTGTGTCCA

K5 (F)

GAGGCCAAGGTTGATGCACTG

K5 (R)

GTCCAGGTTGCGGTTGTTGTC

Loricrin (F)

GATCTGCCACCAGACCCAG

Loricrin (R)

CCCCTGGAAAACACCTCCAA

Nanog (F)

CTGCAGAGAAGAGTGTCGCA

Nanog (R)

TCTGCTGGAGGCTGAGGTAT

Oct-4 (F)

GCCCGAAAGAGAAAGCGAAC

Oct-4 (R)

AACCACACTCGGACCACATC

Slug (F)

TTCGGACCCACACATTACCT

Slug (R)

TTCTCCCCCGTGTGAGTTCTA

Snail (F)

CCAGTGCCTCGACCACTATG

Snail (R)

CTGCTGGAAGGTAAACTCTGGA

Sox2 (F)

AGGATAAGTACACGCTGCCC

Sox2 (R)

TAACTGTCCATGCGCTGGTT

Twist (F)

TCTACCAGGTCCTCCAGAGC
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Sr.No.

Primer Sequence (5’-3’)

Twist (R)

CTCCATCCTCCAGACCGAGA

α6 integrin (F)

TTCGGGAGTACCTTGGTGGA

α6 integrin (R)

AGAGCGTTTAAAGAATCCACACT

β4 integrin (F)

GAGGTAGGTCCAGGACGGG

β4 integrin (R)

GTTTGCCAAGGTCCCAGAGA

ΔNp63 (F)

TGTACCTGGAAAACAATGCCCA

ΔNp63 (R)

GACGAGGAGCCGTTCTGAATCT

Plectin (F)

TACTACCGCGAGAGTGCAGA

Plectin (R)

CTGATCCCGACTGGACCTTG

GAPDH (F)

CTTCTTTTGCGTCGCCAGCC

GAPDH (R)

GAGTTAAAAGCAGCCCTGGTGA

F: Forward primer, R: Reverse primer.
3.23 Immunofluorescence
Cells were grown on glass cover slips for 48 h till they reached a confluency of 60-70%.
Adhered cells were washed twice with 1X PBS for 10’ each. The cells were fixed either with
chilled 100% methanol in -20 ºC or 4% paraformaldehyde at RT for 10’ and 15’ respectively.
After fixation, coverslips were washed thrice with 1X PBS for 10’ each. The cells were then
permeablised using 0.3%Triton X-100 for 90 seconds in case of methanol fixation and 10’ in
0.7% Triton X-100 when cells were fixed with paraformaldehyde. The coverslips were again
washed thrice with PBS for 5’ each. They were then placed in a small humidified chamber and
5%BSA was layered over the cells for blocking and incubated for 1 h. BSA was drained and the
cells were layered with 50μl of primary antibody diluted in 5% BSA and incubated for 1h. The
coverslips were washed thrice with 1X PBS for 10’ each followed by incubation with 100 μl of
anti-mouse (Alexa Fluor 488) or anti-rabbit (Alexa Fluor 568) conjugated secondary antibody for
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1 h and later washed with 1X PBS thrice for 10’ each. Coverslips were then mounted using
antiquenching agent (vectashield) and sealed. Confocal images were obtained using a LSM 780
Carl Zeiss Confocal system. Scatter Plot and Pearson’s correlation coefficient(R) for
colocalization were obtained using Carl Zeiss (zen 2012 SPI black edition, 64 bit) software.
3.24 Immuno-electron microscopy
Cells were washed with 1X PBS and fixed in 3% Glutaraldehyde followed by secondary
fixation in 1% Osmium tetroxide. Ultrathin (70nm) cross-sections were collected on nickel grids
and subsequently micro-waved in Heat-induced Antigen Retrieval (HIAR buffer-20mMTris-HCl
pH 9.0) for antigen retrieval [151]. After blocking with 5% BSA, the grids were incubated with
anti- β4 integrin antibody (1:20) for 1 h at RT. Following washes with 1X PBS, grids were
incubated with goat anti-rabbit gold antibody (cat. no. G7402, Sigma, USA) for 1 h. After
thorough washes, the grids were stained with uranyl acetate and lead citrate and viewed under
Jeol 1400 plus TEM (Japan) at 120 KV. For analysis, 50 images were acquired, each of vimentin
knockdown and vector control cells, at magnification of 20000X and stitched using Multiple
Image Alignment tool in integrated iTEM software (Olympus soft imaging solutions, GmbH,
Germany).
3.25 Induction of EMT and stimulation of β4 integrin signaling
To induce EMT, AW13516 cells were incubated in serum free media in the presence of
Transforming growth factor beta1 i.e. TGF-β1 (5 ng/ml) and kept at 37°C for 48 h. To study β4
signaling on ligation to laminin-5, cells serum starved for 18 h were harvested using accutase and
further washed with plain medium and plated on laminin-5 (2.5 μg/ml) coated dishes. For
activation of β4 integrin signaling, vimentin knockdown and vector control clones were serum65

starved for 18 h and then treated with 5 μg/ml of 3E1 antibody (β4 integrin activating antibody).
5 μg/ml mouse-IgG-treated cells were used as control [152]. After treatment, the lysates were
made and western blotting was performed.
3.26 Cell proliferation/MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium
Bromide) viability assay
1000 cells/100 μl were seeded per well, in a 96-well microtitre plate. Proliferation was studied
every 24 h up to a period of 4 days. At the desired time points, 100 μl of the medium was
replenished from the designated wells and 20 μl MTT solution (5 mg/ml MTT in 1X PBS) was
added to each well. Plate was incubated at 37°C in a CO2 incubator for 4 h, then 100 μl of
acidified SDS (10%SDS in 0.01 N HCl) was added to each well and incubated overnight at
37°C. Next day, the absorbance was measured on an ELISA plate reader at 540 nm against a
reference wavelength of 690 nm. Growth curve was plotted from three independent experiments.
The protocol was adapted from [153].
3.27 Adhesion assay
Ninety-six well microplate was coated with laminin-5 (2.5 μg/ml)/fibronectin (5 μg/ml). Plates
were kept overnight at 4°C for polymerization. Unpolymerized substrates were washed with 1X
PBS and the plates were blocked with 2% BSA for 2 h at 37°C. The cells were harvested and
diluted to a final concentration of 3 x 104 cells/ml in IMDM containing 0.1% BSA. 100 µl of the
cell suspension was added to each substrate-coated well and cell adhesion was seen for15’–45’at
37°C. At the end of incubation, non-adherent cells were removed by washing twice with 1X
PBS. The adherent cells were quantified using MTT assay. The protocol was adapted from [154].
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3.28 Live cell spreading assay
For live cell spreading, cells were detached using accutase and seeded onto laminin-5
(2.5μg/ml)/fibronectin (5 μg/ml) coated surface. Phase-contrast images were captured
immediately after the cells were seeded, at every 10’ interval, till at least one of the group
showed optimum spreading. Images were evaluated for the percentage of well spread cells.
Phase-bright and rounded cells were scored as unspread, whereas elongated with visible
membrane protrusions were scored as spread cells. 30 cells were counted from three independent
experiments.
3.29 Colony-forming assay
200 cells were plated in 60-mm tissue culture plates in triplicates. Cells were grown in complete
medium for 14 days, with medium changes every 2–3 days. Cells were first fixed with methanol
for 5’ at RT and then washed twice with 1X PBS. They were later stained with crystal violet
solution (0.5% crystal violet in 20% methanol) for 5’ at RT. After washes with distilled water,
the images of stained cells were captured using high-resolution Nikon camera. The colonies were
counted with Metamorph software.
3.30 Soft agar colony forming assay
The assay was performed in a 35 mm Petri plates. As a first step, 1 ml of the basal layer was
made by adding equal volumes of 2X complete IMDM/DMEM and 2% low melting agarose.
1000 cells in complete medium containing 0.4% low melting agarose were seeded over the basal
layer. Plates were fed with complete medium on every alternate day and incubated at 37°C in a
5% CO2 incubator for 15 days. Opaque and dense colonies were observed and counted
microscopically on day 15. The assay was carried out in triplicates.
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3.31 Single cell migration assay
For single cell migration assay, cells were harvested using accutase, washed with plain IMDM
and plated at 30% confluency on laminin-5 (2.5μg/ml)/fibronectin (5 μg/ml) coated dishes.
Unspread cells, dividing cells and cells migrating out of the selected field were excluded during
analysis. The time lapse data was analysed using the manual tracking plugin of ImageJ (NIH)
software. The coordinates obtained were used to plot graph and calculate distance and velocity
using chemotaxis and migration tool.
3.32 In vitro wound healing assay for migration
The cells were grown in 35 mm plates to 95% confluency. Cells were replaced with fresh
IMDM/DMEM with 0.2% serum for 36 h. After incubation, the medium was discarded and
wounds were scratched with the help of a sterile 2 μl pipette tip. The cells were fed with fresh
IMDM/DMEM with 0.2% serum medium and observed under an Axiovert 200 M Inverted Carl
Zeiss microscope fitted with a stage maintained at 37ºC and 5% CO2. Cells were observed by
time lapse microscopy and the images were taken every 20’ for 20 h using an AxioCam MRm
camera with a 103 phase 1 objective. Migration was measured using the manual tracking plugin
of ImageJ (NIH) software.
3.33 Boyden chamber cell invasion assay
The invasiveness of the cells was determined by the Boyden chamber invasion assay. 40 μl
Matrigel (1mg/ml) with 140 μl incomplete IMDM/DMEM was applied to 8 μm-pore-size
polycarbonate membrane filters and the bottom chamber was filled with 0.6 ml of complete
IMDM/DMEM. 2 x 105 cells were seeded in the chamber in serum-free medium, and then
incubated for 16 h at 37°C. At the 15th h, 4 μg/ml calcein AM was added to the lower chamber
and incubated for 1 h at 37°C [155]. The cells on the upper surface were carefully removed with

68

a cotton swab. Fluorescence of the invaded cells was read at wavelengths of 494/517nm (Ex/Em)
on a bottom-reading fluorescent plate reader at the 16thh. Alternatively, for GFP positive cells,
the membranes containing invaded cells were fixed with methanol and stained with 0.5% crystal
violet. The invasiveness was quantified by counting 25 random fields under a light microscope.
Data obtained from three independent experiments was shown as mean values.
3.34 Development of in vitro carcinogenesis model
Cytotoxicity using different concentrations of benzo[a]pyrene was assessed using MTT based
cell proliferation assay. Cells were grown in triplicate, in six-well plates at 50-60% confluency,
24 h prior to exposure. Cells were exposed to benzo[a]pyrene at concentrations of 0.5 μM as well
as DMSO control in a total of 2 ml of media, in triplicate. Cells were incubated with
benzo[a]pyrene for 1 h at RT in serum free media. After 1 h exposure, the media was removed,
cells were washed twice using 1X PBS, and fresh media was added. After every definite interval
cells were tested for their transformation efficiency using soft agar assay and after every
exposure freeze stocks were made to preserve cells of that exposure. The carcinogen treatment
was stopped after the cells attained transformation and all the assays were performed within 5
passages. The protocol was adapted from [156].
3.35 Tumorigenicity assays
All protocols for animal studies were reviewed and approved by the ‘‘Institutional Animal Ethics
Committee (IAEC)’’ constituted under the guidelines of the ‘‘Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA)’’, Government of India
(Approval ID: 19/2014). The tumorigenic potential of vimentin knockdown/vector control and
K5/K14 overexpressing/vector control clones was determined by subcutaneous injection in
NOD-SCID mice. The cells were suspended in plain medium without serum and 6 x 106 cells
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were injected sub-cutaneously in the dorsal flank of 6–8 weeks old mice.6 mice were injected per
clone and were observed for tumor formation over a period of approximately 2 months. Tumor
volume was determined using a digital vernier caliper and its calculation was carried out by the
modified ellipsoidal formula, [Tumor volume = 1/2(length x width2)] [157].
3.36 Histology and immunohistochemistry
IHC was performed on the OSCC tissue samples collected from the operation theatre of Tata
Memorial Hospital, India. This study was approved by the “Human Ethics Committee’’, Tata
memorial centre, India (Reg Number: DCGI: ECR/149/Inst/MH/2013) and the written “informed
consent” was obtained from all the patients before enrolling them in this study. Similarly for
animal studies, mice were euthanized using CO2 inhalation method. IHC analysis was also
performed on the mice tumor tissues originated from vimentin knockdown-vector control and
K5/K14 overexpressing-vector control groups. Both human and mice tumor tissues were fixed in
10% formalin buffer and processed for histology. 5 µ sections of formalin fixed and paraffin
embedded tissues were stain with haematoxylin/eosin for histology. Immunohistochemical
staining was performed according to previously described method [158]. As per the protocol, the
tissues were subjected to microwave treatment for antigen retrieval. The sections were then
blocked with preimmune horse serum for 30’ at RT followed by incubation in primary and
secondary antibody. Signals were detected by an avidin-biotin based immunoperoxidase
technique (Elite ABC Kit). Serum from a non-immunized mouse was used as the negative
control. The expression of protein in IHC staining was quantified by visual assessment of the
microscopic field by counting a total of 100 cells per field and for each section, a total of 3 fields
were counted by 2 independent observers. Immunoreactivity was divided into 4 categories and
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defined as follows: <5% (no), 6–30% (+/low), 31–50% (++/moderate) and >51% (+++/intense)
[159].
3.37. Statistical analysis:
Two groups of data were statistically analyzed by t test using Graphpad Prism5 Software. Two
way ANOVA using Bonferroni test was performed for two factorial comparisons among
multiple groups. A p value less than 0.05 was considered statistically significant. The clinicopathological data and mice tumor volumes were analyzed using Statistical Package, SPSS 16.0
and SPSS 21.0 respectively.
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Chapter 4: Results
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Results
Objective 1 and 2:
Part 1
4.1 Vimentin mediates regulation of cell motility through modulation of β4 integrin protein
levels in oral tumor derived cells
Although, many studies have shown the association of vimentin expression with tumor cell
growth, invasion and migration [5], our understanding of the molecular mechanisms underlying
vimentin associated phenotype remains limited. Our current study reveals one of the mechanisms
adopted by the cancer cell to bring about vimentin mediated migration/invasion.
4.1.1 Downregulation of vimentin decreases in vitro transformation potential and
invasiveness of OSCC derived cell line AW13516
Expression of vimentin at mRNA and protein level (Figure 4.1.1A) was reduced significantly in
vimentin knockdown clones (shvim1 and shvim2) as compared to the vector control clone
(pTU6vc). Further, confocal analysis showed decreased intensity of vimentin filaments in
vimentin knockdown clones (Figure 4.1.1B and C). Vimentin downregulated clones showed a
significant reduction in the number of colonies (by ~50%) in soft agar as compared with vector
control clones (Figure 4.1.1D and E). They demonstrated significantly decrease in migration as
compared to vector control clone (Figure 4.1.1F and G). Also in the invasion assay, shvim1 and
shvim2 showed 33% and 50% reduction respectively as compared to vector control clone (Figure
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4.1.1H).

Figure 4.1.1 Generation of vimentin knockdown clones in oral SCC derived cell line.
(A)The upper panel shows RT-PCR while the lower panel shows the western blot analysis of
vimentin, in vimentin knockdown clones (shvim1, shvim2) and its vector control clone
(pTU6vc); (B) Immunofluorescence analysis of vimentin, in vimentin knockdown clones and its
vector control clone. (C) The graph shows mean fluorescence intensity of vimentin across
clones. (D) Representative images of colonies formed by vimentin knockdown and vector
control clones in soft agar. (E) Graphical representation of number of colonies formed in soft
agar. (F) Representative time lapse microscopy images showing wound healing. (G)The graph
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shows percent wound closure as calculated over 18 h time point. (H) The graph shows
fluorescence of invaded cells which is read at wavelengths of 494/517 nm (Ex/Em). For
quantification, data represents ± standard error mean (SEM) of three independent experiments.
4.1.2 Vimentin downregulation results in a more spread morphology
Vimentin knockdown clones appeared more elongated as compared to the vector control clone
(Figure 4.1.2A). Also, vimentin knockdown clones at the wound front showed a more flat, wellspread morphology as compared to the vector control clone (Figure 4.1.2B). The extent of
spreading between the clones was assessed by quantifying the area of the cells at the wound edge
using Image J software (Figure 4.1.2C).

Figure 4.1.2 Vimentin knockdown cells show elongated morphology. (A) Representative
phase contrast images of vimentin knockdown clones displaying well spread morphology
compared to its vector control clone. (B) Immunofluorescence analysis of actin reorganization at
the wound edge using phalloidin-FITC staining (Bar: 50μm). The inset shows prominent actin
stress fibers in vimentin knockdown clones indicative of a less motile phenotype as compared to
vector control clone (Bar: 50μm). (C) The graph shows area of vimentin knockdown and vector
control clones at the wound front. .At least 30 cells (at the wound edge) from each group were
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analyzed per experiment. For quantification, data represents ± standard error mean (SEM) of
three independent experiments.
4.1.3 Vimentin regulates β4 integrin levels
Next, to determine the cause of the difference in cell morphology, α6β4 integrin levels (which
govern cell spreading) were examined. β4 integrin levels were found to be upregulated at protein
level while its transcript levels stayed unaffected with vimentin downregulation. Both protein
and RNA levels of α6 integrin remained unaltered (Figure 4.1.3A-E). For further experiments,
shvim2 clone was used, which showed higher β4 integrin levels and more pronounced effects on
soft agar/migration/invasion as compared to shvim1. β1 integrin levels (which are also known to
be regulated by vimentin [160] were found to be downregulated in shvim2 as compared to vector
control clone pTU6vc (Figure 4.1.3F). Further, increase in β4 integrin levels was not coincident
with the corresponding increase in its basement membrane ligand laminin-5 (Figure 4.1.3G).
Moreover, vimentin knockdown cells showed downregulation of keratin 5/14 pair while keratin
8/18 levels remained unchanged (Figure 4.1.3H and I). This suggests that keratin 8/18 pair is
likely to interact with increased β4 integrin molecules in vimentin knockdown cells.
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Figure 4.1.3 Vimentin knockdown cells show upregulation of β4 integrin protein levels. (A)
Western blot analysis of β4 and α6 integrin in vimentin knockdown and vector control clones.
(B) Immunofluorescence staining of β4 integrin in vimentin knockdown and vector control
clones. (C-E) RT-PCR and qRT-PCR analysis of β4 and α6 integrin in vimentin knockdown and
vector control clones. For qRT-PCR analysis the relative expression of the target gene was
normalized to the GAPDH. (F) Western blot analysis of β1 integrin levels in the clones. (G)
Representative immunofluorescence image of laminin-5 (green) in vimentin knockdown and
vector control clones. (H and I) Western blot analysis of K5/14 and K8/18 respectively in
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vimentin knockdown and vector control clones. β-actin was used as a loading control. For
quantification, data represents ± standard error mean (SEM) of three independent experiments.
4.1.4 Changes in vimentin expression directly correlate with the alterations in the levels of
β4 integrin in squamous cell carcinoma (SCC) derived cell lines
TGF-β1 (5ng/ml) exposure induced the expression of vimentin protein and decreased the
levels of E-cadherin, marking the acquisition of EMT phenotype in AW13516 cells.
Upregulation of vimentin led to the concomitant downregulation in β4 integrin protein levels
(Figure 4.1.4A). Next, other SCC derived cell lines AW13516, AW8507, SCC029B and A431
(Figure 4.1.4B and C) displayed an inverse relation between the status of vimentin and β4
integrin protein levels. As a proof of principle, exogenous expression of vimentin in A431
demonstrated decrease in β4 integrin levels compared to the vector control clone A431vc (Figure
4.1.4D). However, forced expression of vimentin in vimentin non-expressing immortalized
(HaCaT) and premalignant (DOK) cell lines did not result in any changes in the levels of β4
integrin (Figure 4.1.4E). Together, these results suggest that, modulation of β4 integrin protein
levels by vimentin is perhaps cancer specific and not cell line specific effect.

78

Figure 4.1.4 Vimentin negatively regulates β4 integrin protein levels in SCC derived cells.
(A) Protein levels of vimentin, E-cadherin and β4 integrin in TGF-β1 (5 ng/ml) treated
AW13516 cells using western blot analysis. (B) Expression levels of vimentin and β4 integrin in
3 oral SCC derived cell lines using western blot analysis. (C) Expression levels of vimentin and
β4 integrin in skin SCC derived cell line A431 using western blotting. SCC029B served as a
positive control for vimentin expression. (D) Western blot analysis of stable vimentin
overexpressing clone (A431vim) and vector control clone (A431vc) derived from the A431
parental cells with antibodies to vimentin and β4 integrin. (E) Western blot analysis of stable
vimentin overexpressing clone HaCatvim, DOKvim and vector control clone HaCatvc, DOKvc
derived from HaCat and DOK respectively with antibodies to vimentin and β4 integrin. β-actin
was used as a loading control in all the western blotting experiments.
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4.1.5 Plectin could be a possible linker connecting β4 integrin with vimentin intermediate
filament protein
Plectin is known to link β4 integrin to the intermediate filament cytoskeleton [122].
Hence, we wanted to check if plectin acted as a linker connecting α6β4 integrin to vimentin. Coimmunoprecipitation with vimentin was able to pull down both plectin and β4 integrin (Figure
4.1.5A). Further, in vimentin knockdown clones, plectin protein levels were seen to be increased
without any change at its transcript levels (Figure 4.1.5B and C). Other hemidesmosomal plaque
proteins

like

CD151

and

BP180

remained

unaltered

(Figure

4.1.5D).

Figure 4.1.5 Vimentin knockdown cells show upregulation of plectin protein levels. (A)
Endogenous pull down experiment with anti-vimentin antibody performed using cell lysate from
AW13516 cells. The immunoprecipitated complex was examined for the presence of vimentin,
β4 integrin and plectin. Input represented 10% of cell lysate used in the experiment. (B and C)
Western blot and RT-PCR analysis of plectin in vimentin knockdown and vector control clones.
(D) Western blot analysis of vimentin knockdown and vector control clones with antibodies
against hemidesmosomal complex proteins CD151 and BP180. β-actin was used as a loading
control.
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4.1.6 Vimentin knockdown results in increased localization of hemidesmosomal proteins
(β4 integrin and plectin) at membrane-substrate front
To study the localization of β4 integrin along the site of cell substratum, we performed immunoelectron microscopy. Our results showed extensive localization of β4 integrin at the membranesubstrate front in vimentin knockdown cells as compared to vector control cells (Figure 4.1.6AC).

Figure 4.1.6 Vimentin knockdown cells showed increased localization of β4 integrin at the
cell membrane to substratum front. Immunogold staining for β4 integrin was performed on
vimentin knockdown and vector control clones (magnification: 20,000X). Cells were grown for
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60 h on laminin-5 coated surface and sections were prepared perpendicular to the substratum.
Representative images (Bar: 200nm) of immunogold labeling of β4 integrin in (A) vector control
and (B) vimentin knockdown cells. Arrows point towards the β4 integrin staining (black grains)
along the substratum attached surface of the cell. The region inside the red box is enlarged in the
inset. Bar: 50nm. (C) Analysis of β4 integrin (black grains) along the cell membrane-substrate
interface for (n=50) images each of vector control and vimentin knockdown cells, using
integrated iTEM software (Olympus soft imaging solutions, GmbH, Germany). The table shows
number of gold particles in each aggregate, which represents β4 integrin staining.
4.1.7 Vimentin knockdown results in increased colocalization between β4 integrin and
plectin
Next we studied the colocalization of β4 integrin and plectin using immunofluorescence. As
shown in (Figure 4.1.7A and B), the degree of co-localization of β4 integrin and plectin is higher
in vimentin knockdown as compared to vector control clone. Also, at the wound front, β4
integrin and plectin showed higher co-localization in vimentin knockdown as compared to vector
control cells (Figure 4.1.7C and D).
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Figure 4.1.7 β4 integrin/plectin colocalize strongly at the membrane upon vimentin
knockdown. (A, B) The degree of colocalization of β4 and plectin is higher in vimentin
knockdown (Correlation R=0.3422) as compared to vector control clones (Correlation
R=0.18095). 10 random fields from 3 independent experiments were used for analysis. (C, D)
The colocalized regions are prominently seen at the wound front in vimentin knockdown as
compared to vector control clone. Scatter plot shows the intensity of β4 (x-axis) and plectin (yaxis) for each pixel. On the right, are the respective pictures of only colocalized pixels.
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4.1.8 Vimentin knockdown results in enhanced interaction between β4 integrin and plectin
The above results were further confirmed by immunoprecipitation with antibody to plectin or β4
integrin. Both plectin IP and β4 integrin IP fraction showed increased levels of β4 integrin and
plectin respectively in vimentin knockdown as compared to vector control clone (Figure 4.1.8A
and B). This observation suggests that increased levels of plectin and β4 integrin correspond to
an increase in the interaction between the two, in the case of vimentin knockdown clone.

Figure 4.1.8 Vimentin downregulation results in increased β4 integrin-plectin interaction.
Cell lysates from vimentin knockdown and vector control clones were incubated with antibody
against plectin or β4 integrin. Immunocomplexes formed were bound to protein A beads, and the
precipitates were subjected to immunoblotting using β4 integrin or plectin antibody respectively.
Input represented 10% of cell lysate used in the experiment. The coomassie stained blot is used
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as a loading control. (A)Vimentin knockdown clone showed increased levels of β4 integrin when
immunoprecipitated with plectin antibody, correspondingly its immunoprecipitation with β4
integrin antibody showed increased plectin levels as compared to vector control clones. (B) The
β4 integrin levels in the input fraction of vimentin knockdown cells are similar to that of vector
control as shown in (7A), essentially because the membrane bound fraction of β4 integrin is not
extracted as efficiently with the empigen-NP-40 buffer as with SDS lysis buffer.
4.1.9 Functional consequence of β4 integrin upregulation in vimentin knockdown cells
As assessed using cell-ECM adhesion assay, the attachment of vimentin knockdown
clone to laminin-5 increased significantly with time as compared to vector control clone (Figure
4.1.9A). Consistent with our results of adhesion assay, vimentin knockdown cells showed more
spread morphology on laminin-5 (Figure 4.1.9B and C) while migration on laminin-5 (Figure
4.1.9D-F) was significantly reduced as compared to vector control cells. Since, these assays
demonstrated that the vimentin knockdown cells have acquired specific and increased adherence
to laminin-5, we hypothesized that, if the interaction between β4 integrin and laminin-5 is
inhibited, the cells would be more motile. Treatment with adhesion blocking antibody of β4
integrin (ASC-8), which abrogates laminin-5-β4 integrin interaction [161], demonstrated higher
in vitro invasive potential in vimentin knockdown as compared to vector control clones (Figure
4.1.9G). Since, vector control clones already exhibit decreased β4 integrin levels; further
blocking did not rescue the phenotype to a larger extent.
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Figure 4.1.9 Functional consequences of upregulation of β4 integrin in vimentin depleted
cells. (A) Vimentin knockdown and vector control clones were allowed to attach to a 96 well
laminin-5 (ln5) coated or uncoated (uc) surface. The unadhered cells were removed at different
time points, and the number of adhered cells was determined using MTT assay. (B)
Representative phase contrast images (20X) of vimentin knockdown and vector control clones at
0’ and 160’. Cells were seeded at low density on laminin-5 coated/uncoated surface. Images
were recorded after every 10’ interval, till 160’. The upper panel shows the cells at 0’ and the
lower panel shows the cells at 160’. (C) The graph shows percentage of well spread cells on
laminin-5 coated or uncoated surface. (D) Single cell migration was performed on laminin-5
coated surface. Each line indicates the migration trace of each cell. pTU6vc (n = 18) and shvim2
(n = 17). (E, F) Graph shows distance and velocity of cell migration respectively. (G) The cells
were treated with IgG or ASC-8 antibody (β4 integrin adhesion blocking antibody) and
incubated for 1h on ice before proceeding for the invasion assay. The graph shows fluorescence
of invaded cells which is read at wavelengths of 494/517nm (Ex/Em).
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4.1.10 Vimentin knockdown cells show decreased spreading and migration on fibronectin
Unlike the results with laminin-5, vimentin knockdown cells showed no difference in adhesion to
fibronectin (Figure 4.1.10A). Vimentin downregulation resulted in decreased spreading (Figure
4.1.10B and C) and migration (Figure 4.1.10D-F) on fibronectin coated surface. Thus, our results
on fibronectin, in turn, indicated that the phenotypic effects seen on vimentin knockdown
background, are laminin-5 specific.

Figure 4.1.10 Phenotypic effects of vimentin downregulation on fibronectin coated surface.
(A) Vimentin knockdown and vector control clones were allowed to attach on 96 well
fibronectin (fn) coated surface. At different time points the unadhered cells were removed and
the number of adhered cells was determined using MTT assay. (B) Representative phase contrast
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images (20X) of vimentin knockdown (shvim2) and vector control clones (pTU6vc) at 0’ and
80’. Cells were seeded at low density on fibronectin coated surface. Images were recorded after
every 10’ interval, till 80’. (C) The graph shows percentage of well spread cells on fibronectin
coated surface. (D) Single cell migration was performed on fibronectin coated surface. Each line
indicates the migration trace of each cell. pTU6vc (n = 29) and shvim2 (n = 30). (E, F) Graph
shows distance and velocity of cell migration respectively.
4.1.11 Downstream molecules associated with β4 integrin mediated adhesive phenotype
Some of the molecules involved in β4 integrin mediated inside-out and outside-in signaling were
tested upon vimentin downregulation. The previous report has shown that ligation of β4 integrin
on non-modified plastic increases cell adhesion which involves activation of PKB/Akt pathway
[162]. We found increased phosphorylation of AKT on laminin-5 surface in vimentin
knockdown as compared to vector control cells while the uncoated surface did not show any
significant difference (Figure 4.1.11A). The outside in signaling of β4 integrin was assessed by
stimulating β4 integrin with its activating antibody 3E1 and probing for molecules that represent
different pathways downstream of β4 [127]. The activation of ERK remained unaffected while
decreased phosphorylation of AKT was seen in vimentin knockdown as compared to vector
control clones (Figure 4.1.11B and C). These findings demonstrate that adhesion related
signaling predominates upon vimentin downregulation.
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Figure 4.1.11 Vimentin knockdown cells show increased adhesion associated signaling. (A)
Vimentin knockdown and vector control cells were serum starved and plated on to laminin-5
coated surface for 1 h. Protein extracts were analyzed for pAKT using western blot analysis. (B,
C) The serum starved clones were stimulated with 3E1 or mouse IgG for 30’ and protein extracts
were analyzed for the activation of ERK1/2 and AKT. Total AKT and ERK1/2 were used as
loading controls.
4.1.12 Vimentin knockdown results in decreased protein turnover of β4 integrin and
plectin
The increased expression of β4 integrin at protein level without any change in its mRNA
suggested higher stability of this protein in vimentin deficient background. Upon cycloheximide
(CHX; inhibitor of protein biosynthesis) treatment, β4 integrin levels remained almost unaffected
in vimentin knockdown while 40% reduction was observed in the vector control cells (Figure
4.1.12A). The altered turnover rate of β4 integrin in response to changes in vimentin levels
suggested differential regulation by one or more of its known protein degradation modes; which
includes, proteasome, lysosome, MMP’s and calpain. Blockade of proteasome using MG-132 did
not alter the levels of β4 integrin in vimentin knockdown while vector control clone showed a
significant increase (Figure 4.1.12B). Additionally, most of the integrins are internalized through
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lysosomal pathway [163] and defective acidification of lysosomes has been shown in vimentinnull cells [164]. Treatment with lysosomal inhibitor chloroquine (CQ) resulted in decrease in β4
integrin protein levels in vimentin knockdown while vector control clone showed 2.7 fold
increase (Figure 4.1.12C). Moreover, β4 integrin is also known to be cleaved by matrix
metalloproteinase (MMP)-2 and -9 [165]. MMP9 showed upregulation whereas MMP2 was
downregulated in vimentin knockdown as compared to vector control clone (Figure 4.1.12D),
indicating that it may not have a role in β4 integrin cleavage. Further, plectin followed similar
stability trend in vimentin knockdown and vector control clones as observed for β4 integrin
(Figure 4.1.12E-G). This indicates decreased targeting of β4 integrin and plectin to proteasomes
and lysosomes in vimentin deficient background.

Figure 4.1.12 Vimentin regulates the turnover of β4 integrin and plectin. (A-C) Vimentin
knockdown and vector control clones were treated with cycloheximide (50 μM), MG-132 (5 μM)
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and chloroquine (50 μM) respectively. β4 integrin levels were assessed after respective
treatments using immunoblotting. β-actin was used as a loading control.(D)Gelatin zymography
was performed to detect the presence of MMP2 and MMP9 using the culture supernatant from
vimentin knockdown and vector control clone. Blood was used as a positive control. (EG)Vimentin knockdown and vector control clones were treated with cycloheximide (50 μM),
MG-132 (5 μM) and chloroquine (50 μM) respectively. Plectin levels were assessed after
respective treatments using immunoblotting. β-actin was used as the loading control.
4.1.13 Downregulation of β4 integrin in vimentin knockdown background rescues
vimentin knockdown phenotype
To verify whether the phenotype associated with reduced cell migration in vimentin
knockdown cells was due to higher β4 integrin levels, it was stably downregulated in vimentin
knockdown clone shvim2. sh β4 (shRNA against β4) showed a reduction in the levels of β4
integrin and its colocalization with plectin as compared to scr β4 (scrambled shRNA) (Figure
4.1.13A-D). β4 integrin knockdown cells demonstrated increased number of colonies in soft agar
(Figure 4.1.13E and F). No significant effect was seen in the protein levels of other
hemidesmosomal complex proteins like, plectin, CD151 and BP180 respectively (Figure
4.1.13G-I).
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Figure 4.1.13 Downregulation of β4 integrin in vimentin knockdown background. (A, B)
Western blot and immunofluorescence analysis showing β4 integrin levels in sh β4 (shRNA
against β4 integrin) and scr β4 (scrambled vector control) (C, D) Immunofluorescence images of
β4 integrin/plectin colocalization in scr β4 (Correlation R=0.2490) and sh β4 clones (Correlation
R=0.188). 10 random fields from 3 independent experiments were used for analysis. (E)
Representative images of colonies formed by scr β4 and sh β4 in soft agar. (F) Graphical
representation of number of colonies formed in soft agar (G-I) Western blot analysis showing the
protein levels of other hemidesmosomal complex proteins plectin, CD151 and BP180
respectively. For quantification, data represents ± SEM of three independent experiments.
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4.1.14 β4 integrin downregulation rescued the vimentin knockdown phenotype
Upon β4 integrin downregulation, a decrease was seen in cell-laminin-5 adhesion (Figure
4.1.14A) and spreading (Figure 4.1.14B and C). A corresponding increase was observed in
migration on laminin-5 (Figure 4.1.14D-F) and transwell invasion (Figure 4.1.14G). Activation
of AKT on ligation to laminin-5 (Figure 4.1.14H) showed significant decrease. However, only
marginal decrease in the phosphorylation of ERK and AKT (Figure 4.1.14I and J) was seen
following stimulation with the 3E1 antibody. This was an expected finding since the knockdown
of β4 integrin resulted in an overall decrease in the number of available β4 integrin molecules to
transmit the signal. Cumulatively, these findings confirm that the more adhesive and less
migratory phenotype associated with vimentin knockdown clone is regulated through β4 integrin.

Figure 4.1.14 Effect of β4 integrin knockdown on its mechanical and signaling function. (A)
sh β4 and scr β4 were allowed to attach on laminin-5 coated or uncoated surface. At different
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time points the unadhered cells were removed and the number of adhered cells was determined
using MTT assay. (B) Representative phase contrast images (20X) of sh β4 and scr β4 in
vimentin knockdown background at 0’ and 90’. Cells were seeded at low density on laminin-5
coated/uncoated surface. Images were recorded after every 10’ interval, till 90’. The upper panel
shows the cells at 0’ and the lower panel shows the cells at 90’. (C) The graph shows percentage
of well spread cells on laminin-5 coated or uncoated surface. (D) Single cell migration was
performed on laminin-5 coated surface. Each line indicates the migration trace of each cell.
Scrβ4 (n = 18) sh β4 (n = 18). (E, F) Graph shows distance and velocity of cell migration
respectively. (G) The graph shows fluorescence of invaded cells at 494/517nm (Ex/Em)
wavelength ratio. (H-J) Western blots showing signaling of the clones on laminin-5 coated
surface (pAKT/AKT) and in response to 3E1 antibody (pERK/ERK and pAKT/AKT)
respectively. For quantification, data represents ± SEM of three independent experiments.
4.1.15 High vimentin and low β4 integrin protein levels are associated with poor survival
Immunohistochemistry analysis showed an inverse correlation between β4 integrin and vimentin
expression (Spearman’s nonparametric correlation = -0.200, p=0.044, n=74) in oral tumor tissues
(Figure 4.1.15A), which corroborated with our in vitro findings. Interestingly, significant
correlation was seen between expression levels of these proteins and some clinical parameters
like, stage (p = 0.050), tumor size (p = 0.037) and node status (p = 0.021) (Table 4.1). Kaplan–
Meier survival analysis, on the basis of IHC, showed that high vimentin expression was
associated with poor survival (p = 0.008) (Figure 4.1.15B). Similarly, low β4 integrin expression
showed a trend (albeit not significant) for poor prognosis (p = 0.238) (Figure 4.1.15C). In
addition, combined expression of high vimentin-low β4 integrin was found to strongly correlate
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with the poor survival of oral cancer patients (p = 0.005) (Figure 4.1.15D). This implies that
vimentin and β4 integrin together may be used for prognostication of oral cancer patients.

Figure 4.1.15 High vimentin and low β4 integrin staining intensity together correlates with
poor survival in oral SCC patients. (A) (a-d) The upper panel shows images of haematoxylin
and eosin, negative control and IHC staining of vimentin and β4 integrin respectively in tumor
tissue while lower panel (e-h) shows images of haematoxylin and eosin, negative control and
IHC staining of vimentin and β4 integrin respectively in cut margin tissue. Kaplan-Meier
survival analysis (n=70) of (B) High vs. low vimentin expression (C) High vs. low β4 integrin
expression and (D) High vimentin/low β4 integrin vs. rest other combinations of vimentin and β4
integrin expression.
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Table 4.1 Correlations of co-expression of vimentin and β4 integrin with clinicopathological parameters of the OSCC patients (n=74).
Vimentin (Vim) and β4 integrin (β4)
Expression
Clinico-pathological parameter

Age (Years)

n = 74
Vim

Vim

(High)

(High)

β4(Low)

β4(High)

pVim (Low)

value

β4(Low/High)

<50

41

25

3

13

≥50

33

21

1

11

Male

60

37

3

20

Female

14

9

1

4

Tounge

30

19

0

11

BM

44

27

4

13

<2cm

54

35

2

17

≥2cm

20

11

2

7

< III

20

9

1

10

0.720*

Sex

0.910*

Site

Thickness

Stages
Tumor
Size

0.221*

0.509*

≥ III

54

37

3

14

<T3

27

13

1

13

≥T3

47

33

3

11

YES

49

34

4

11

NO

25

12

0

13

Poor/Moderate

67

41

4

22

Well

7

5

0

2

Positive

22

13

3

6

Negative

39

27

0

12

NA

13

Yes

18

14

1

3

No

50

30

0

20

NA

6

Yes

34

21

3

10

No

33

21

0

12

NA

7

Node Status

0.050

0.037

#

#

0.021*

Differentiation

0.756*

0.061*
Bone

0.062*

Perineural
Invasion

0.205*

Perineural
Extension
*

#

Pearson Chi-Square, Spearman Correlation (Ordinal by Ordinal), NA: Data not available.
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4.1.16 Summary of part 1
To summarize, vimentin knockdown resulted in increased β4 integrin surface levels leading to
strong adhesive contacts. This manifested into decreased motility (Figure 4.1.16). Interestingly,
along with β4 integrin, its linker protein plectin was also upregulated with vimentin
downregulation probably due to decreased targeting of these molecules to proteasomal and
lysosomal machinery. Further, significant correlation was observed between high vimentin- low
β4

integrin

expression

and

poor

survival

of

oral

cancer

patients.

Figure 4.1.16 Schematic depiction of the role of vimentin in modulating β4 integrin surface
levels to regulate migration, in carcinoma derived cells
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Part 2
4.2 Vimentin regulates differentiation switch via modulation of Keratin 14 levels and their
expression together correlates with poor prognosis in oral cancer patients
Expression of vimentin is associated with the transition from a more differentiated epithelial
phenotype to a dedifferentiated state. Keratins (Ks), being markers and recently perceived as
regulators of differentiation in epithelia, it was important to understand whether vimentin
modulates differentiation through reprogramming of keratins. Our study demonstrated that,
vimentin regulates the differentiation switch via modulation of K5/K14 expression possibly
through crosstalk between ΔNp63α, notch and NF-κB. Expression of vimentin is strongly
associated with the characteristic phenotype of the cells undergoing EMT. Hence, we
hypothesized that vimentin may not only be the marker but also the molecular regulator involved
in reprogramming the expression of keratins to transit from a differentiated to a more
dedifferentiated state.
4.2.1 Downregulation of vimentin results in alteration in the keratin profile of the OSCC
derived cell line AW13516
Expression of vimentin is strongly associated with the characteristic phenotype of the cells
undergoing EMT. Hence, we hypothesized that vimentin may not only be the marker but also the
molecular regulator involved in reprogramming the expression of keratins to transit from a
differentiated to a more dedifferentiated state (Figure 4.2.1A). In order to test this hypothesis we
used vimentin knockdown clones generated in OSCC derived cell line AW13516 [159].
Downregulation of vimentin was confirmed by immunofluorescence and western blotting
analysis (Figure 4.2.1B-C). To identify the differentially regulated keratins, high salt keratin
extraction followed by 2D and MALDI analysis was performed using vimentin knockdown and
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vector control clones. K8 was used as a loading control for high salt extracted fractions since its
levels did not alter upon vimentin downregulation (Figure 4.2.1D-F). The global keratin profile
revealed the identity of the differentially expressed proteins across the clones, one among which
was found to be K14, along with the known differentially expressed protein, vimentin (Table
4.2). The appearance of actin (though it is easily soluble in mild buffers) in high-salt extracted
fraction could be attributed to its high abundance in the cell.

Figure 4.2.1 Downregulation of vimentin resulted in change in the global keratin profile of
the oral SCC derived cell line AW13516. (A) Schematic representation of the hypothesis. As a
tumor cell acquires EMT (marked by upregulation of vimentin), it transits from a more epithelial
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like to a more mesenchymal like dedifferentiated state. To achieve this transition there could be a
vimentin mediated reprogramming of the keratins which distinguishes these states. (B, C)
Immunofluorescence (Bar: 10μm) and western blot analysis of vimentin knockdown (shvim1 and
shvim2) and its vector control clone (pTU6vc) using antibody against vimentin. β-actin was used
as a loading control in the western blotting experiment. (D) K8 levels of vimentin knockdown
and its vector control clones were analyzed using western blotting. β-actin was used as a loading
control. (E) The expression of K8 did not change upon vimentin downregulation. Thus, K8 was
used as a loading control for high salt keratin enriched fraction. (F) Representative images of the
2D-gel, which show changes in keratin expression in high salt keratin enriched fractions of
vimentin knockdown and its vector control clones. The black circles indicate similarly expressed
while the red circles indicate differentially expressed proteins. All the experiments were repeated
independently in triplicates.
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Table 4.2 List of proteins identified using MALDI analysis.

Spot

Protein

Mass

pI

Score

Matched
Peptides

Total
Peptides

Protein
Sequence
Coverage

Expression
Status

1A

VIME_HUMAN
(Vimentin, OS=Homo
sapiens)

53676

4.9

74

8

39

23.6%

Differential

2A

Keratin 14

5172

5.09

52

10

50

23%

Differential

3B

K1C17_HUMAN
(Keratin Type 1,
Cytoskeletal 17,
OS=Homo sapiens)

48361

4.8

156

15

26

50.9%

Similar

4A

Unidentified

5A

K1C18_HUMAN
(Keratin, Type I
Cytoskeletal 18
OS=Homo sapiens)

48029

6A

K2C8_HUMAN (Keratin
Type 2, Cytoskeletal 8,
OS=Homo sapiens)

53671

7A

ACTB_HUMAN (Actin,
Cytoplasmic 1 and 2,
OS=Homo sapiens)

42052

Differential

5.2

76

17

60

51.4%

Predicted as K8 but with low score

5.2

75

7

57

Similar

Similar

38.9%

Similar

MALDI analysis: The resulting data of the keratin spots was analyzed using Flex analysis 3.0
(BruckerDaltonik, Germany) software. The peak list was searched against SwissProt database
using MASCOT search engine.
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4.2.2 Validation of K14 depletion upon vimentin downregulation
Downregulation of K14 at protein level was confirmed by western blotting and
immunofluorescence analysis. Interestingly, transcript level analysis showed decreased
expression of K14 at mRNA level itself (Figure 4.2.2A-C). Further, binding partner of K14,
which is K5, was also seen to be downregulated both at protein and mRNA level in vimentin
knockdown clones (Figure 4.2.2D-F). This suggests that vimentin may modulate the expression
of K5/K14 by, as yet unknown mechanism. The levels of K17 and K18 remained unchanged
between the clones, as determined using western blot analysis, which validated the 2D gel
observations (Figure 4.2.2G-H). Hereafter, for all the experiments, vimentin knockdown clone
shvim2 was used, which showed higher degree of vimentin downregulation as compared to
shvim1.
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Figure 4.2.2 Vimentin knockdown cells show downregulation of both K5 and K14 at
mRNA as well as protein level. (A-C) Western blot, RT-PCR, qRT-PCR and
immunofluorescence analysis (Bar: 10μm) respectively, of K14 in vimentin knockdown and
vector control clones. (D-F) Western blot, RT-PCR, qRT-PCR and immunofluorescence analysis
(Bar: 10μm) respectively, of K5 in vimentin knockdown and vector control clones (G and H)
Western blot analysis demonstrates unchanged levels of K17 and K18 in vimentin knockdown as
compared to vector control clones. β-actin was used as a loading control in all the western
blotting experiments. GAPDH was used as a loading control in RT-PCR and for qRT-PCR
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experiments; the relative expression of target gene was normalized to the GAPDH. The data
represents ± standard error mean (SEM) of three independent experiments.
4.2.3 Vimentin modulates the differentiation status of the epithelial cells
K5/K14 expression is the typical feature of the progenitor basal stem cells of the stratified
epithelial origin. Also a previous report from our laboratory has shown direct evidence wherein
K5/K14 pair is able to regulate cell proliferation, differentiation and neoplastic progression in the
same system AW13516 [139]. Surprisingly, we did not see any obvious differences in the
proliferation potential of the vimentin knockdown as compared to the vector control cells using
MTT assay (Figure 4.2.3A). In addition, we performed clonogenic assay on vimentin knockdown
and vector control clones. Again, no significant difference was seen in the number and size of
colonies between the clones which correlated with their similar proliferation rates (Figure
4.2.3B). Further staining with cell proliferation markers, proliferating cell nuclear antigen
(PCNA) and Ki67 confirmed our results (Figure 4.2.3C and D). However, during epithelial
stratification, as basal cell gets committed to differentiation, it loses the expression of K5/K14
pair and starts expressing involucrin, filaggrin, loricrin and differentiation specific keratins in the
upper layers [166]. Vimentin downregulation led to increased expression of K1, involucrin,
filaggrin and loricrin respectively (Figure 4.2.3E) while expression of multipotent stem cell
marker Oct-4 (Figure 4.2.3F) decreased significantly, as assessed using qRT-PCR. Collectively,
these results suggest that vimentin is involved in maintaining a more dedifferentiated state of the
cancer cell, perhaps through modulation of K5/K14 expression.
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Figure 4.2.3 Phenotypic alterations associated with K5/K14 downregulation as a
consequence of vimentin depletion. (A) Proliferation curves of vimentin knockdown and its
vector control clones over the period of 4 days, using MTT assay. (B) Representative images of
clonogenic assay show colonies formed by vimentin knockdown and its vector control clones.
(C) Representative immunofluorescence images (Bar: 10μm) of PCNA (green) staining in
vimentin knockdown and vector control clones. (D) Representative immunofluorescence images
(Bar: 10μm) of Ki67 (red) staining in vimentin knockdown and vector control clones. (E) QRTPCR analysis of differentiation specific markers K1, involucrin, filaggrin and loricrin
respectively. The relative expression of the target gene was normalized to GAPDH. (F) QRT105

PCR analysis of Oct-4 in vimentin knockdown and its vector control clones. The relative
expression of the target gene was normalized to GAPDH. For (A, E and F), the data represents ±
standard error mean (SEM) of three independent experiments.
4.2.4 Vimentin modulates the tumorigenic potential of the epithelial cells
Further, to assess the tumorigenic role of vimentin, vimentin knockdown and vector control cells
were injected subcutaneously into NOD-SCID mice (Figure 4.2.4A). Significant reduction was
observed in the tumor volume in vimentin knockdown as compared to vector control group
(Figure 4.2.4B). Furthermore, IHC analysis confirmed decrease in the expression of K5/K14 in
the vimentin depleted tumors (Figure 4.2.4C).

Figure 4.2.4 Tumorigenic potential of the vimentin knockdown clones. (A) Representative
images of tumorigenicity assays using NOD SCID mice (six animals each) injected with either
vimentin knockdown or vector control clones. The tumors are indicated in dotted circles. (B) The
tumor measurements were recorded upto 42 days, after which the animals were sacrificed and
the tumor tissue was processed for IHC staining. The graph shows tumor volume plotted against
time for both the clones. (C) Representative images (Bar: 200μm) of IHC staining for expression
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of vimentin, K5 and K14 respectively in mice tumor tissues. The negative control images
represent tissue sections incubated with serum from non-immunized mice in place of primary
antibodies.
4.2.5 Vimentin positively regulates the expression of K5/K14 pair across different stratified
epithelia derived cell lines
To verify whether the regulation of K5/K14 expression through vimentin is a general mechanism
and not a cell line specific phenomenon, it was overexpressed in vimentin lacking, A431 and
HaCaT cell lines. Vimentin upregulation in A431 cells led to concomitant increase in the levels
of K5, but a marked decrease was seen in the levels of differentiation specific protein, involucrin.
However, since A431 cells do not express K14, we checked for the levels of K17, considering
the fact that K17 is known to pair with K5 in absence of K14 [167, 168]. We found no change in
the levels of K17 upon vimentin overexpression, which further confirmed that the regulation
exerted by vimentin on the expression of K5/K14 is highly specific (Figure 4.2.5A). Forced
expression of vimentin in HaCaT also showed a marked increase in the expression of K5 while
K14 expression was unaffected. The differentiation specific marker involucrin showed a
significant decrease in its levels, in response to an increase in vimentin expression (Figure
4.2.5B). Next, we assessed the status of K5/K14 and involucrin with respect to vimentin in some
tongue derived cell lines. DOK, (dysplastic lesion derived cell line) which does not express
vimentin, displayed reduced protein levels of K5/K14 and increased levels of involucrin as
compared to high vimentin expressing AW13516 and AW8507 (both of which are SCC derived
cell lines) (Figure 4.2.5C). Additionally, to determine whether K14 also has a similar regulatory
effect on vimentin, we assessed the levels of vimentin in the same system AW13516, in K14
knockdown background. Both the protein and mRNA levels of vimentin remained unchanged
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(Figure 4.2.5D and E), suggesting that vimentin may be upstream in pathways that regulate the
expression of K14.

Figure 4.2.5 Vimentin mediated positive regulation of K5/K14 levels is not a cell line
specific phenomenon. (A and B) Western blot analysis shows expression of vimentin, K5, K14,
K17 and involucrin respectively in vimentin overexpressing clones of A431vim and HaCatvim
as compared to their respective vector control clones A431vc and HaCatvc. Since A431 does not
express K14, whole cell lysate from AW13516 was used as a positive control. (C) Whole cell
lysates from DOK, AW13516 and AW8507 cells were probed with antibodies against vimentin,
K5, K14 and involucrin respectively using western blotting. (D and E) Western blot and RT-PCR
analysis of K14 and vimentin in K14 knockdown (shRK14-K7 and shRK14-K9) and its vector
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control clones (pTU6-AW1). GAPDH was used as a loading control in RT-PCR experiment. βactin was used as the loading control in all western blotting experiments.
4.2.6 Vimentin knockdown phenotype was rescued upon re-expression of K5/K14 pair
In order to ascertain that the phenotypic changes observed upon vimentin knockdown are
brought about by K5/K14 downregulation only and to rule out the possibility of the involvement
of other altered molecule/s, we re-expressed K5/K14 pair in vimentin knockdown background
shvim2 clone. Immunofluorescence and western blot analysis confirmed overexpression of
K5K14 pair in shvim2 clone (Figure 4.2.6A-C). As expected, proliferation and clonogenic
potential remained unchanged upon K5/K14 re-expression, which corroborated with that of
vimentin knockdown phenotype (Figure 4.2.6D and E). K5/K14 re-expressing clone (K5/K14)
showed down-regulation of differentiation specific markers K1, involucrin, filaggrin and loricrin
respectively (Figure 4.2.6F) while stemness marker Oct-4 was upregulated (Figure 4.2.6G) as
compared to its vector control (vcvc). Tumorigenic potential of K5/K14 re-expressing clones
was also significantly higher as reflected by the increased subcutaneous tumor growth in NODSCID mice (Figure 4.2.6H-J). This rescue experiment suggests that vimentin mediates the
regulation of differentiation switch via reprogramming the expression of basal cell specific
K5/K14.
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Figure 4.2.6 Vimentin knockdown phenotype was rescued upon re-expression of K5/K14
together, in vimentin knockdown background. (A) Confocal microscopy analysis (Bar: 10μm)
shows overexpression of emerald GFP-K14 and K5 in K5/K14 (K5 and K14 overexpressing) as
compared to its vector control vcvc clones (empty vectors of K5 and K14 together). (B and C)
Western blot analysis shows overexpression of emerald GFP-K14 and K5 in K5/K14
overexpressing as compared to its vector control clones. Protein levels of vimentin were tested in
vimentin knockdown-vector control and K5/K14 overexpressing-vector control group, to
confirm the maintenance of vimentin knockdown background in the second group, using western
blotting. (D) Proliferation curves of K5/K14 overexpressing and its vector control clones over
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the period of 4 days, using MTT assay. (E) Representative image of clonogenic assay shows
colonies formed by K5/K14 overexpressing and its vector control clones. (F) QRT-PCR analysis
of differentiation specific markers K1, involucrin, filaggrin and loricrin respectively. The relative
expression of target gene was normalized to the GAPDH. (G) QRT-PCR analysis of Oct-4 in
K5/K14 overexpressing and its vector control clones. The relative expression of target gene was
normalized to the GAPDH. (H) Representative images of tumorigenicity assays using NOD
SCID mice (six animals each) injected with either K5/K14 overexpressing or its vector control
clones. The tumors are indicated in dotted circles. (I) The tumor measurements were recorded
upto 52 days, after which the animals were sacrificed and the tumor tissue was isolated for IHC
staining. The graph shows tumor volume plotted against time for both the clones. (J)
Representative images (Bar: 200 μm) of IHC staining for expression of vimentin, K5 and K14
respectively in mice tumor tissues. The negative control images represent tissue sections
incubated with serum from non-immunized mice in place of primary antibodies.
4.2.7 ΔNp63 could be a possible target of vimentin, to bring about the modulation of K5/14
expression
Next we wanted to investigate the molecular regulator, through which vimentin modulates the
expression of K5/K14. ΔNp63 is known to directly regulate the expression of K5/K14 pair
during the program of keratinocyte stratification [169, 170]. Hence, as a first step we checked its
levels in vimentin knockdown background. Western blot and qRT-PCR analysis showed
decreased levels of ΔNp63, both at protein and mRNA level respectively (Figure 4.2.7A and B).
To functionally characterize the depletion of ΔNp63, we checked for other known molecular
alterations associated with ΔNp63 loss. Vimentin knockdown clones showed increased levels of
p21 and p27, which are typically associated with ΔNp63α downregulation (Figure 4.2.7C).
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Further, ΔNp63α and ΔNp63γ isoforms were identified to be downregulated in vimentin
knockdown as compared to vector control clones using RT-PCR (Figure 4.2.7D). To verify
whether the K5/K14 downregulation seen upon vimentin knockdown is due to reduced ΔNp63
levels, flag tagged ΔNp63α (since ΔNp63α is a major isoform expressed in keratinocytes [171])
was stably re-expressed in vimentin knockdown clone shvim2 (Figure 4.2.7E and F). ΔNp63α
overexpression led to a significant increase in the levels of K14 while K5 expression was only
marginally rescued, indicative of the contribution of more than one molecule in the regulation of
K5/K14 expression (Figure 4.2.7G and H). The proliferation and clonogenic potential again
remained unaffected upon ΔNp63α overexpression (Figure 4.2.7I and J). The differentiation
status (defined by the expression of differentiation specific markers) remained unchanged
(Figure 4.2.7K) while the expression of Oct-4 showed only a marginal increase (not significant)
(Figure 4.2.7L) upon ΔNp63α upregulation in vimentin knockdown background.
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Figure 4.2.7 ΔNp63α may not be the sole regulator of K5/K14 expression in vimentin
mediated regulation of differentiation. (A) Western blot analysis shows protein levels of
ΔNp63 from the whole cell lysates of vimentin knockdown and its vector control clones. (B)
Fold change in mRNA expression level of ΔNp63 in vimentin knockdown as compared to vector
control clones, using qRT-PCR analysis. (C) Western blot analysis shows protein levels of p21
and p27 from the whole cell lysates of vimentin knockdown and its vector control clones. (D)
RT-PCR analysis shows expression of ΔNp63α, β and γ isoforms, between vimentin knockdown
and vector control clones. GAPDH was used as a loading control. (E and F) Western blot
analysis shows expression of flag in ΔNp63α (flag tagged ΔNp63α overexpressing) and not in
vbb (vector control clone). Protein levels of vimentin were tested in vimentin knockdown-vector
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control set and flag-ΔNp63α-vector control set, to confirm the maintenance of vimentin
knockdown background in the second group, using western blotting. (G and H) QRT-PCR and
western blot analysis of K5 and K14 in flag-ΔNp63α overexpressing and its vector control
group. (I) Proliferation curves of flag-ΔNp63α overexpressing and its vector control clones over
the period of 4 days, using MTT assay. (J) Representative image of clonogenic assay shows
colonies formed by flag-ΔNp63α overexpressing and its vector control clones. (K) QRT-PCR
analysis of differentiation specific markers K1, involucrin, filaggrin and loricrin. (L) QRT-PCR
analysis of Oct-4 in flag-ΔNp63α overexpressing and its vector control clones. For all the qRTPCR experiments, the relative expression of target gene was normalized to the GAPDH and for
western blotting experiments; β-actin was used as a loading control. The data represents ±
standard error mean (SEM) of three independent experiments.
4.2.8 Activation of Notch1 may be a cause or a consequence of ΔNp63 downregulation in
vimentin knockdown background
ΔNp63 and notch regulate each other by a negative feedback loop [171]. In order to
understand the cause of ΔNp63 downregulation we checked for the levels of activated Notch1
upon vimentin downregulation. Vimentin knockdown clone showed increase in activated Notch1
(NICD) levels as compared to vector control clone (Figure 4.2.8A). Correspondingly, its levels
showed a significant decrease upon ΔNp63α overexpression (Figure 4.2.8D). The other
candidate molecule which may modulate the levels of ΔNp63 is nuclear factor-kappaB (NF-κB),
since it negatively regulates ΔNp63 either through notch or independently as a part of the
differentiation program [172]. Increased nuclear localization of NF-κB (p65) was observed upon
vimentin downregulation (Figure 4.2.8B and C), while the inverse was seen in ΔNp63α
overexpressing clone (Figure 4.2.8E and F). Thus, our preliminary observations suggest the
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possibility of the crosstalk between notch (in an NF-κB dependent manner) and ΔNp63, to
regulate differentiation state in vimentin knockdown cells.

Figure 4.2.8 Notch1 (independently or through NF-kb) may regulate the expression of
ΔNp63. (A and D) Western blot analysis shows the changing trend in the protein levels of notch
intracellular domain (NICD) across the whole cell lysates of vimentin knockdown-vector control
set and flag-ΔNp63α-empty vector backbone set respectively. β-actin was used as a loading
control. (B and E) The distribution of NF-kb (p65) (red) in the cytoplasmic vs. nuclear
compartment was visualized using confocal microscopy across vimentin knockdown-vector
control set and flag-ΔNp63α-empty vector backbone set respectively. The nuclei (blue) were
stained with DAPI, (Bar: 20 μm). (C and F) Subcellular fractionation was carried out to separate
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the cytoplasmic and nuclear fractions from vimentin knockdown-vector control set and flagΔNp63α-empty vector backbone set. Western blot analysis was performed to examine the levels
of p65 in these groups. α-tubulin was included as a loading control for the cytoplasmic fraction
while histone H3 protein was included as a loading control for the nuclear fraction. All the
experiments were repeated independently in triplicates.
4.2.9 High expression of vimentin-K14 together correlates with recurrence and poor
survival of oral cancer patients
IHC analysis of OSCC tissues showed positive correlation of high vimentin-K14 staining
intensity (Figure 4.2.9A) with recurrence (p=0.001) (Figure 4.2.9B). In order to determine if the
vimentin-K14 status of the tumor has any association with the survival of oral cancer patients,
Kaplan-Meier survival analysis based on IHC data was performed on 91 oral tumor samples. The
analysis showed a significant correlation between expression status of vimentin-K14 (p=0.005)
(Figure 4.2.9E) or vimentin alone (p=0.007) (Figure 4.2.9C) with poor disease free survival.
Expression of K14 alone (p=0.397) also showed a trend, although not statistically significant,
with poor disease free survival (Figure 4.2.9D). No significant correlation was seen between
vimentin-K14 expression and other clinico-pathological parameters, as listed in table 4.3.
Collectively, this suggests that the expression of vimentin-K14 together may prove useful for
prognostication of human oral cancers.
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Figure 4.2.9 High vimentin-K14 expression correlates with poor survival in oral cancer
patients. (A) (a-c) The upper panel shows images (Bar: 200μm) of IHC staining for vimentin
and K14 expression in cut margin tissues while lower panel (d-f) shows images (Bar: 200 μm) of
IHC staining for vimentin and K14 expression in tumor tissues. The negative control images
represent tissue sections incubated with serum from non-immunized mice in place of primary
antibodies. (B) Graphical representation of recurrence with respect to high vimentin-K14 and
rest other combinations of vimentin-K14 expression. Kaplan-Meier survival analysis (n=91) of
(C) High vs. low vimentin expression (D) High vs. low K14 expression and (E) High vimentinK14 vs. rest other combinations of vimentin-K14 expression.
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Table 4.3. Correlations of vimentin-K14 expression with clinico-pathological parameters of
the oral cancer patients (n=100).
Clinico-pathological parameters

n = 100

Data not
available

Vimentin and K14 expression
Vimentin (High) + K14
Rest
(High)

p-value

Age (Years)

54
46
81
19

0

35
32
57
10

19
14
24
9

0.387*

33

19

0.285*

34
26
10
3
6
5
22
5
20
12
30
25
20
22
18
45
4
17
35
14
50
2
59
24
37
33
2
1

14
16
10
1
6
5
14
3
11
4
15
16
4
13
12
18
3
9
18
7
24
1
30
13
15
23
2
1

Sex
Location

<50
≥50
Male
Female

Buccal
52
mucosa
Tongue
48
Thickness
<2cm
42
≥2cm
20
Stages
I
4
II
12
III
10
IV
36
Tumor
T1
8
Size
T2
31
T3
16
T4
45
Node Status
NO
41
N1
24
N2
35
Differentiation
Poor
30
Moderate
63
Well
7
Bone
Positive
26
Negative
53
Perineural Invasion
Yes
21
No
74
Lympho vascular
Yes
3
invasion
No
89
Perineural Extension Yes
37
No
52
Cut Margin
Free
56
Closed
4
Invasion
2
*Fisher's exact test, # Pearson Chi-Square

0
0

38
38

0

0

0

21
5
8
11
38

0.115*

0.269*
0.754#

0.142#

0.147#

0.465#

0.574*
0.567*
0.738*
0.344*
0.915#
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4.2.10 Summary of part 2
To summarise, our data gives insights into the role of vimentin in modulating the expression of
K5/K14 pair, partly through ΔNp63, to regulate differentiation state of a transformed cell (Figure
4.2.10). Furthermore, vimentin-K14 expression may be clinically relevant for prognostication of
the OSCC. Thus, this study depicts the overall vimentin mediated molecular interplay between
the key regulators of differentiation to fine tune the differentiation switch in the favor of tumor
progression.

Figure 4.2.10 Schematic representation depicting role of vimentin in modulating K5/K14
expression to regulate differentiation, in carcinoma derived cells.
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Objective 3:
4.3 Evaluation of transformation potential of vimentin in the development of human oral
cancer
In our earlier study, we have shown the expression of vimentin in oral leukoplakia and
submucous fibrosis which are known premalignant lesions for human oral cancer [6]. Further,
we have reported a sequential increase in aberrant expression of vimentin from early stages in
4NQO-model of rat lingual carcinogenesis [7]. It is still not known whether the presence of
vimentin in early events of oral tumorigenesis has any active role to play in bringing about this
process. Therefore, the present study was undertaken to understand whether expression of
vimentin is one of the causes or consequences of the development of human oral cancer.
Additionally, this information can be used to understand if vimentin can be used as a predictive
marker for progression of oral precancerous lesions.
4.3.1 Characterization of DOK for vimentin expression
To check the status of vimentin in oral premalignant lesion derived cell line DOK, RTPCR, western blotting and confocal microscopy was carried out. Vimentin was not detectable
both at RNA and protein level (Figure 4.3.1A and B). Similarly to verify the in vitro
transformation potential of DOK, soft agar colony formation assay was performed using tongue
OSCC derived cell line AW13516, as a positive control and immortalized but non-transformed
cell line, HaCat as a negative control. It was confirmed that DOK does not form any soft agar
colonies upto two weeks (Figure 4.3.1C).
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Figure 4.3.1 Characterization of DOK for vimentinexpression and in vitro transformation
potential. (A) RT-PCR and western blot analysis did not show presence of vimentin in DOK
cells. AW13516 cell line (tongue SCC derived) was used as a positive control. (B) Confocal
microscopy analysis (Bar: 10μm) did not show presence of vimentin in DOK cells. AW13516
cell line was used as a positive control. (C) Representative images of colonies formed by DOK
cells, in soft agar. AW13516 cell line was used as a positive control while HaCat cell line was
used as a negative control.
4.3.2 Overexpression of vimentin in DOK cell line
To answer whether vimentin contributes in the initial events of transformation, the
emerald vimentin retroviral construct (a kind gift from Dr. Robert Goldman, Feinberg School of
Medicine, Northwestern University, USA) was transduced in premalignant lesion derived DOK
cell line (Figure 4.3.2A and B). The vimentin overexpressing clones showed a trend towards
increased proliferation (Figure 4.3.2C) and migration (Figure 4.3.2E and F) (albeit not
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significant) as compared to the vector control clones. No difference was seen in the soft agar
colony formation ability of the cells, upon vimentin overexpression (Figure 4.3.2D). Vimentin
being canonical EMT marker, expression of key EMT related regulators was investigated.
Vimentin overexpressing clones showed an increase in the expression of EMT regulator twist,
while a significant decrease was seen in the expression of epithelial specific marker, E-cadherin
(Figure 4.3.2G). Furthermore, Bmi1 being a direct transcriptional target of the EMT regulator
Twist1 [173, 174], we also studied the expression of stemness markers. Expression of stemness
related marker nanog was found to be upregulated in vimentin overexpressing clones (Figure
4.3.2H). Collectively, these results indicate that vimentin expression alone did not result in
transformation of DOK cell line, although initially EMT like signatures were seen. This
prompted us to use an additional carcinogenic stimulus and monitor vimentin overexpressing and
vector control cells till they showed a transformed phenotype in an in vitro transformation assay.
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Figure 4.3.2 Vimentin overexpression did not lead to any transformation related
phenotypic alterations. (A, B) Confocal and western blot analysis showing vimentin levels in
DOKvim (vimentin overexpressing) and DOKvc (empty vector control). β-actin was used as a
loading control in western blotting experiment. (C) Proliferation curves of vimentin
overexpressing and its vector control clones over the period of 4 days, using MTT assay. (D)
Representative images of colonies formed by vimentin overexpressing and its vector control
clones in soft agar. (E) Representative time lapse microscopy images showing wound healing.
(F) The graph shows percent wound closure as calculated over 20 h time point. (G) RT-PCR
analysis showing expression of EMT markers (slug, twist, E-cadherin) between vimentin
overexpressing and its vector control clones. GAPDH was used as a loading control. (H) RT-
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PCR analysis showing expression of stemness related markers (Nanog, Oct-4 and Sox2) between
vimentin overexpressing and its vector control clones. GAPDH was used as a loading control.
4.3.3 Development of an in vitro carcinogenesis model using benzo[a]pyrene
Benzo[a]pyrene was used as a procarcinogen to develop an in vitro carcinogenesis model
in vimentin overexpressing and its vector control cells, after checking for its metabolic
competence (Figure 4.3.3A) and cytotoxicity (Figure 4.3.3B). Benzo[a]pyrene treatment was
carried out till transformation was reached, as assessed using soft agar colony formation assay. It
took 35 weeks of induction for the appearance of visible colonies on soft agar plates (Figure
4.3.3C). The number of colonies was significantly higher in vimentin overexpressing as
compared to the vector control clone at the end of 35 weeks of benzo[a]pyrene treatment (Figure
4.3.3D). There was no difference in the proliferation (Figure 4.3.3E) or migratory (Figure 4.3.3F
and G) potentials of the benzo[a]pyrene treated vimentin overexpressing and its vector control
clones.
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Figure 4.3.3 Vimentin overexpressing cells showed increased in vitro transformation
potential in response to benzo[a]pyrene treatment. (A)RT-PCR analysis showing expression
of CYP1A1 in vimentin overexpressing and its vector control clones. GAPDH was used as a
loading control. (B) The graphical representation of the dose response of vimentin
overexpressing and its vector control clones treated with different concentrations of
benzo[a]pyrene for 48 hrs.(C) Representative images of colonies formed by 35 weeks
benzo[a]pyrene treated vimentin overexpressing and its vector control clones in soft agar. The
soft agar assay was performed at definite weekly intervals in order to monitor the attainment of
in vitro transformation. (D) Graphical representation of number of colonies formed in soft agar
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by 35 weeks benzo[a]pyrene treated vimentin overexpressing and its vector control clones in soft
agar. (E) Proliferation curves of 35 weeks benzo[a]pyrene treated vimentin overexpressing and
its vector control clones over the period of 4 days, using MTT assay. (F) Representative time
lapse microscopy images showing wound healing. (G) The graph shows percent wound closure
as calculated over 20 h time point.
4.3.4 Molecular changes associated with the vimentin overexpressing and its vector control
cells in response to benzo[a]pyrene treatment
To understand changes in the levels of EMT and stemness markers as a result of benzo[a]pyrene
treatment, we performed RT-PCR analysis of benzo[a]pyrene treated vimentin overexpressing
and its vector control clones. mRNA levels of vimentin were verified in order to ensure that the
expression of vimentin is not lost, in the course of benzo[a]pyrene treatment (Figure 4.3.4A).
Molecular changes associated with transformation like downregulation of p21 and involucrin
(Figure 4.3.4E) and upregulation of stemness related markers (Nanog, Sox2, Oct-4) (Figure
4.3.4C), were more prominent in benzo[a]pyrene treated vimentin overexpressing as compared to
its vector control clones. While EMT regulators (slug, twist, E-cadherin) (Figure 4.3.4B), known
oncogenes (Ras, β-catenin) and oncosuppressors (p53) (Figure 4.3.4D) did not show any change,
between vimentin overexpressing and its vector control clones after treatment with
benzo[a]pyrene.

126

Figure 4.3.4 Vimentin overexpressing cells treated with benzo[a]pyrene showed
transformation related molecular signatures. (A and B) RT-PCR analysis showing expression
of vimentin and other EMT markers (slug, twist, E-cadherin) respectively between 35 weeks
benzo[a]pyrene treated vimentin overexpressing and its vector control clones. GAPDH was used
as a loading control. (C) RT-PCR analysis showing expression of stemness related markers
(Nanog, Oct-4 and Sox2) between 35 weeks benzo[a]pyrene treated vimentin overexpressing and
its vector control clones. GAPDH was used as a loading control. (D) Western blot analysis
showing protein levels of p53, Ras and β-catenin in benzo[a]pyrene treated vimentin
overexpressing and its vector control clones. (E) Western blot analysis showing protein levels of
p21 and involucrin in benzo[a]pyrene treated vimentin overexpressing and its vector control
clones. β-actin was used as a loading control in western blotting experiments.
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4.3.5 Summary of objective 3
To summarise, experiments to understand whether expression of vimentin is one of the causes or
a consequence of the development of human oral cancershowed that, vimentin overexpression by
itself is not enough to bring about transformation. Nevertheless, its forced expression in the
initial stage proves to be advantageous to the cell in order to push itself towards transformation
in presence of a carcinogenic stimulus (Figure 4.3.5).

Figure 4.3.5 Schematic depiction of the possible role of vimentin in early events of
transformation.

128

Chapter 5: Discussion
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Discussion:
Part 1
Aberrant expression of mesenchymal specific protein vimentin is seen in several cancers
including oral cancer, breast cancer, prostate cancer, gastrointestinal tumors, etc. Its
overexpression in carcinoma is reported to correlate with various clinico-pathological parameters
like tumor growth, invasion and poor prognosis [5]. A previous study from our laboratory has
also shown significant association of vimentin expression with invasive fronts and aggressive
phenotype of oral tumours [175]. What remains elusive is our understanding of the molecular
mechanisms underlying vimentin associated phenotype. In this part of our study, we have
attempted to unravel the molecules involved in vimentin mediated cancer cell migration.
To understand the biology associated with aberrant vimentin expression in OSCC derived
cells, we downregulated vimentin in tongue oral SCC derived cell line AW13516 using shRNA
technology. Reduction in in vitro migration and invasion was observed upon vimentin
downregulation (Figure 4.1.1). Along with this, a substantial difference was seen in the cell
spreading between vimentin knockdown and vector control clones (Figure 4.1.2). As reported by
Kim et al., cell spreading is a complex process which involves interactions between the
cytoskeleton, matrix adhesion receptors and extracellular matrix (ECM) proteins [176]. In the
carcinomas, α6β4 and α6β1 integrins are majorly involved in the regulation of cancer cell
spreading and motility [12]. We found increase in the protein levels of β4 integrin upon vimentin
depletion. Our subsequent experiments indicated that the reduction in cell motility and invasion
observed upon vimentin downregulation could be due to increased adhesive interactions
mediated by β4 integrin. This was further substantiated by downregulating β4 integrin in
vimentin knockdown background which thereby resulted in reversal of vimentin knockdown
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phenotype. We also observed marked decrease in the protein levels of β1 integrin, which could
also contribute to the reduction in migration seen in vimentin knockdown clones [177]. Since,
vimentin β1 integrin interaction is well established [178], we decided to decipher the unknown
link if any, between vimentin and β4 integrin. To our surprise, α6 integrin levels remained
unaffected in spite of an increase in the level of its binding partner, β4 integrin. This may be
because, unlike β1 integrin, β4 integrin heterodimerizes exclusively with α6 integrin. However,
α6 integrin is known to preferentially dimerize with the β4 subunit [179]. Hence, in our vimentin
knockdown system, where β1 integrin levels are low, most of the α6 subunits which would
otherwise pair with β1 are now available to pair with the excess β4 integrin molecules.
α6β4 integrin has contrasting roles in normal and cancerous conditions. Under normal
conditions, it is expressed in stratified epithelia, where it forms stable contacts with the
underlying basement membrane. However, in carcinomas, it is known to engage in signaling
functions to encourage cancer cell migration and invasion [13]. Vimentin knockdown clones
showed an increase in adhesion and spreading while a decrease in migration, on laminin-5 coated
surfaces (Figure 4.1.9). In contrast, they showed decreased spreading and migration on
fibronectin coated surfaces (Figure 4.1.10). This decrease in spreading and migration on
fibronectin demonstrated by vimentin knockdown clones may be attributed to the
downregulation of β1 integrin which binds to fibronectin in combination with α5 or αv.
Nevertheless, adhesion on fibronectin is governed by both β1 integrin and β3 integrin, which
may be the reason thers is no difference in the adhesion on fibronectin, despite a reduction in β1
integrin level [180]. Our observations on both laminin-5 and fibronectin coated surfaces,
highlighted the fact that the effects seen in vimentin knockdown cells are laminin-5 specific.
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Interaction of vimentin with β4 integrin may not be direct but most probably mediated
through a cytolinker like plectin. On these lines, vimentin-β4 integrin interaction mediated by
plectin has been reported in endothelial cells [14]. In the normal stratified epithelia, the
disruption of plectin abrogates the interactions of basal keratinocytes to its basement membrane
[119] while in SCCs, as reported by Katada et al., overexpression of plectin was shown to
promote migration and invasion [181]. Our immunoprecipitation data suggested that plectin may
be a linker connecting vimentin to β4 integrin. Additionally, upregulation of plectin protein
levels along with β4 integrin protein levels in vimentin knockdown clones suggested that, plectin
may serve to strengthen the cell matrix adhesive contacts in this particular setting. Next, our
protein turnover experiments using cycloheximide indicated increased β4 integrin protein
stability upon vimentin downregulation. Similar observations were reported in a multistep mouse
model of skin carcinogenesis, wherein an increased turnover of α6β4 integrin was observed in
cells derived from carcinoma as compared to those derived from papilloma. [130]. Moreover, a
diffused expression of α6β4 integrin on the membrane was found, resulting in loss of its
polarized expression, as seen normally in stratified epithelia [131]. In contrast to its normal
function, in carcinomas, α6β4 integrin is known to stimulate signaling molecules to enhance
migration and invasion [13]. β4 integrin has been shown to be capable of activating pivotal
kinases involved in carcinomas like PKB/Akt and ERK1/2 [127]. Hence we assessed the
signaling potential of the β4 cytoplasmic domain in vimentin knockdown clones. Our data
showed that the signaling ability of the β4 integrin domain remains unchanged with vimentin
downregulation. Nevertheless, signaling associated with adhesive behavior of the cell was
increased in vimentin deficient background. Interestingly, non-transformed cells did not exhibit
the inverse relationship seen between vimentin and β4 integrin (Figure 4.1.4E), most likely
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because expression of vimentin is associated with EMT, which itself is seen very late in the
progression of cancer [182]. Hence, the regulation β4 integrin by vimentin seems to be more of a
transformation associated phenomena wherein other transformation associated changes also
coexist.
Next, we wanted to investigate the cause of increased protein stability of both β4 integrin
and plectin in vimentin knockdown background. The global cellular protein degradation in
eukaryotic systems is carried out by the proteosomal and lysosomal machinery. The proteosomal
machinery degrades the cellular unfolded proteins while lysosomal machinery degrades the
extracellular/membrane-associated proteins. [164]. Our data indicates involvement of both
proteosomal as well as lysosomal machinery in maintaining the turnover of β4 and plectin.
Previously, Micheloni et al. have reported the proteosomal degradation of β4 integrin in case of
junctional epidermolysis bullosa with pyloric atresia [183]. Styers et al. have observed high
similarity between AP-3-null and vimentin-null cells with respect to their decreased capacity to
acidify the lysosomes. This is likely because interactions between vimentin and the adaptor
complex AP-3 are known to be responsible in controlling the positioning, content, and
subcellular distribution of selected late endosome/lysosome membrane proteins [164]. All the
above reports on the link between vimentin and the proteosomal/lysosomal machinery suggest
that perhaps in the absence of vimentin, there is altered targeting of β4 integrin molecules to
proteasome and lysosome, leading to a decrease in its protein turnover. Further studies are
required to determine the defect if any, in membrane trafficking through late endosome/lysosome
compartments in the vimentin deficient condition. A fraction of β4 integrin [184] and plectin
molecules [185] is shown to be susceptible to proteolytic cleavage by one of the isoforms of the
calcium-activated enzyme calpain. Moreover, since MG132 can non-selectively inhibit calpain,
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the possibility of involvement of calpain mediated degradation of β4 integrin and plectin
molecules cannot be ruled out in our system. Nevertheless, additional experiments are required
to understand the actual contribution of each of the degradation machineries.
Vimentin is widely reported as a canonical EMT marker [186]. Hence to understand
whether the modulation of β4 integrin levels by vimentin is EMT associated, we treated
AW13516 cells with TGF-β1 (EMT inducer). TGF-β1 mediated induction of EMT resulted in up
regulation of vimentin and simultaneous downregulation of β4 integrin levels. Though there are
no earlier reports indicating the relation between vimentin and β4 integrin in cancer, there is
indirect evidence by Qu et al., who have shown an increase in mesenchymal markers like
vimentin and fibronectin with a corresponding decrease in epithelial markers like E-cadherin,
α6β4 integrin, etc. This marked the loss of epithelial like phenotype in kindlin-1 deficient
keratinocytes [133]. The above facts suggest that perhaps, during the late stage of tumorigenesis,
when EMT sets in, vimentin is overexpressed, leading to depletion of β4 integrin, which in turn,
results in weak cell-basement contacts to facilitate migration.
Finally, immunohistochemistry analysis showed an inverse relationship between β4
integrin and vimentin expression, which corroborated with our in vitro findings. Vimentin
overexpression and its correlation to invasion and metastasis have been shown by several groups
[187-189]. Correspondingly, several reports document alterations in the levels of β4 integrin and
its effect on the overall outcome of the disease. For example, loss of α6β4 at the basal layer was
seen in cervical cancer [123]. Similarly, Downer et al. have documented the loss of α6β4 integrin
and laminin in squamous cell carcinomas [124]. Our correlative studies of vimentin β4
expression in OSCC tissues with clinico-pathological parameters showed a significant
association with the tumor stage, tumor size, node status and patients survival. Remarkably, high

134

vimentin and low β4 levels correlated with the poor survival as compared to other possible
combinations of vimentin and β4 levels in our patients. The results of our in vitro data (increased
invasion in β4 integrin-vimentin double knockdown) may explain the significant correlation seen
between node status and poor survival in tumor samples with high vimentin and low β4 integrin
expression. Thus apart from confirming the findings of previous studies, we could also show a
hitherto unreported relation between vimentin and β4 integrin. Our data shows an unreported role
of vimentin in modulating cancer cell motility by destabilizing β4 integrin mediated adhesive
interactions. Further, vimentin-β4 integrin could be promising prognostic markers and thus
warrant further large scale study on human oral tumors to establish them as prognostic markers.
Part 2
Expression of EMT marker vimenitin is usually associated with a more mesenchymal like and
dedifferentiated state of the cancer cell [4]. On the other hand, in the case of stratified epithelia,
expression of one pair of keratins is specific to one particular differentiation compartment and as
the cell moves from one layer to another, the expression pattern of keratins also changes
accordingly [190]. This suggests that keratins may also have regulatory role in epithelial
differentiation [191]. Hence we wanted to understand whether vimentin modulates a
differentiation switch of a transformed cell by modulating the expression of keratins. Our study
found the K5/K14 pair to be a novel indirect target of vimentin, through which it is able to confer
a dedifferentiated phenotype to the cancer cell.
To understand the overall change in the keratin profile caused due to downregulation of
vimentin, we performed a global keratin profile analysis using high salt enriched keratin fraction
from vimentin knockdown and vector control cells. Our 2D followed by MALDI analysis
identified K14 as one of the differentially expressed proteins upon downregulation of vimentin.
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Interestingly its binding partner K5 was also found to be downregulated at the protein level.
Further transcript level analysis showed that mRNA levels of both K5 and K14 are
downregulated in vimentin knockdown clones.
K5/K14 pair is typically expressed by the basal stem cell layer of the stratified
epithelium. As the cell from this layer is committed to differentiation, it replaces the expression
of K5/K14 with the expression of one or more differentiation specific keratin pairs e.g. K1 and
K10 [190]. A previous study from our laboratory has demonstrated the role of K5/K14 in
modulating phosphatidylinositol 3-kinase/Akt–mediated cell proliferation and/or Notch1dependent cell differentiation, in stratified epithelia derived cells [139]. Our current study
showed an increase in the differentiation status of the vimentin knockdown cells, while its
proliferation status remained unaffected (Figure 4.2.3). This change in differentiation could be
attributed to the decreased levels of K5/K14 since its reversal was seen upon re-expression of
K5/K14 in vimentin knockdown background. Proliferation potential of the cells remained
unchanged upon vimentin knockdown, perhaps due to remnant levels of K5/K14 or because of
an unknown compensatory mechanism operating in this situation.
Progenitor/stem-like

and

differentiated

state

are

at

extreme

ends

of

the

differentiation.spectrum. Ding et al., have reported the loss of Oct-4 expression during the
differentiation of mouse embryonic stem cells [192]. Hence, we were curious to understand if
our vimentin knockdown cells, which were more differentiated showed decreased stemness. To
verify this, we checked the expression of Oct-4, which is the master regulator of stemness [193].
Our results demonstrated a decrease in the expression of Oct-4 with the decrease in the
expression of K5/K14, while re-expression of K5/K14 rescued the decreased levels of Oct-4.
This suggests that the expression of Oct-4 is dependent on the levels of K5/K14. What remains
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elusive is whether vimentin-K5/K14 axis targets the differentiation programme to lead to
increased stemness or it targets stemness related mechanism to suppress differentiation.
Transcription factors like AP1 and NF-κB are implicated in the regulation of basal
expression of K5/K14 pair. The activation of these transcription factors is also dependent on
extracellular signaling molecules like hormones, vitamins and growth factors [194].
Nevertheless, the role of the epithelial-specific master regulator p63 is well known for its precise
control over epithelial cell differentiation [195]. One of the ways in which p63 regulates the
differentiation program, is through the maintenance of basal specific and stage specific
expression of K5/K14 pair [196]. Vimentin knockdown resulted in downregulation of ΔNp63 (a
major p63 isoform expressed by undifferentiated keratinocytes), while p21 and p27 levels were
found to be upregulated. However, despite the upregulation of cyclin dependent kinase (Cdk)
inhibitors, p21 and p27, the proliferation status of vimentin knockdown clone remained
unaltered. This is possible because, as shown by Zheng et al., neither p21 nor p27 knockout mice
showed any alterations in proliferation of mouse gastrointestinal tract cells [197]. Similarly,
some cancer cells are known to proliferate despite CDK2 inhibition [198], suggesting that
perhaps under certain conditions, levels of p21 and p27 don’t correlate directly with the cell
proliferation. Further, analysis of transcript level expression of all the three ΔNp63 isoforms
revealed downregulation of both ΔNp63α and ΔNp63γ and no change in the levels of ΔNp63β.
Report by Romano et al. suggested a role of ΔNp63α and ΔNp63β isoforms in inducing basal
markers and stratification [170]. Therefore, to understand if vimentin modulates expression of
K5/K14 pair through ΔNp63α isoform, we overexpressed ΔNp63α isoform (since levels of
ΔNp63β remained unaltered upon vimentin downregulation) in vimentin knockdown
background. Overexpression of ΔNp63α resulted in an increase in the expression of K14, while
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the expression of K5 remained unaltered. As a result of this, the differentiated state of the cell
(marked by the expression of differentiation specific proteins) remained unchanged. This
indicated that ΔNp63γ, may as well, have a role in the regulation of the expression of K5, which
was not compensated by the overexpression of ΔNp63α isoform alone. The possibility of
involvement of some other K5 specific transcription factor/s (enhancer or repressor),
downstream of vimentin, cannot be ruled out.
Levels of ΔNp63α and notch play a decisive role to either maintain stemness or to
proceed towards differentiation [171]. During the stratification process of epidermal tissue, notch
suppresses p63 to favor differentiation, as evident by their opposing levels in the basal
compartment [172]. Our study showed an increase in the levels of notch1 with decreased ΔNp63
expression in the vimentin knockdown clone. Correspondingly, a decrease in the level of notch1
was seen upon overexpression of ΔNp63α (Figure 4.2.8). This suggests that there may be a
reciprocal negative regulatory mechanism between notch and ΔNp63 in order to govern
differentiation in the presence and absence of vimentin. There may be two possibilities in this
situation: first being either the deficiency of vimentin relieves the inhibition on notch1 which in
turn suppresses the expression of ΔNp63 or the second possibility is that downregulation of
vimentin decreases the expression of ΔNp63 relieving the negative regulatory effect on notch1
and leading to its activation. Interestingly, while the downregulation of ΔNp63 has been shown
to result in a decrease in the expression of vimentin in esophageal squamous carcinoma [199],
we report the reverse here i.e., downregulation of vimentin leads to decreased expression of
ΔNp63. Evidence of vimentin regulating transcript levels of certain genes is reported previously
as well. For instance, Vuoriluoto et al. have shown the role of vimentin in regulating the
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expression of several genes associated with EMT and the basal-like phenotype, one of which is
Axl (a receptor tyrosine kinase) in breast cancer derived cell lines [10].
Factors other than activated notch may also have a significant role to play in the
regulation of ΔNp63. Along these lines, Flores et al., have shown inhibition of wild-type p53 by
ΔNp63 [200]. Moreover, the parental cell line under study, AW13516 expresses mutant p53
(R273H) [201]. Hence, work in this direction will be required to ascertain if mutant p53 is the
cause or consequence of an alteration in ΔNp63α expression. Furthermore, specific roles of
microRNAs (miRs) [202, 203], Wnt, Hedgehog and EGFR [195] pathways if any, in the
regulation of ΔNp63 expression in vimentin depleted condition, needs to be investigated.
We found a significant correlation between high-vimentin high-K14 expression and
recurrence as well as poor survival of oral cancer patients. This finding can be explained by our
in vitro data using vimentin knockdown system. This showed that vimentin expression promotes
events leading to increased dedifferentiation and tumorigenicity, wherein K5/K14 upregulation
seems to be an intermediate event. Similar observations were made by Thomas et al., who have
reported the association of vimentin-keratin co-expression with poor prognosis and tumor
phenotype [204]. Together, this suggests that vimentin aids the aggressiveness of the tumor by
contributing to the maintenance of a dedifferentiated state of the tumor cell.
In conclusion, our data sheds light on the modulatory role of vimentin in the expression
of K5/K14 pair, to fine tune the differentiation switch in favor of tumor progression. Further, a
large scale study on human oral tumors is required to prove the potential of vimentin-K14 as
prognostic markers for human oral cancer.
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Objective 3
The development of oral cancer is a multistep process. Around 5% to 85% of the oral tumors
arise from potentially malignant disorders (PMD) [2]. Although, the oral cavity is accessible for
visual examination, the ability of current clinical/histological methods to predict which lesions
further progress into malignancy is limited. Hence the development of biological markers which
will prove as an adjunct to histo-diagnosis has become essential. In this direction, our laboratory
had previously demonstrated aberrant expression of vimentin in oral premalignant lesions and its
correlation with the degree of premalignancy [175]. The major limitation of the study was that
there was no follow-up data regarding which of these lesions (vimentin expressing or nonexpressing) progressed to form a tumor, if any. To address this issue and to ascertain the
contribution of vimentin in the early stages of oral tumorigenesis, we overexpressed vimentin in
oral premalignant derived cell line DOK. This study demonstrated that vimentin expression
alone is not enough to result in transformation of DOK cell line, although initial EMT/stemness
related changes were observed. Further, after benzo[a]pyrene treatment (to recapitulate the
situation in a chronic smokers), vimentin expressing cells showed increased transformation as
compared to non-expressing ones.
We selected DOK cell line for our study, mainly because of two reasons: it was a
vimentin negative cell line and was derived from an oral premalignant lesion showing dysplasia
[144]. This simulated the situation seen in oral premalignant lesions, wherein the cells are
initiated but not yet transformed. After verifying the non-transformed status of DOK by testing
for anchorage independence ability, we overexpressed vimentin using viral transduction.
Vimentin overexpression in DOK did not cause any phenotypic changes (anchorage
independence, migration, proliferation) associated with transformation (Figure 4.3.2). The role of
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vimentin is well established in migration and proliferation, for instance, Gilles et al. have
reported the association of vimentin expression with the migratory state of the cell, during in
vitro wound-healing, in the case of human breast cell line MCF10A [60]. Similarly, during lung
injury, TGFβ1-induced expression of vimentin was shown to result in increased migration,
which was independent of proliferation [205]. Furthermore, downregulation of vimentin in breast
cancer cell line MDA-MB 231 showed a defect in proliferation and directional migration
suggesting its involvement in governing EMT associated cancer cell migration and proliferation
[206]. Despite this, vimentin overexpressing cells did not show any difference in migration and
proliferation, which may be because vimentin dependent migration is not an isolated event but is
tightly coupled either with a physiological need or the transformation process of the cell. Hence,
vimentin alone may not be able to regulate migration, in the absence of its other altered
interactors or upstream regulators [10, 207]. Nevertheless, some peculiar changes were noticed
in the expression of EMT and stemness related regulators. This was an expected observation,
since according to recent reports vimentin not only serves as a marker of EMT but also functions
to drive the process of EMT [4]. Though direct evidence of vimentin mediated downregulation
of the expression of E-cadherin is not known, there are several reports citing an inverse
relationship between the expression profiles of vimentin and E-cadherin in many cancers and
cancer derived cells [208-210]. This collectively suggested that vimentin alone may not be
enough to convert the cell from dysplastic state to transformed state, but can confer some
molecular level alterations which may be beneficial for the cell to progress to the next level, if
subjected to further carcinogenic trigger.
As an additional carcinogenic trigger to induce transformation, we selected
benzo[a]pyrene as a procarcinogen after checking the metabolic competence of the vimentin
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overexpressing and its vector control cells. Benzo[a]pyrene was selected because it is mutagenic
and carcinogenic in animal models, cell lines and simulates the condition seen in case of chronic
smokers [156, 211]. Also, the parental cell line DOK was derived from a heavy smoker [144].
It took 35 weeks of carcinogen exposure to form visible colonies on soft agar, which
marked the attainment of an in vitro transformed state. Interestingly, benzo[a]pyrene treated
vimentin overexpressing cells demonstrated approximately 2-fold increase in the number of
colonies formed on soft agar as compared to its treated vector control cells. However, these cells
showed no significant difference in the migration and proliferation potential. The increased
transformation efficiency seen in benzo[a]pyrene treated vimentin overexpressing cells may be
attributed to its pre-acquired molecular level changes in EMT and stemness related regulators
(Figure 4.3.3). Our findings corroborated with Tellez et al. data, which showed induction of
dedifferentiation program characterized by EMT and stemness related changes, which occurs
early in the process of transformation. These changes were shown to contribute to the process of
cancer intiation to finally achieve transformation [212]. Although, in this report, the changes in
EMT and stemness markers were acquired by an epigenetic mechanism, in our study, vimentin
being cytoskeletal protein the likelihood of it exerting direct epigenetic regulation is remote. In
this context, we assume the possibility of vimentin targeting some of its interactors or
intermediates to subsequently result in transcriptional regulation of EMT and stemness related
proteins in the absence of carcinogenic stimulus. Furthermore, after benzo[a]pyrene treatment,
the EMT markers did not show any difference while the stemness markers Nanog and Sox2 were
overexpressed in vimentin overexpressing as compared to its vector control cells. Thus, it can be
speculated that, in the initial stages, EMT regulators drive this process but as it progresses,
stemness markers take over to complete the process of transformation and later maintain the
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transformed state. Moreover, this hypothesis can be tested by sequential downregulation of EMT
and stemness related markers followed by benzo[a]pyrene exposure. Similarly, differential
molecular changes like downregulation of involucrin, marking dedifferentiated phenotype and
downregulation of p21 marking alteration in cell cycle were noted in benzo[a]pyrene treated
vimentin overexpressing cells. These changes are suggestive of a more transformed phenotype
although, a decrease in p21 levels did not result in increased proliferation most possibly because
in certain instances proliferation may be independent of p21 levels [197]. Surprisingly, neither
benzo[a]pyrene treated vimentin overexpressing nor its vector control cells showed endogenous
induction of vimentin expression, which suggests that perhaps it occurs very late in the process
of transformation and further treatment with benzo[a]pyrene for several weeks, might be
required to achieve this stage.
Our study at this preliminary stage supports the potential of vimentin as an early
diagnostic marker but additional experiments like nude mice injection with benzo[a]pyrene
treated cells and rescue experiments with vimentin knockdown are required to strengthen our
hypothesis. The long term goal would be to follow-up the patients presenting with premalignant
lesions for 15-20 years and then correlate the status of vimentin in the initial stages with that of
the transformation status. Further, our in vitro carcinogenesis model may serve as a useful
system to screen for vimentin associated molecules and anticancer drugs which specifically
target vimentin expressing cancer cells eg. withaferin [97].
In conclusion, our data suggests that forced expression of vimentin in the initial stage
proves to be advantageous to the cell in order to push itself towards transformation in presence of
an additional carcinogenic trigger.
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5.1 Overall summary of the role of vimentin deduced in this study

Figure 5.1 Schematic representation of the role of vimentin in oral precancer and cancer.
Downregulation of vimentin in tongue SCC derived cells resulted in decreased migration
(mediated through upregulation of β4 integrin) and increase in differentiation status (mediated
through downregulation of K5/K14). Exogenous expression of vimentin alone,in premalignant
lesion derived cells did not result in transformation but led to acquisition of EMT and stemness
related signatures. Further, additional carcinogenic trigger promoted the process of
transformation, leading to increased transformation efficiency in vimentin overexpressing cells
as compared to its control counterpart.
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Chapter 6: Summary
and Conclusion
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Summary
Our study deciphers the molecules (β4 integrin and K5/K14) underlying vimentin
associated phenotype in oral carcinoma derived cells. Further, our in vitro findings using
vimentin knockdown cells, corroborated with IHC analysis of human oral tumor samples. Also,
our study on early events of oral cancer development indicates that presence of vimentin equips
the cell with transformation promoting alterations which renders the cell more prone to
transformation upon carcinogenic stimulus.
The highlights of the study are as follows:
6.1 Knockdown in tongue SCC derived AW13516 cells resulted in increased β4 integrin surface
levels leading to strong adhesive contacts. This manifested into decreased motility.
Interestingly, along with β4 integrin, its linker protein plectin was also upregulated in
vimentin knockdown clones.
6.2 The upregulated levels of β4 integrin and plectin showed a preferential localization at the
membrane-substrate front, in vimentin knockdown cells.
6.3 β4 integrin adhesion blocking antibody (ASC-8) was able to rescue the decreased motility
and invasion of vimentin knockdown cells.
6.4 Increased β4 integrin level in vimentin knockdown clones was not coupled with the elevated
β4 integrin associated intrinsic signaling.
6.5 The increased stability of β4 integrin and plectin molecules in vimentin knockdown cells was
possibly because of the decreased targeting of these molecules to proteasomal and lysosomal
machinery.
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6.6 Inverse correlation was observed between vimentin and β4 integrin in human oral cancer
tissue samples, which correlated with clinico-pathological parameters like stage, tumor size
and node status of the OSCC patients.
6.7 Vimentin downregulation in AW13516 cells resulted in reduction in the expression of
K5/K14 pair.
6.8 Vimentin modulates the differentiation status and tumorigenic potential of the carcinoma
cells by regulating the expression of basal layer specific K5/K14 pair.
6.9 Vimentin may influence Notch1-ΔNp63 crosstalk to control the expression levels of K5/K14,
in order to regulate the differentiation state of a transformed cell.
6.10 Furthermore, vimentin-K14 expression may be clinically relevant in order to prognosticate
the fate of the OSCC patients.
6.11 Overexpression of vimentin in premalignant lesion derived cells did not result in any
transformation related phenotypic alterations. Nevertheless, alterations were seen in the
expression of key EMT and stemness related regulators.
6.12 In vitro carcinogenesis model was developed using benzo[a]pyrene for the evaluation of the
transformation potential of vimentin in the development of human oral cancer.
6.13 Benzo[a]pyrene treated vimentin overexpressing cells showed increased transformation
efficiency as compared to its treated vector control cells.

Conclusion
Collectively, vimentin has emerged as one of the drivers of key events, beneficial for tumor
progression. High vimentin-high K14-low β4 integrin expression in combination, if validated
in more number of samples, may prove useful in prognostication of human oral cancer.
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Further studies are required to understand the definitive role of vimentin in initial stages of
human oral oncogenesis.
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a b s t r a c t
Vimentin expression correlates well with migratory and invasive potential of the carcinoma cells. The
molecular mechanism by which vimentin regulates cell motility is not yet clear. Here, we addressed this
issue by depleting vimentin in oral squamous cell carcinoma derived cell line. Vimentin knockdown cells
showed enhanced adhesion and spreading to laminin-5. However, we found that they were less invasive
as compared to the vector control cells. In addition, signaling associated with adhesion behavior of the
cell was increased in vimentin knockdown clones. These ﬁndings suggest that the normal function of ␤4
integrin as mechanical adhesive device is enhanced upon vimentin downregulation. As a proof of principle, the compromised invasive potential of vimentin depleted cells could be rescued upon blocking with
␤4 integrin adhesion-blocking (ASC-8) antibody or downregulation of ␤4 integrin in vimentin knockdown background. Interestingly, plectin which associates with ␣6␤4 integrin in the hemidesmosomes,
was also found to be upregulated in vimentin knockdown clones. Furthermore, experiments on lysosome and proteasome inhibition revealed that perhaps vimentin regulates the turnover of ␤4 integrin
and plectin. Moreover, an inverse association was observed between vimentin expression and ␤4 integrin
in oral squamous cell carcinoma (OSCC). Collectively, our results show a novel role of vimentin in modulating cell motility by destabilizing ␤4 integrin-mediated adhesive interactions. Further, vimentin-␤4
integrin together may prove to be useful markers for prognostication of human oral cancer.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Abbreviations: TGF-␤1, Transforming growth factor beta1; RT-PCR, Reverse
transcriptase polymerase chain reaction; IP, immunoprecipitation; IHC, Immunohistochemistry; EMT, Epithelial mesenchymal transition; MET, Mesenchymal
epithelial transition; ns, non-signiﬁcant; MMP, Matrix-metalloproteinase; cq,
Chloroquine; chx, Cycloheximide; OSCC, Oral squamous cell carcinoma; SCC, Squamous cell carcinoma; SEM, Standard error mean; IF, Intermediate ﬁlament; Ex/Em,
Extension/emission; ECM, Extracellular matrix; ln5, laminin-5; fn, ﬁbronectin; uc,
Uncoated.
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Vimentin is a type III intermediate ﬁlament protein (IF), predominantly expressed in mesenchymal cells, many undifferentiated
cells and cultured cells (Lazarides, 1982). It is partially or completely replaced with their cell type speciﬁc IF protein in cells
which are committed to undergo terminal differentiation (Tapscott
et al., 1981). Functional deletion of vimentin in mice resulted in
decreased capacity of lymphocytes for homing to lymph nodes and
spleen (Nieminen et al., 2006). Also, their ﬁbroblasts were unable to
bring about migration. Contribution of vimentin in pathological or
physiological processes has been described in human keratinocytes
involved in the outgrowth of keratinocyte sheets (Biddle and
Spandau, 1996) and also in normal human bronchial cells studied in an in vitro wound healing model (Buisson et al., 1996).
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Fig. 1. Generation of vimentin knockdown clones in oral SCC derived cell line. (A, B) RT-PCR, western blot and immunoﬂuorescence analysis of vimentin, in vimentin
knockdown clones (shvim1, shvim2) and its vector control clone (pTU6vc). (C) The graph shows mean ﬂuorescence intensity of vimentin across clones. (D) Representative
images of colonies formed by vimentin knockdown and vector control clones in soft agar. (E) Graphical representation of number of colonies formed in soft agar. (F, G)
Representative time lapse microscopy images showing wound healing. The graph shows percent wound closure as calculated over 18 h time point. (H) The graph shows
ﬂuorescence of invaded cells which is read at wavelengths of 494/517 nm (Ex/Em). Note: The numbers labeled below each blot represent relative intensity of the bands using
densitometric analysis. For quantiﬁcation, data represents ± standard error mean (SEM) of three independent experiments.

These studies together emphasize upon the role of vimentin in
normal body development.
Role of vimentin is increasingly recognized in case of cancer
progression. However, it may not play a signiﬁcant function in
the development of cancer (Langa et al., 2000). Vimentin expression is seen to be upregulated in many invasive cancers (Satelli
and Li, 2011). In vitro studies have indicated role of vimentin in
migration (Paccione et al., 2008). It has been shown that vimentin
might play a functional role in epithelial cell migration associated
with stress or pathological situations (Gilles et al., 1999). Recent
reports give some insights into the probable mechanism by which
vimentin contributes in cell migration. For example, regulation of
cell adhesion and motility by vimentin phosphorylation was shown
in HMT-3522 epithelial cells. Vimentin phosphorylation by protein kinase C (pkc) mediates ␤1 integrin recycling to the surface,
thus contributing in cell motility (Ivaska et al., 2005). Vimentin is
also shown to regulate receptor tyrosine kinase Axl, to bring about
cell migration during epithelial mesenchymal transition (EMT)
(Vuoriluoto et al., 2011). Conversely, in mesenchymal epithelial
transition (MET) vimentin levels decrease leading to reduced motility (Chaffer et al., 2006). Though the contribution of vimentin in
cancer cell migration and invasion is well established, the role of
regulatory molecules/signaling pathways involved are not yet well
deﬁned.

Previous report from our laboratory has shown aberrant expression of vimentin in oral dysplastic and ﬁbrotic tissues. In addition,
its expression in OSCC showed signiﬁcant correlation with aggressive phenotype and survival of the patients (Sawant et al., 2014).
These preliminary observations prompted us to investigate the
downstream molecules involved in vimentin-mediated migration
and invasion.
In the present study, vimentin knockdown resulted in increased
␤4 integrin surface levels leading to strong adhesive contacts.
This manifested into decreased motility. Interestingly, along with
␤4 integrin, its linker protein plectin was also upregulated with
vimentin downregulation probably due to decreased targeting of
these molecules to proteasomal and lysosomal machinery. Similar inverse correlation was observed between vimentin and ␤4
integrin in human oral cancer tissue samples.

2. Materials and methods
2.1. Ethics statement
This study was approved by the “Human Ethics Committee”, Tata memorial centre, India (Reg Number: DCGI:
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Fig. 2. Vimentin knockdown cells show upregulation of both ␤4 integrin and plectin protein levels. (A) Representative phase contrast images of vimentin knockdown clones
displaying well-spread morphology compared to its vector control clone. (B) Immunoﬂuorescence analysis of actin reorganization at the wound edge using phalloidin-FITC
staining (Bar: 50 m). The inset shows prominent actin stress ﬁbers in vimentin knockdown clones indicative of a less motile phenotype as compared to vector control
clone (Bar: 50 m). (C) Immunoﬂuorescence staining of ␤4 integrin in vimentin knockdown and vector control clones. (D–E) Western blot and RT-PCR analysis of ␤4 and
␣6 integrin in vimentin knockdown and vector control clones. (F) Western blot analysis of ␤1 integrin levels in the clones. (G) Endogenous pull down experiment with
anti-vimentin antibody performed using cell lysate from AW13516 cells. The immunoprecipitated complex was examined for the presence of vimentin, ␤4 integrin and
plectin. Input represented 10% of cell lysate used in the experiment. (H, I) Western blot and RT-PCR analysis of plectin in vimentin knockdown and vector control clone. For
quantiﬁcation, data represents ± SEM of three independent experiments.

ECR/149/Inst/MH/2013). The written “informed consent form” was
obtained from the patients before enrolling them.
2.2. Cell lines, antibodies and reagents
List of cell lines, antibodies and reagents with their particulars
are described in the Supplementary table S1, S2 and S3, respectively.
2.3. Plasmids and retroviral constructs
The selected vimentin shRNA sequences (Supplementary table
S4) were cloned into pTU6 PURO vector (a kind gift from Dr. Sorab)
and validated in HEK293 by co-transfecting them with GFP tagged
vimentin as described previously (Kundu et al., 2008). Effective
shRNA sequences vim3A and vim3B were transfected using lipofectamine 2000 to generate vimentin knockdown clone in AW13516
cells. For vimentin overexpression, emerald GFP vimentin retroviral
construct (a kind gift from Professor Robert Goldman) was used.
Vimentin-␤4 integrin double knockdown and vector control clones
were generated by transducing ␤4 integrin shRNA and scrambled
shRNA cloned in pCLXSN retroviral vector (a kind gift from Dr. Livio

Trusolino) in vimentin knockdown clone shvim2. Virus production
was done as described previously (Helfand et al., 2011).

2.4. Real-time quantitative PCR/reverse transcriptase PCR
(RT-PCR)
Real-time quantitative PCR/RT-PCR was performed as described
previously (Alam et al., 2011). The primers and PCR conditions are
shown in Supplementary table S5. RT-PCR primer sequences for ␤4
integrin were obtained from (Lo et al., 2001).

2.5. Western blotting, immunoprecipitation (IP), scratch wound
migration assay, soft agar assay and zymography
Cell lysates for western blotting were prepared in SDS lysis
buffer (62.5 mM Tris and 2% SDS, pH 6.8). For immunoprecipitation,
cell lysates were made by pooling both NP-40 (1%) and Empigen
(2%) fractions as described previously (Srikanth et al., 2010). Scratch
wound migration assay, soft agar assay (Iyer et al., 2013) and gelatin
zymography (Dange et al., 2015) were performed as described
previously.
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Fig. 3. ␤4 integrin/plectin colocalize strongly at the membrane upon vimentin knockdown. (A, B) The degree of colocalization of ␤4 and plectin is higher in vimentin
knockdown (Correlation R = 0.3422) as compared to vector control clones (Correlation R = 0.18095). 10 random ﬁelds from 3 independent experiments were used for analysis.
(C, D) The colocalized regions are prominently seen at the wound front in vimentin knockdown as compared to vector control clone. Scatter plot shows the intensity of ␤4
(x-axis) and plectin (y-axis) for each pixel. On the right, are the respective pictures of only colocalized pixels.

2.6. Immunoﬂuorescence
Immunoﬂuorescence staining was performed as previously
described (Raul et al., 2004). Scatter Plot and Pearson’s correlation
coefﬁcient (R) for colocalization were obtained using Carl Zeiss (zen
2012 SPI black edition, 64 bit) software.
2.7. Cell adhesion, migration, invasion and spreading assays
Cell-laminin-5 (2.5 g/ml)/ﬁbronectin (5 g/ml) adhesion
assays were performed as described previously (Alam et al., 2011).
For invasion assays, the insert was coated with 40 l of matrigel
(1 mg/ml). The cells were then treated with IgG or ASC-8 antibody
(␤4 integrin adhesion blocking antibody) and incubated for 1 h on
ice. Cells were seeded on the coated inserts (8 m pore size) and
incubated for 16 h. At the 15th h, 4 g/ml calcein AM was added
to the lower chamber and incubated for 1 h at 37 ◦ C (Partridge and
Flaherty, 2009). Fluorescence of invaded cells was read at wavelengths of 494/517 nm (Ex/Em) on a bottom-reading ﬂuorescent
plate reader at 16th h. For live cell spreading, cells were detached
using accutase and seeded onto laminin-5 (2.5 g/ml)/ﬁbronectin
(5 g/ml) coated surface. Phase-contrast images were captured
just after the cells were seeded, at every 10’ interval, till at
least one of the group showed optimum spreading. Images were

evaluated for the percentage of well spread cells. Unspread cells
were described as phase-bright and rounded, whereas spread cells
were elongated with visible membrane protrusions. 30 cells each
were counted from three independent experiments. For single cell
migration assay, cells were harvested using accutase, washed with
plain IMDM (Iscove’s Modiﬁed Dulbecco’s Medium) and plated
at 30% conﬂuency on laminin-5 (2.5 g/ml)/ﬁbronectin (5 g/ml)
coated dishes. Unspreaded cells, dividing cells and cells migrating
out of the selected ﬁeld were excluded during analysis. The time
lapse data was analyzed using ImageJ (NIH) manual tracking
plugin. The coordinates obtained were used to plot graph and
calculate distance and velocity using chemotaxis and migration
tool.
2.8. Induction of EMT and stimulation of ˇ4 integrin signaling
To induce EMT, AW13516 cells were incubated in serum free
media in the presence of transforming growth factor beta1, i.e.,
TGF-␤1 (5 ng/ml) and kept at 37 ◦ C for 48 h. To study ␤4 signaling
on ligation to laminin-5, 18 h serum starved cells were harvested
using accutase and further washed with plain medium and plated
on laminin-5 (2.5 g/ml) coated dishes. For activation of ␤4 integrin signaling, vimentin knockdown and vector control clones were
serum-starved for 18 h and then treated with 5 g/ml of 3E1

C. Dmello et al. / The International Journal of Biochemistry & Cell Biology 70 (2016) 161–172

165

Fig. 4. Functional consequences of upregulation of ␤4 integrin in vimentin depleted cells. (A) Vimentin knockdown and vector control clones were allowed to attach on 96
well laminin-5 (ln5) coated or uncoated (uc) surface. The unadhered cells were removed at different time points, and the number of adhered cells was determined using MTT
assay. (B) The graph shows percentage of well spread cells on laminin-5 coated or uncoated surface. (C) Single cell migration was performed on laminin-5 coated surface.
Each line indicates the migration trace of each cell. pTU6vc (n = 18) and shvim2 (n = 17). (D, E) Graph shows distance and velocity of cell migration respectively. (F) The
graph shows ﬂuorescence of invaded cells which is read at wavelengths of 494/517 nm (Ex/Em). Invasion assay was performed in the presence of IgG or ASC-8 antibody. (G)
Vimentin knockdown and vector control cells were serum starved and plated on to laminin-5 coated surface for 1 h. Protein extracts were analyzed for pAKT using western
blot analysis. (H, I) The serum starved clones were stimulated with 3E1 or mouse IgG for 30’ and protein extracts were analyzed for the activation of ERK1/2 and AKT. Total
AKT and ERK1/2 were used as loading controls. For quantiﬁcation, data represents ± SEM of three independent experiments.

antibody (␤4 integrin activating antibody). 5 g/ml mouse-IgGtreated cells were used as control. After treatment, the lysates were
made and western blotting was performed.
2.9. Immuno-electron microscopy
Cells were washed with 1XPBS and ﬁxed in 3% Glutaraldehyde
followed by secondary ﬁxation in 1% Osmium tetroxide. Ultrathin
(70 nm) cross-sections were collected on nickel grids and subsequently micro-waved in Heat-induced Antigen Retrieval (HIAR
buffer-20mMTris-HCl pH 9.0) for antigen retrieval (Yamashita and
Okada, 2014). After blocking with 5% BSA, the grids were incubated
with anti- ␤4 integrin antibody (1:20) for 1 h at room temperature. Following washes with 1XPBS, grids were incubated with goat
anti-rabbit gold antibody (cat. no. G7402, Sigma, USA) for 1 h. After
thorough washes, the grids were stained with uranyl acetate and
lead citrate and viewed under Jeol 1400 plus TEM (Japan) at 120 kV.
For analysis, we acquired 50 images, each of vimentin knockdown
and vector control cells, at magniﬁcation of 20000X and stitched
using Multiple Image Alignment tool in integrated iTEM software
(Olympus soft imaging solutions, GmbH, Germany). Quantiﬁcation
of number of gold conjugates at the cell-substratum front was done.

2.10. Immunohistochemistry (IHC) and statistical analysis
Tissue samples were collected from the operation theatre of
Tata Memorial Hospital, India. IHC was carried out as described
previously (Sawant et al., 2014)
2.11. Statistical analysis
Statistical analysis was carried out as described previously (Iyer
et al., 2013). Two way ANOVA using Bonferroni test was performed
for two factorial comparisons among multiple groups. A p value of
less than 0.05 was considered statistically signiﬁcant.
3. Results
3.1. Downregulation of vimentin decreases in vitro
transformation potential and invasiveness of OSCC derived cell
line AW13516
Expression of vimentin at mRNA and protein level (Fig. 1A) was
reduced signiﬁcantly in vimentin knockdown clones (shvim1 and
shvim2) as compared to the vector control clone (pTU6vc). Further,
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Fig. 5. Vimentin regulates the turnover of ␤4 integrin and plectin. (A, D) Vimentin knockdown and vector control clones were treated with cycloheximide at 50 M. (B, E)
Clones were treated with MG-132 at 5 M. 0.1% DMSO was used as a vehicle control. (C, F) Clones were treated with chloroquine at 50 M. ␤4 integrin/plectin levels were
assessed after respective treatments using immunoblotting. ␤-actin was used as a loading control.

confocal analysis showed decreased intensity of vimentin ﬁlaments
in vimentin knockdown clones (Fig. 1B and C). Vimentin downregulated clones showed a signiﬁcant reduction in number of colonies
(by ∼50%) in soft agar as compared with vector control clones
(Fig. 1D and E). They demonstrated signiﬁcantly decreased migration as compared to vector control clone (Fig. 1F and G). Also in the
invasion assay, shvim1 and shvim2 showed 33% and 50% reduction
respectively as compared to vector control clone (Fig. 1H).

keratin 5/14 pair while keratin 8/18 levels remained unchanged
(Supplementary Fig. 3). This suggests that keratin 8/18 pair is likely
to interact with increased ␤4 integrin molecules in vimentin knockdown cells.

3.2. Vimentin regulates ˇ4 integrin levels

TGF-␤1 (5 ng/ml) exposure induced the expression of vimentin
protein and decreased the levels of E-cadherin, marking the acquisition of EMT phenotype in AW13516 cells. Upregulation of vimentin
led to concomitant downregulation in ␤4 integrin protein levels (Supplementary Fig. 4A). Next, other SCC derived cell lines
AW13516, AW8507, SCC29B and A431 (Supplementary Fig. 4B and
C) displayed inverse relation between the status of vimentin and ␤4
integrin protein levels. As a proof of principle, exogenous expression of vimentin in A431 demonstrated decrease in ␤4 integrin
levels compared to the vector control clone A431vc (Supplementary Fig. 4D). However, forced expression of vimentin in vimentin
nonexpressing immortalized/premalignant cell lines like HaCaT
and DOK did not result in any changes in the levels of ␤4 integrin (Supplementary Fig. 4E). Together, these results suggest that,
modulation of ␤4 integrin protein levels by vimentin is perhaps
cancer speciﬁc and not cell line speciﬁc effect.

Vimentin knockdown clones appeared more elongated (Fig. 2A)
and at the wound edge showed ﬂat, well-spread morphology
(Fig. 2B) as compared to vector control cells. The extent of spreading between the clones was assessed by quantifying the area of
the cells at the wound edge using Image J software (Supplementary Fig. 1). Next, to determine the cause of difference in cell
morphology; ␣6␤4 integrin levels (which govern cell spreading)
were examined. ␤4 integrin levels were found to be upregulated
at protein level while its transcript levels stayed unaffected with
vimentin downregulation. Both protein and RNA levels of ␣6 integrin remained unaltered (Fig. 2C–E and Supplementary Fig. 2A and
B). For further experiments, shvim2 clone was used, which showed
higher ␤4 integrin levels and more pronounced effects on soft
agar/migration/invasion as compared to shvim1. ␤1 integrin levels (which are also known to be regulated by vimentin (Kim et al.,
2010)) were found to be downregulated in shvim2 as compared to
vector control clone pTU6vc (Fig. 2F). Further, increase in ␤4 integrin levels was not coincident with the corresponding increase in
its basement membrane ligand laminin-5 (Supplementary Fig. 2C).
Moreover, vimentin knockdown cells showed downregulation of

3.3. Changes in vimentin expression directly correlate with the
alterations in the levels of ˇ4 integrin in squamous cell carcinoma
(SCC) derived cell lines

3.4. Plectin could be a possible linker connecting ˇ4 integrin with
vimentin intermediate ﬁlament protein
Plectin is known to link ␤4 integrin to the intermediate ﬁlament
cytoskeleton (Rezniczek et al., 1998). Hence, we wanted to check
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Fig. 6. Downregulation of ␤4 integrin in vimentin knockdown background. (A, B) Western blot and immunoﬂuorescence analysis showing ␤4 integrin levels in sh ␤4 (shRNA
against ␤4 integrin) and scr ␤4 (scrambled vector control). (C, D) Immunoﬂuorescence images of ␤4 integrin/plectin colocalization in scr ␤4 (Correlation R = 0.2490) and sh
␤4 clones (Correlation R = 0.188). 10 random ﬁelds from 3 independent experiments were used for analysis. (E) Representative images of colonies formed by scr ␤4 and sh
␤4 in soft agar. (F) Graphical representation of number of colonies formed in soft agar (G–I) Western blot analysis showing protein levels of other hemidesmosomal complex
proteins plectin, CD151 and BP180 respectively. For quantiﬁcation, data represents ± SEM of three independent experiments.

if plectin acted as a linker connecting ␣6␤4 integrin to vimentin.
Co-immunoprecipitation with vimentin was able to pull down both
plectin and ␤4 integrin (Fig. 2G). Further, in vimentin knockdown
clones, plectin protein levels were seen to be increased without any
change at its transcript levels (Fig. 2H and I). Other hemidesmosomal plaque proteins like CD151 and BP180 remained unaltered
(Supplementary Fig. 5A and B).

plectin or ␤4 integrin. Both plectin IP and ␤4 integrin IP fraction
showed increased levels of ␤4 integrin and plectin respectively in
vimentin knockdown as compared to vector control clone (Supplementary Fig. 7A and B). This observation suggests that increased
levels of plectin and ␤4 integrin correspond to increase in interaction between the two as well, in case of vimentin knockdown
clone.

3.5. Vimentin knockdown results in increased localization of
hemidesmosomal proteins (ˇ4 integrin and plectin) at
membrane-substrate front

3.6. Functional consequence of ˇ4 integrin upregulation in
vimentin knockdown cells

To study the localization of ␤4 integrin along the site of cell substratum, we performed immuno-electron microscopy. Our results
showed extensive localization of ␤4 integrin at the membranesubstrate front in vimentin knockdown cells as compared to vector
control cells (Supplementary Fig. 6A–C). Next we studied colocalization of ␤4 integrin and plectin using immunoﬂuorescence. As
shown in Fig. 3A and B, the degree of co-localization of ␤4 integrin and plectin is higher in vimentin knockdown as compared to
vector control clone. Also, at the wound front, ␤4 integrin and
plectin showed higher co-localization in vimentin knockdown as
compared to vector control cells (Fig. 3C and D). These results
were further conﬁrmed by immunoprecipitation with antibody to

As assessed using cell-ECM adhesion assay, the attachment of
vimentin knockdown clone to laminin-5 increased signiﬁcantly
with time as compared to vector control clone (Fig. 4A). Consistent with our results of adhesion assay, vimentin knockdown
cells showed more spread morphology on laminin-5 (Fig. 4B,
Supplementary Fig. 8) while migration on laminin-5 (Fig. 4C–E,
Supplementary movie 1 and 2) was signiﬁcantly reduced as
compared to vector control cells. Unlike the results with laminin5, vimentin knockdown cells showed decreased spreading and
migration on ﬁbronectin while its adhesion remained unaltered
(Supplementary Fig. 9, Supplementary movie 5 and 6). Since,
these assays demonstrated that the vimentin knockdown cells
have acquired speciﬁc and increased adherence to laminin-5, we

168

C. Dmello et al. / The International Journal of Biochemistry & Cell Biology 70 (2016) 161–172

Fig. 7. Effect of ␤4 integrin knockdown on its mechanical and signaling function. (A) sh ␤4 and scr ␤4 were allowed to attach on laminin-5 coated or uncoated surface.
At different time points, the unadhered cells were removed and the number of adhered cells was determined using MTT assay. (B) The graph shows percentage of well
spread cells on laminin-5 coated or uncoated surface. (C) Single cell migration was performed on laminin-5 coated surface. Each line indicates the migration trace of each
cell. scr ␤4 (n = 18) sh ␤4 (n = 18). (D, E) Graph shows distance and velocity of cell migration respectively. (F) The graph shows ﬂuorescence of invaded cells which is read at
wavelengths of 494/517 nm (Ex/Em). (G–I) Western blots showing signaling of the clones on laminin-5 coated surface (pAKT/AKT) and in response to 3E1 antibody (pERK/ERK
and pAKT/AKT) respectively. For quantiﬁcation, data represents ± SEM of three independent experiments.

hypothesized that, if the interaction between ␤4 integrin and
laminin-5 is inhibited, the cells would be more motile. Treatment
with adhesion blocking antibody of ␤4 integrin (ASC-8), which
abrogates laminin-5-␤4 integrin interaction (Egles et al., 2010),
demonstrated higher in vitro invasive potential in vimentin knockdown as compared to vector control clones (Fig. 4F). Since, vector
control clones already exhibit decreased ␤4 integrin levels; further
blocking did not rescue the phenotype to a larger extent.
3.7. Downstream molecules associated with ˇ4
integrin-mediated adhesive phenotype
Some of the molecules involved in ␤4 integrin-mediated
inside-out and outside-in signaling were tested upon vimentin
downregulation. The previous report has shown that ligation of
␤4 integrin on non-modiﬁed plastic increases cell adhesion which
involves activation of PKB/Akt pathway (Kippenberger et al., 2004).
We found increased phosphorylation of AKT on laminin-5 surface in vimentin knockdown as compared to vector control cells
while the uncoated surface did not show any signiﬁcant difference
(Fig. 4G). The outside in signaling of ␤4 integrin was assessed by
stimulating ␤4 integrin with its activating antibody 3E1 and probing for molecules that represent different pathways downstream
of ␤4 (Kippenberger et al., 2010). The activation of ERK remained

unaffected while decreased phosphorylation of AKT was seen in
vimentin knockdown as compared to vector control clones (Fig. 4H
and I). These ﬁndings demonstrate that adhesion related signaling
predominates upon vimentin downregulation.
3.8. Vimentin knockdown results in decreased protein turnover of
ˇ4 integrin and plectin.
The increased expression of ␤4 integrin at protein level without any change in its mRNA suggested higher stability of this
protein in vimentin deﬁcient background. Upon cycloheximide
(CHX; inhibitor of protein biosynthesis) treatment, ␤4 integrin
levels remained almost unaffected in vimentin knockdown while
40% reduction was observed in the vector control cells (Fig. 5A).
The altered turnover rate of ␤4 integrin in response to changes
in vimentin levels suggested differential regulation by one or
more of its known protein degradation modes; which includes,
proteasome, lysosome, MMP’s and calpain. Blockade of proteasome using MG-132 did not alter the levels of ␤4 integrin in
vimentin knockdown while vector control clone showed signiﬁcant
increase (Fig. 5B). Additionally, most of the integrins are internalized through lysosomal pathway (Dozynkiewicz et al., 2012) and
defective acidiﬁcation of lysosomes has been shown in vimentinnull cells (Styers et al., 2004). Treatment with lysosomal inhibitor
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Fig. 8. High vimentin and low ␤4 integrin staining intensity together correlates with poor survival in oral SCC patients. (A) (a–d) The upper panel shows images of haematoxylin
and eosin, negative control and IHC staining of vimentin and ␤4 integrin respectively in tumor tissue while lower panel (e–h) shows images of haematoxylin and eosin,
negative control and IHC staining of vimentin and ␤4 integrin respectively in cut margin tissue. Kaplan–Meier survival analysis (n = 70) of (B) High vs. low vimentin expression,
(C) High vs. low ␤4 integrin expression and (D) High vimentin/low ␤4 integrin vs. rest other combinations of vimentin and ␤4 integrin expression.

chloroquine (CQ) resulted in decrease in ␤4 integrin protein levels
in vimentin knockdown while vector control clone showed 2.7-fold
increase (Fig. 5C). Moreover, ␤4 integrin is also known to be cleaved
by matrix metalloproteinase (MMP)-2 and -9 (Pal-Ghosh et al.,
2011). MMP9 showed upregulation whereas MMP2 was downregulated in vimentin knockdown as compared to vector control clone
(Supplementary Fig. 10), indicating that it may not have a role in ␤4
integrin cleavage. Further, plectin followed similar stability trend in
vimentin knockdown and vector control clones as observed for ␤4
integrin (Fig. 5D–F). This indicates decreased targeting of ␤4 integrin and plectin to proteasomes and lysosomes in vimentin deﬁcient
background.
3.9. ˇ4 integrin downregulation rescued the vimentin
knockdown phenotype.
To verify whether the phenotype associated with reduced cell
migration in vimentin knockdown cells was due to higher ␤4 integrin levels, it was stably downregulated in vimentin knockdown
clone shvim2. sh ␤4 (shRNA against ␤4) showed reduction in the
levels of ␤4 integrin and its colocalization with plectin as compared
to scr ␤4 (scrambled shRNA) (Fig. 6A–D). ␤4 integrin knockdown cells demonstrated increased number of colonies in soft agar

(Fig. 6E and F). No signiﬁcant effect was seen on the expression of
other hemidesmosomal complex proteins like, plectin, CD151 and
BP180 respectively (Fig. 6G–I). Upon ␤4 integrin downregulation, a
decrease was seen in cell-laminin-5 adhesion (Fig. 7A) and spreading (Fig. 7B, Supplementary Fig. 11). A corresponding increase was
observed in migration on laminin-5 (Fig. 7C–E, Supplementary
movie 3 and 4) and transwell invasion (Fig. 7F). Activation of AKT on
ligation to laminin-5 (Fig. 7G) showed signiﬁcant decrease. However, only marginal decrease in the phosphorylation of ERK and AKT
(Fig. 7H and I) was seen following stimulation with 3E1 antibody.
This was an expected ﬁnding since the knockdown of ␤4 integrin
resulted in overall decrease in the number of available ␤4 integrin molecules to transmit the signal. Cumulatively, these ﬁndings
conﬁrm that the more adhesive and less migratory phenotype associated with vimentin knockdown clone is regulated through ␤4
integrin.
3.10. High vimentin and low ˇ4 integrin protein levels are
associated with poor survival
Immunohistochemistry analysis showed negative relationship
between ␤4 integrin and vimentin expression (Spearman’s nonparametric correlation = −0.200, p = 0.044, n = 74) in oral tumor
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Table 1
Correlations of co-expression of vimentin and ␤4 integrin with clinico-pathological parameters of the OSCC patients (n = 74).
Clinico-pathological parameter

n (74)

Vimentin (Vim) and Beta4 integrin (␤4)
Expression

p-value

Vim (high) ␤4(low)

Vim (high) ␤4(high)

Vim (low) ␤4(low/high)

Age (years)

<50
≥50

41
33

25
21

3
1

13
11

0.720a

Sex

Male
Female

60
14

37
9

3
1

20
4

0.910a

Thickness

2cm
≥2cm

54
20

35
11

2
2

17
7

0.509a

Stages

<III
≥III

20
54

9
37

1
3

10
14

0.050b

Tumor size

<T3
≥T3

27
47

13
33

1
3

13
11

0.037b

Node status

Yes
No

49
25

34
12

4
0

11
13

0.021a

Differentiation

Poor/moderate
Well

67
7

41
5

4
0

22
2

0.756a

Bone

Positive
Negative
NA

22
39
13

13
27

3
0

6
12

0.061a

Perineural invasion

Yes
No
NA

18
50
6

14
30

1
0

3
20

0.062a

Perineural extension

Yes
No
NA

34
33
7

21
21

3
0

10
12

0.205a

NA: Data not available.
a
Pearson chi-Square.
b
Spearman correlation (ordinal by ordinal)

tissues (Fig. 8A), which corroborated with our in vitro ﬁndings.
Interestingly, signiﬁcant correlation was seen between expression levels of these proteins and some clinical parameters like,
stage (p = 0.050), tumor size (p = 0.037) and node status (p = 0.021)
(Table 1). Kaplan–Meier survival analysis, on the basis of IHC,
showed that high vimentin expression was associated with poor
survival (p = 0.008) (Fig. 8B). Similarly, low ␤4 integrin expression
showed a trend (albeit not signiﬁcant) for poor prognosis (p = 0.238)
(Fig. 8C). In addition, our combinatorial survival analysis demonstrated signiﬁcant correlation between high vimentin-low ␤4
integrin expression and poor patient survival (p = 0.005) (Fig. 8D).
This implies that, vimentin and ␤4 integrin together may be used
for prognostication of oral cancer patients.
4. Discussion
Our understanding of the molecular mechanisms underlying
vimentin associated phenotype remains limited. Although in many
studies vimentin expression is associated with tumor cell growth,
invasion and migration (Satelli and Li, 2011), we show here a previously unidentiﬁed negative regulation of ␤4 integrin expression
by vimentin to facilitate cell migration by compromising adhesion
function of ␤4 integrin.
As a ﬁrst step, we generated vimentin knockdown system and
found reduction in in vitro migration and invasion in vimentin deﬁcient state. Interestingly, we found substantial difference in the cell
spreading between vimentin knockdown and vector control clones.
Cell spreading takes place by complex interactions between the
cytoskeleton, matrix adhesion receptors and extracellular matrix

(ECM) proteins (Kim and McCulloch, 2011). In case of carcinomas,
␣6␤4 and ␣6␤1 integrins are known to majorly contribute towards
cell spreading and motility (Cress et al., 1995). We found reduction
in cell motility and invasion with vimentin depletion as a result of
increased adhesive interaction mediated by ␤4 integrin. Moreover,
decreased ␤1 integrin levels may also contribute to reduction in
migration (Brockbank et al., 2005) in vimentin knockdown cells but
since vimentin ␤1 integrin interaction is well established (Ivaska
et al., 2005), we went ahead to decipher the unknown link if any,
between vimentin and ␤4 integrin. Surprisingly ␣6 integrin, which
heterodimerizes with ␤4 integrin remained unchanged probably
because ␤1 integrin levels are down, hence most of the ␣6 subunits
which would otherwise pair with ␤1 are now available to pair with
the excess ␤4 integrin molecules.
The primary function of ␣6␤4 integrin in stratiﬁed epithelia
is to form stable contacts with underlying basement membrane.
Contrasting to its normal function, in carcinomas, ␣6␤4 integrin
is known to stimulate signaling molecules to enhance migration
and invasion (Mercurio et al., 2001). Our data shows an increase in
adhesion and spreading leading to reduction in motility on laminin5, while signiﬁcant decrease was seen in spreading and migration
on ﬁbronectin. This may be due to downregulation of ␤1 integrin (which binds to ﬁbronectin in combination with ␣5 or ␣v)
upon vimentin knockdown. Interestingly, adhesion on ﬁbronectin
did not alter between the clones, even after ␤1 integrin downregulation, most likely due to engagement of ␤3 integrin with
ﬁbronectin to mediate adhesion (Lin et al., 2013). Thus our results
on ﬁbronectin in turn indicate that the effects seen in vimentin
knockdown cells are laminin-5 speciﬁc.
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Vimentin is not known to directly interact with ␤4. However, ␤4 is shown to interact with vimentin through plectin in
endothelial cells (Homan et al., 2002). In the normal scenario, disruption of plectin has been shown to inhibit interactions of basal
keratinocytes to its basement membrane (McLean et al., 1996).
Conversely, in malignancies, overexpression of plectin is shown
to promote migration and invasion (Katada et al., 2012). Here,
we demonstrate that plectin interacts with vimentin/␤4 integrin and shows upregulation concomitant to ␤4 integrin increase,
in vimentin downregulated cells. This suggests that, cytoskeletal linker plectin may perhaps contribute in strengthening of
cell matrix adhesion mediated by ␣6␤4 integrin. Also increasing
reports provide evidence about its expression, localization and
function in cancer cells which is opposing to its normal role. Consistent with our results, increased turnover of ␣6␤4 integrin was seen
in multistep mouse model of skin carcinogenesis (Witkowski et al.,
2000). In this context, it is noteworthy that though ␣6␤4 integrin
was shown to be predominant receptor expressed in carcinomas, its
expression was not polarized but was dissociated and not restricted
to the basement membrane (Tennenbaum et al., 1992). In our study,
non-cancerous cells, upon vimentin overexpression, did not show
alterations in ␤4 integrin levels perhaps because vimentin expression in carcinomas begins as a part of EMT program, where the cell
prepares itself for invasion (Kalluri and Weinberg, 2009). Hence,
along with an aberrant vimentin expression, other transformation
related changes also accompany in a transformed cell which are not
seen in a non-transformed cell.
Next, we wanted to understand the cause of increased protein
levels of ␤4 integrin/plectin concomitant with vimentin downregulation. Two major systems; proteasome complex which degrades
most of the cellular unfolded proteins and the lysosomal apparatus
involved in the degradation of extracellular/membrane-associated
proteins, control the protein turnover in eukaryotic cells (Styers
et al., 2004). We see contribution of both proteasome and lysosome in degradation of ␤4 and plectin. Previously, degradation
of ␤4 integrin via proteasome has been demonstrated in junctional epidermolysis bullosa with pyloric atresia (Micheloni et al.,
2004). Interactions between vimentin and the adaptor complex
AP-3 are seen to control the positioning, content, and subcellular
distribution of selected late endosome/lysosome membrane proteins. As a result, AP-3-null and vimentin-null cells are seen to
have decreased capacity to acidify their lysosomes (Styers et al.,
2004). In this context, our observations lead to the hypothesis
that the upregulation of ␤4 and plectin levels seen in absence of
vimentin could be a consequence of reduced degradation due to
altered targeting to proteasomal and lysosomal machinery. Additionally, plectin (Walko et al., 2011) and ␤4 molecules (Giancotti
et al., 1992) are shown to be susceptible to proteolytic cleavage
by calcium-activated enzyme calpain. Furthermore, MG132, a proteasome inhibitor can also inhibit calpain. Hence the possibility of
involvement of calpains in degradation of plectin and ␤4 integrin
cannot be ruled out.
Recent literature suggest, role of vimentin in regulation of
EMT (Ivaska, 2011). In an earlier report on kindlin-1 deﬁcient
keratinocytes, increase in mesenchymal markers like vimentin
and ﬁbronectin was seen with concomitant decrease in epithelial markers like E-cadherin, ␣6␤4 integrin, etc., marking the loss
of epithelial like phenotype (Qu et al., 2012). This is in line with
our study where we ﬁnd up regulation of vimentin with downregulation of ␤4 integrin during TGF-␤1 induced EMT. This result
raises the hypothesis that, during the late stage of tumorigenesis,
vimentin is induced in response to EMT, causing depletion of ␤4
integrin, which in turn, facilitates detachment of cell from basement membrane and promotes migration.
Finally, we wanted to see if our in vitro ﬁndings corroborate
with clinical data. Vimentin overexpression and its correlation to
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invasion and metastasis has been shown (Satelli and Li, 2011). Correspondingly, several reports document alterations in the levels of
␤4 and its effect on the overall outcome of the disease. For example,
loss of ␣6␤4 at the basal layer was seen in cervical cancer (Carico
et al., 1993). Similarly, loss of ␣6␤4 and its corresponding basement membrane component laminin-5 was seen in squamous cell
carcinomas (Downer et al., 1993). Interestingly, high vimentin and
low ␤4 expression correlated with the poor survival as compared
to other possible combinations of vimentin and ␤4 expression in
our patients. Correlation to node status and poor survival in high
vimentin and low ␤4 samples could be explained on the basis of our
in vitro ﬁndings. Thus, apart from conﬁrming the ﬁndings of previous studies, we could also show a hitherto unreported relation
between vimentin and ␤4 integrin.
5. Conclusion
Our current study provides insights into the role of vimentin in
mediating tumor cell migration by modulation of ␤4 integrin levels.
Further, vimentin and ␤4 integrin together may be used to predict
the biology of oral cancer progression.
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Abstract
Vimentin is an intermediate filament protein, predominantly expressed in cells of mesenchymal origin, although its aberrant expression is seen in many carcinomas during epithelial mesenchymal transition. In cancer, vimentin expression is associated with the transition from a
more differentiated epithelial phenotype to a dedifferentiated state. In view of the perceived
role of keratins (Ks) as regulators of differentiation in epithelia, it was important to understand
whether vimentin modulates differentiation through the reprogramming of keratins, in transformed cells. To address this, vimentin was stably downregulated in oral cancer derived cells.
Further, global keratin profiling was performed after high salt keratin extraction. K5/K14 pair
was found to be significantly downregulated, both at protein and mRNA levels upon vimentin
downregulation. The previous study from our laboratory has shown a role of the K5/K14 pair
in proliferation and differentiation of squamous epithelial cells. Vimentin depleted cells showed
an increase in the differentiation state, marked by an increase in the levels of differentiation
specific markers K1, involucrin, filaggrin and loricrin while its proliferation status remained
unchanged. Rescue experiments with the K5/K14 pair overexpressed in vimentin knockdown
background resulted in decreased differentiation state. ΔNp63 emerged as one of the indirect
targets of vimentin, through which it modulates the expression levels of K5/K14. Further,
immunohistochemistry showed a significant correlation between high vimentin-K14 expression and recurrence/poor survival in oral cancer patients. Thus, in conclusion, vimentin regulates the differentiation switch via modulation of K5/K14 expression. Moreover, vimentin-K14
together may prove to be the novel markers for the prognostication of human oral cancer.
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Introduction
Vimentin is normally a mesenchymal-specific, type III intermediate filament (IF) protein. Traditionally, vimentin has been known to maintain cellular integrity and provide resistance to
stress [1]. Studies on mouse embryos have shown that, during embryogenesis, synthesis of
vimentin takes place for the first time exclusively in the primary mesenchymal cells at the
primitive streak stage [2]. Moreover, vimentin is replaced partially or completely with their
cell type specific IF protein in the terminally differentiating neuroepithelial cells [3]. Also,
transgenic mice overexpressing the vimentin gene showed an inhibition in the normal differentiation of lens fibers [4]. Even in the liver development, expression of vimentin is associated
with an undifferentiated status of liver cells [5]. Consistent with this, vimentin has been shown
to impede osteoblast terminal differentiation by inhibiting the transactivation function of activating transcription factor 4 (ATF4) [6]. Furthermore, vimentin expression was found to correlate well with the poorly-differentiated and fibroblastic phenotype of breast cancer cell lines
[7]. The above evidence suggests the ability of vimentin to retain dedifferentiation, most likely
by restricting differentiation.
Vimentin expression has recently gained importance from the point of view of identifying
the mesenchymal origin of a cell, as a prognostic marker to predict the biology of the tumor
and to detect micro-metastasis [8]. Overexpression of vimentin is seen in various carcinomas
like prostate, gastrointestinal, breast, lung and also melanomas [9]. Our laboratory along with
others has shown a correlation of aberrant vimentin expression with lymph node metastasis,
recurrence and also poor survival [10–12]. Vimentin is now being perceived not only as a
canonical marker but also as a driver of epithelial–mesenchymal transition (EMT) [8]. During
the process of EMT, the cell acquires a characteristic flattened morphology (mesenchymallike) due to loss of cell-cell and cell-substrate contact. At the same time, there is a dramatic
reprogramming of epithelia-specific keratins, to initiate the expression of mesenchyme-specific protein vimentin [13]. Such a change in keratin composition, associated with a reduction
in the degree of differentiation, is also seen during an injury (inflammation/atrophy) wherein
a cell starts expressing more than two keratins/IF proteins, e.g. K7, K17, K19, vimentin etc.
[14]. Recent evidence of cytoskeletal remodeling was seen in the case of mouse embryonic
fibroblasts, in the course of transition between progenitor and differentiated states [15]. Due
to tissue and differentiation state-specific expression of keratins, many of them have found
wide utility in clinics as diagnostic markers especially in tumor pathology. Expression patterns
of K5, K6, K14, K17, etc. have been shown to positively correlate with the dedifferentiated and
metastatic nature of squamous cell carcinomas [16]. Our group has shown aberrant expression
of K8/K18 and its functional/molecular role in the progression of oral squamous cell carcinoma (OSCC) [17, 18].
Previous work from our laboratory has shown the contribution of K5/K14 pair in the maintenance of a proliferative and dedifferentiated state of the tongue squamous cell carcinoma (SCC)
derived cell line AW13516 [19]. In the current study, we found a reduction in the expression of
K5/K14 pair upon vimentin downregulation, perhaps mediated through ΔNp63, resulting in a
more differentiated phenotype of the tumor cell. Thus, this study depicts the modulatory role of
vimentin to fine tune the differentiation switch to favor tumor progression.

Materials and methods
Ethics statement
This study was approved by the “Human Ethics Committee”, Tata memorial centre, India
(Reg Number: DCGI: ECR/149/Inst/MH/2013) and the written “informed consent” was
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obtained from all the patients before enrolling them in this study. All protocols for animal
studies were reviewed and approved by the ‘‘Institutional Animal Ethics Committee (IAEC)”
constituted under the guidelines of the ‘‘Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA)”, Government of India (Approval ID: 19/2014).

Housing and monitoring of experimental animals
NOD-SCID mice used in the present study were procured from Charles River Laboratory UK
Ltd. Mice were maintained under strict specific pathogen-free (SPF) conditions and all animals used for this study were healthy. Animals were housed in Individually Ventilated Caging
system (M/S Citizen Industries, Ahmedabad, Gujrat, India) and provided with commercially
available corn cob bedding material from ATNT Laboratories, Mumbai MS, India. Overall
dimensions of the IVC cage are L 369 mm x W 156 mm x H 182 mm; cage floor area is 360
cm2. The animals were housed in a controlled environment under 23±2˚C, 40–70% relative
humidity and the dark-light cycle of 12 h each. The animals received sterile water ad libitum
and autoclaved balanced diet prepared in-house from natural ingredients like wheat, roasted
Bengal gram, casein, milk powder, ground nut oil, vitamins and mineral supplements which
provide approximately 21% crude protein. As a quality control program, CD4, CD8 and CD19
status of NOD-SCID animals are checked, using flow cytometry. This is performed twice a
year with randomly selected animals from the expansion colony. Periodically, the microbiological and clinico-pathological status of animals is also tested. Prior to the injection of tumor
cells, no anesthetics or analgesics were given to the animals, in order to alleviate momentary
pain. Also, the animals were not euthanized prior to the injection of tumor cells. During the
injections, the mice were handled by a trained, certified animal technician and the cells were
injected into the dorsal flank region by the in-house attending veterinarian (FELASA certified),
ensuring minimum distress. After 42–52 days post injection, the animals were sacrificed so that
the mean tumor diameter did not exceed 1.2 cm, as described in the AAALAC guidelines for
animal welfare in cancer research [20]. Animal injury/illness or mortality was not seen during
the course of this study. Every investigator follows the institute’s protocol (displayed on the
institute’s intranet) to set humane endpoints prior to the sanction by the IAEC. For euthanization, the mice were kept in a chamber (which was vented out before the next euthanasia) for 2’3’ and then CO2 was introduced from the cylinder supply valve into the chamber at an optimal
flow rate of 20% of the chamber volume. After verifying the cessation of respiration and heart
beats, cervical dislocation was performed by skilled personnel to confirm the death.

Cell lines, antibodies and reagents
The establishment and characterization details of AW13516, AW8507 [21], DOK [22], HaCat
[23] and A431 [24] are as described previously. Lists of cell lines, antibodies and reagents with
their particulars are given in the S1–S3 Tables respectively.

Plasmids and retroviral constructs
The details of the generation of vimentin knockdown and vector control clones are as described
previously [25]. For vimentin overexpression, emerald GFP-vimentin retroviral construct (a kind
gift from Professor Robert Goldman) was used. Emerald GFP-K14 construct was generated by
amplifying K14 gene sequence from K14-pEGFP-N3 construct and subcloned into emerald GFPpQCXIP vector using the single BamHI site. Firstly, emerald GFP-K14 was overexpressed in
vimentin knockdown background shvim2 and the positive clones were sorted using FACSAria
based on the GFP fluorescence. Next, the K14 positive clones were used to transduce K5 pLNCX2
retroviral construct (a kind gift from Professor Thomas Magin) and the positive clones were
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selected using G418 sulphate (400μg/ml). The empty vector backbone of both the constructs was
used to generate the vector control clones. For the cloning of ΔNp63α, its cDNA was prepared
from HaCat cell line and was cloned into the pLNCX2 vector containing N-terminal flag tag
sequence using HindIII and SalI restriction enzyme sites. Flag-ΔNp63α containing retroviral construct was then transduced into vimentin knockdown clone shvim2 and positive clones were
selected using G418 sulphate (400μg/ml). The empty flag pLNCX2 vector backbone served as a
vector control.

Quantitative Real-Time PCR (qRT-PCR) and Reverse Transcriptase
PCR (RT-PCR)
RNA was isolated with the TRI reagent and cDNA was prepared using Revert Aid First Strand
cDNA synthesis Kit according to the manufacturer’s protocol. qRT-PCR and RT-PCR were performed as described previously [26]. The list of qRT-PCR and RT-PCR primer sequences is
given in the S4 Table. Primer sequences used for the detection of ΔNp63 isoforms were adapted
from a report by Sniezek et al. [27].

Western blotting, high salt keratin extraction, two-dimensional (2D) gel
electrophoresis and mass spectroscopy
Western blotting was performed as described previously [17]. Briefly, whole-cell lysates were
prepared in SDS lysis buffer (62.5 mM Tris (pH 6.8), 2% SDS, 0.1% BME (β -Mercaptoethanol)
and 10% glycerol). A protease inhibitor cocktail was added to the lysis buffer. An equal amount
of protein was loaded and resolved on SDS–PAGE gels followed by western blotting. Keratin
enrichment was done using a high salt extraction protocol described previously [28]. This high
salt keratin-rich fraction was subjected to 2D gel electrophoresis using IPG strips (pH 3–10).
The gel was then stained with coomassie brilliant blue and differentially expressed spots were
excised and processed for matrix-assisted laser desorption ionization (MALDI) analysis as previously described [18].

Preparation of cytoplasmic and nuclear fractions
The cytoplasmic fraction was separated using 1X hypotonic cell lysis buffer (along with protease and phosphatase inhibitors). The hypotonic cell lysis buffer was prepared as per the composition given in the manual of CelLytic NuCLEAR Extraction Kit (Sigma, product code
NXTRACT). The cytoplasmic fraction was separated and the nuclear pellet was resuspended
in SDS lysis buffer, vortexed, boiled for 5’ and centrifuged at 13,000 rpm for 20’. The supernatant obtained was used as the nuclear fraction.

Immunofluorescence
For immunofluorescence, cells were grown on coverslips for 48 h and treated with 0.03% Triton X-100 in chilled methanol for 90 seconds. Permeabilized cells were then fixed in chilled
methanol for 10’ at -20˚C. Further, the procedure followed is as described previously [17]. All
confocal images were acquired using Zeiss LSM 780 microscope.

Cell proliferation and clonogenic assays
Cell proliferation using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay was performed as per the previously described protocol [19]. Accordingly, 1000 Cells
were seeded per well in triplicates and monitored over a period of 4 days. The absorbance of
the well was considered as a measure of cell density to study the proliferation capacity of the
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clones. For the clonogenic assay, 200 cells of each clone were seeded in 60mm dishes and monitored for 10 days till visible colonies were formed. The colonies were then fixed in methanol
for 5’ and stained with 0.5% crystal violet (prepared in 20% methanol) for 5’.

Tumorigenicity assays
The tumorigenic potential of vimentin knockdown/vector control and K5/K14 overexpressing/vector control clones was determined by subcutaneous injection into NOD-SCID mice.
Six mice were injected per clone (6 × 106 cells each) and were observed for tumor formation
over a period of approximately two months. Tumor dimensions were determined using a vernier caliper and its volume was calculated according to the modified ellipsoidal formula,
[Tumor volume = 1/2(length × width2)] [29].

Immunohistochemistry (IHC) and statistical analysis
IHC was performed on the OSCC tissue samples (48 SCCs of the tongue and 52 SCCs of the
buccal mucosa) collected from the operation theatre of Tata Memorial Hospital, India. IHC
analysis was also performed on mice tumor tissues that originated from vimentin knockdownvector control and K5/K14 overexpressing-vector control groups. Statistical analysis was carried out as described previously [26]. A p value less than 0.05 was considered statistically significant. The clinico-pathological data and mice tumor volumes were analyzed using Statistical
Package, SPSS 16.0 and SPSS 21.0 respectively.

Results
Downregulation of vimentin results in an alteration in the keratin profile of
the OSCC derived cell line AW13516
Expression of vimentin is strongly associated with the characteristic phenotype of the cells
undergoing EMT. Hence, we hypothesized that vimentin may not only be a marker but also a
molecular regulator involved in reprogramming the expression of keratins to transit from a
differentiated to a more dedifferentiated state (Fig 1A). In order to test this hypothesis, we
used vimentin knockdown clones generated in the OSCC derived cell line AW13516 [25].
Downregulation of vimentin was confirmed by immunofluorescence and western blotting
analysis (Fig 1B and 1C) and (S1 Fig). To identify differentially regulated keratins, high salt
keratin extraction followed by 2D and MALDI analysis was performed using vimentin knockdown and vector control clones. K8 was used as the loading control for high salt extracted fractions since its levels did not alter upon vimentin downregulation (Fig 1D–1F) and (S1 Fig).
The global keratin profile revealed the identity of differentially expressed proteins across the
clones, one among which was found to be K14, along with the known differentially expressed
protein, vimentin (Table 1). The appearance of actin (though it is easily soluble in mild buffers)
in the high-salt extracted fraction could be attributed to its high abundance in the cell. Downregulation of K14 at the protein level was confirmed by western blotting and immunofluorescence
analysis. Interestingly, transcript level analysis showed decreased expression of K14 at the mRNA
level itself (Fig 2A–2C and S2 Fig). Furthermore, the binding partner of K14, which is K5, was
also found to be downregulated both at the protein and mRNA level in vimentin knockdown
clones (Fig 2D–2F and S2 Fig). This suggests that vimentin may modulate the expression of K5/
K14 by unknown mechanism/s. However, since the downregulation of K5/K14 pair was at the
transcript level itself, the possibility of altered solubility was excluded. The levels of K17 and K18
remained unchanged between the clones, as determined using western blot analysis, which validated the 2D gel observations (Fig 2G and 2H and S2 Fig). Hereafter, for all the experiments,
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Fig 1. Downregulation of vimentin resulted in a change in the global keratin profile of the oral SCC derived cell line AW13516. (A) Schematic
representation of the hypothesis. As a tumor cell acquires EMT (marked by upregulation of vimentin), it undergoes transition from a more epithelial-like to a
more mesenchymal-like dedifferentiated state. To achieve this transition, there could be a vimentin mediated reprogramming of the keratins which distinguish
these states. (B and C) Immunofluorescence (Bar: 10 μm) and western blot analysis of vimentin knockdown (shvim1 and shvim2) and its vector control clone
(pTU6vc) using an antibody against vimentin. β-actin was used as the loading control in the western blotting experiment. (D) K8 levels of vimentin knockdown
and its vector control clones were analyzed using western blotting. β-actin was used as a loading control. (E) The expression of K8 does not change upon
vimentin downregulation. Thus, K8 was used as the loading control for high salt keratin enriched fraction. (F) Representative images of the 2D-gel, which show
changes in keratin expression in the high salt keratin enriched fractions of vimentin knockdown and its vector control clones. The black circles indicate similarly
expressed while the red circles indicate differentially expressed proteins. All the experiments were repeated independently in triplicates. For all the western
blot experiments, the numbers below each blot represent the relative intensity of the bands determined using densitometry.
doi:10.1371/journal.pone.0172559.g001

vimentin knockdown clone shvim2 was used, which showed a higher degree of vimentin downregulation as compared to shvim1.

Vimentin modulates the differentiation status and tumorigenic potential
of epithelial cells
The K5/K14 expression is a typical feature of progenitor basal stem cells of stratified epithelial
origin. Also, a previous report from our laboratory has shown direct evidence wherein the
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Table 1. List of proteins identified using MALDI analysis.
Spot Protein

Mass

1A

53676 4.9

VIME_HUMAN (Vimentin, OS = Homo
sapiens)

pI

Score Matched
Peptides

Total
Peptides

Protein Sequence
Coverage

Expression status of proteins in vimentin
knockdown as compared to vector control
clone

74

8

39

23.6%

Downregulated

2A

Keratin 14

51872 5.09 52

10

50

23%

Downregulated

3B

K1C17_HUMAN (Keratin Type 1,
Cytoskeletal 17, OS = Homo sapiens)

48361 4.8

156

15

26

50.9%

Unchanged

4A

Unidentified

5A

K1C18_HUMAN (Keratin, Type I
Cytoskeletal 18 OS = Homo sapiens)

48029 5.2

76

17

60

51.4%

6A

K2C8_HUMAN (Keratin Type 2,
Cytoskeletal 8, OS = Homo sapiens)

53671 Predicted as K8 but with low score

7A

ACTB_HUMAN (Actin, Cytoplasmic 1
and 2, OS = Homo sapiens)

42052 5.2

Downregulated

75

7

57

Unchanged
Unchanged

38.9%

Unchanged

MALDI analysis: The resulting data of the keratin spots was analyzed using Flex analysis 3.0 (BruckerDaltonik, Germany) software. The peak list was
searched against SwissProt database using MASCOT search engine. The last column shows the expression status of proteins in vimentin knockdown as
compared to its vector control clone after validating the spots identified by MALDI, with western blotting.
doi:10.1371/journal.pone.0172559.t001

K5/K14 pair is able to regulate cell proliferation, differentiation and neoplastic progression in
the same system AW13516 [19]. Surprisingly, MTT assay did not show any obvious difference
in the proliferation potential of vimentin knockdown as compared to its vector control cells
(Fig 3A). In addition, we performed a clonogenic assay on vimentin knockdown and vector
control clones. Again, no significant difference was seen in the number and size of colonies
between the clones which correlated with their similar proliferation rates (Fig 3B). Further
staining with cell proliferation markers, proliferating cell nuclear antigen (PCNA) and Ki67
confirmed our results (S3A and S3B Fig). However, during epithelial stratification, as a basal
cell gets committed to differentiation, it loses the expression of K5/K14 pair and starts expressing involucrin, filaggrin, loricrin and differentiation specific keratins in the upper layers [30].
Vimentin downregulation led to an increased expression of K1, involucrin, filaggrin and loricrin respectively (Fig 3C) and involucrin protein levels (S4 Fig) as determined using qRT-PCR
and western blotting. However, transcript levels of multipotent stem cell marker Oct-4 (S5
Fig) decreased significantly. Further, to assess the tumorigenic role of vimentin, vimentin
knockdown and vector control cells were injected subcutaneously into NOD-SCID mice (Fig
3D). A significant reduction was observed in the tumor volume in vimentin knockdown as
compared its vector control group (Fig 3E). Furthermore, IHC analysis confirmed the decrease
in the expression of K5/K14 (Fig 3F) and increase in the expression of involucrin (S6 Fig) in
tumors formed in mice from vimentin knockdown cells. Moreover, expression of PCNA did
not show any difference among the two groups (S6 Fig). Collectively, these results suggest that
vimentin is involved in maintaining a more dedifferentiated state of the cancer cell, perhaps
through modulation of K5/K14 expression.

Vimentin positively regulates the expression of K5/K14 pair across
different stratified epithelial-derived cell lines
To verify whether the regulation of K5/K14 expression by vimentin is not a cell line specific
phenomenon or an off-target effect of the shRNA associated vimentin downregulation, it was
overexpressed in vimentin lacking, A431 and HaCaT cell lines. Vimentin upregulation in
A431 cells led to a concomitant increase in the levels of K5, but a marked decrease was seen in
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Fig 2. Vimentin knockdown cells show downregulation of both K5 and K14 at the mRNA as well as protein level. (A and B) Western blot, RT-PCR
and qRT-PCR respectively of K14, in vimentin knockdown and vector control clones. (C) Immunofluorescence analysis (Bar: 10 μm) of the K14 levels in the
indicated clones. Insets display magnification of the K14 filaments (in the adjacent figure of the one marked by the dotted white boxes). (D and E) Western
blot, RT-PCR and qRT-PCR respectively of K5, in vimentin knockdown and vector control clones. (F) Immunofluorescence analysis (Bar: 10 μm) of the K5
levels in the indicated clones. Insets display magnification of the K5 filaments (in the adjacent figure of the one marked by the dotted white boxes). (G and H)
Western blot analysis demonstrates unchanged levels of K17 and K18 in vimentin knockdown as compared to vector control clones. β-actin was used as the
loading control in all the western blotting experiments. GAPDH was used as the loading control in RT-PCR. For qRT-PCR experiments; the relative
expression of the target genes was normalized to GAPDH. The graphical data represents ± standard error mean (SEM) of three independent experiments.
doi:10.1371/journal.pone.0172559.g002

the levels of differentiation specific protein, involucrin [31]. However, since A431 cells do not
express K14, we checked for the levels of K17, considering the fact that K17 is known to pair
with K5 in the absence of K14 [32, 33]. We found no change in the levels of K17 upon vimentin
overexpression, which further confirmed that the regulation exerted by vimentin on the
expression of K5/K14 is highly specific (Fig 4A and S7A Fig). Forced expression of vimentin in
HaCaT also showed a marked increase in the expression of K5 while K14 expression was unaffected. The differentiation specific marker involucrin showed a significant decrease in its levels, in response to an increase in the expression of vimentin (Fig 4B and S7B Fig). Next, we
assessed the status of K5/K14 and involucrin with respect to vimentin in some tongue derived
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Fig 3. Phenotypic alterations associated with K5/K14 downregulation as a consequence of vimentin depletion. (A) Proliferation curves of vimentin
knockdown and its vector control clones over a period of 4 days, using MTT assay. (B) Representative image of the clonogenic assay shows colonies formed
by vimentin knockdown and its vector control clones. (C) qRT-PCR analysis of differentiation specific markers K1, involucrin, filaggrin and loricrin respectively.
The relative expression of the target gene was normalized to GAPDH. For (A and C), the graphical data represents ± SEM of three independent experiments.
(D) Representative images of tumorigenicity assays using NOD-SCID mice (6 animals each) injected with either vimentin knockdown or vector control clones.
The tumors are indicated by dotted circles. (E) The tumor measurements were recorded up to 42 days, after which the animals were sacrificed and the tumor
tissue was isolated for IHC staining. The graph shows the tumor volume plotted against time for both the clones. (F) Representative images (Bar: 200μm) of
IHC staining for expression of vimentin, K5 and K14 respectively in mice tumor tissues. The negative control images represent tissue sections incubated with
serum from non-immunized mice in place of primary antibodies.
doi:10.1371/journal.pone.0172559.g003

cell lines. High vimentin expressing AW13516 and AW8507 cells (both of which are SCC
derived cell lines) displayed elevated protein levels of K5/K14 and decreased levels of involucrin as compared to DOK cells (dysplastic lesion derived cell line), which does not express
vimentin (Fig 4C and S7C Fig). Additionally, to determine whether K14 also has a similar regulatory effect on vimentin, we assessed the levels of vimentin in the same system AW13516,
with the K14 knockdown background. Both the protein and mRNA levels of vimentin
remained unchanged (Fig 4D and 4E and S7D Fig), suggesting that vimentin may be upstream
in pathway/s that regulates the expression of K14.
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Fig 4. Vimentin mediated positive regulation of K5/K14 levels is not a cell line specific phenomenon. (A and B) Western blot analysis shows protein
level of vimentin, K5, K14, K17 and involucrin in vimentin overexpressing clones of A431vim and HaCatvim as compared to its respective vector control
clones A431vc and HaCatvc. Since A431 does not express K14, whole cell lysate from AW13516 was used as a positive control. (C) Whole cell lysates from
DOK, AW13516 and AW8507 cells were probed with antibodies against vimentin, K5, K14 and involucrin respectively using western blotting. (D and E)
Western blot and RT-PCR analysis of K14 and vimentin in K14 knockdown (shRK14-K7 and shRK14-K9) and its vector control clones (pTU6-AW1). GAPDH
was used as the loading control in RT-PCR experiment. β-actin was used as the loading control in western blotting experiments. Western blotting
experiments were done thrice with three independent sets of samples.
doi:10.1371/journal.pone.0172559.g004

Vimentin knockdown phenotype was rescued upon re-expression of K5/
K14 pair
Next, we re-expressed the K5/K14 pair in vimentin knockdown background because of two
reasons: 1. to verify if the changes associated with vimentin knockdown are specifically due to
K5/K14 downregulation and 2. To exclude the possibility of involvement of other altered molecule/s. Western blot (Fig 5A and 5B, S8A–S8C Fig) and immunofluorescence analysis (S9A
and S9B Fig) confirmed the overexpression of K5K14 pair in the shvim2 clone (shvim2-vimentin knockdown clone was used, since it-showed a higher degree of vimentin downregulation
as compared to shvim1 clone). As expected, proliferation and clonogenic potential remained
unchanged upon K5/K14 re-expression, which corroborated with that of the vimentin knockdown phenotype (Fig 5C and 5D). K5/K14 re-expressing clone (“K5/K14”-shvim2 transduced
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with emerald GFP-K14-pQCXIP and K5-pLNCX2 overexpressing vectors) showed a decrease
in the expression of differentiation specific markers K1, involucrin, filaggrin and loricrin (Fig
5E) and in the involucrin protein levels (S10 Fig) as determined using qRT-PCR and western
blotting respectively. However, stemness marker Oct-4 was upregulated (S11 Fig) in K5/K14
re-expressing clone as compared to its vector control (“vcvc”-shvim2 transduced with emerald
GFP-pQCXIP and pLNCX2 empty vectors). Interestingly, no significant change was observed

Fig 5. Vimentin knockdown phenotype was rescued upon re-expression of K5/K14 together, in vimentin knockdown background. (A and B)
Western blot analysis shows overexpression of emerald GFP-K14 and K5 in K5/K14 overexpressing clone (“K5/K14”-shvim2 transduced with emerald
GFP-K14-pQCXIP and K5-pLNCX2 overexpressing vectors) as compared to its vector control clone (“vcvc”-shvim2 transduced with emerald GFP-pQCXIP
and pLNCX2 empty vectors). Protein levels of vimentin were tested in vimentin knockdown-vector control and K5/K14 overexpressing-vector control groups to
confirm the maintenance of vimentin knockdown background in the second group, using western blotting. (C) Proliferation curves of K5/K14 overexpressing
and its vector control clones over the period of 4 days, using MTT assay. (D) Representative image of clonogenic assay shows colonies formed by K5/K14
overexpressing and its vector control clones. (E) qRT-PCR analysis of differentiation specific markers K1, involucrin, filaggrin and loricrin respectively. The
relative expression of the target gene was normalized to GAPDH. (F) Representative images of tumorigenicity assays using NOD-SCID mice (6 animals
each) injected with either K5/K14 overexpressing or its vector control clones. The tumors are indicated by dotted circles. (G) The tumor measurements were
recorded up to 52 days, after which the animals were sacrificed and the tumor tissue was isolated for IHC staining. The graph shows tumor volume plotted
against time for both the clones. (H) Representative images (Bar: 200 μm) of IHC staining for expression of vimentin, K5 and K14 respectively in mice tumor
tissues. The negative control images represent tissue sections incubated with serum from non-immunized mice in place of primary antibodies.
doi:10.1371/journal.pone.0172559.g005
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in the levels of involucrin upon either K5 (S12 Fig) or K14 (S13 Fig) overexpression alone,
indicating that perhaps both are required for conferring a more de-differentiated phenotype to
the tumor cell. Tumorigenic potential of K5/K14 re-expressing clones was also significantly
higher as reflected by the increased subcutaneous tumor growth in NOD-SCID mice (Fig 5F–
5H). Further, tumors formed in mice from K5/K14 re-expressing clones showed a decrease in
the expression of involucrin while no change was observed in the expression of PCNA (S14
Fig). This rescue experiment suggests that vimentin mediates regulation of the differentiation
switch via the reprogramming of basal cell specific K5/K14 expression.

ΔNp63 could be a possible target of vimentin, to bring about the
modulation of K5/14 expression
Next, we wanted to investigate the molecular regulator, through which vimentin modulates
the expression of K5/K14. ΔNp63 is known to directly regulate the expression of both K5
and K14, during the program of keratinocyte stratification [34, 35]. Hence, as a first step, we
checked its levels in the vimentin knockdown background. Western blot and qRT-PCR analysis showed decreased levels of ΔNp63, both at protein and mRNA levels respectively (Fig 6A
and 6B and S15A Fig). The antibody used for detection of ΔNp63 is a pan-p63 antibody (SC8343), which recognizes α, β and γ isoforms of p63. Since the expression of ΔNp63α isoform is
very abundant, it is very likely that the single band seen in western blot is of ΔNp63α [36]. To
functionally characterize depletion of ΔNp63, we checked for other known molecular alterations associated with ΔNp63 loss. Vimentin knockdown clones showed increased levels of
p21 and p27 (Fig 6C and S15A Fig), which are typically associated with ΔNp63α downregulation [37, 38]. Further, RT-PCR analysis showed downregulation of both ΔNp63α and ΔNp63γ
isoforms in vimentin knockdown as compared to its vector control clones (Fig 6D). To verify
whether the K5/K14 downregulation seen upon vimentin knockdown is due to reduced
ΔNp63 levels, flag- tagged ΔNp63α (since ΔNp63α is a major isoform expressed in keratinocytes [37]) was stably re-expressed in vimentin knockdown clone shvim2 (Fig 6E and 6F and
S15B and S15C Fig). ΔNp63α overexpression led to a significant increase in the levels of K14
while K5 expression was only marginally rescued, indicative of the contribution of more than
one molecule in the regulation of K5/K14 expression (Fig 6G and 6H and S15D Fig). Nevertheless, K14 formed filaments despite the lesser levels of its partner K5 (S16A and S16B Fig), most
likely due to the presence of K8 in AW13516 cells.[39]. The proliferation and clonogenic
potential remained unaffected upon ΔNp63α overexpression (Fig 6I and 6J). The differentiation status (defined by the expression of differentiation specific markers) remained unchanged
(Fig 6K) while the expression of Oct-4 showed only a marginal increase (not significant) (S17
Fig) upon ΔNp63α upregulation in the vimentin knockdown background.

Notch1-ΔNp63 crosstalk may be involved in the vimentin mediated
modulation of the differentiation switch
ΔNp63 and notch regulate each other by a negative feedback loop [37]. In order to understand
the cause of ΔNp63 downregulation, we checked for the levels of activated Notch1 upon vimentin knockdown. Vimentin knockdown clone showed increase in activated Notch1 (notch intracellular domain (NICD)) levels as compared to the vector control clone (S18A Fig and S19A
Fig). The other candidate molecule which may modulate the levels of ΔNp63 is nuclear factorkappaB (NF-κB), since it negatively regulates ΔNp63 either through the notch or independently
as a part of the differentiation program [40]. Increased nuclear localization of NF-κB (p65) was
observed in vimentin knockdown cells (S18B and S18C Fig and S19B Fig). On the other hand,
these molecular changes showed reversal (decrease in activated Notch1 levels and in nuclear
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Fig 6. Vimentin knockdown phenotype was partially rescued upon re-expression of ΔNp63α in vimentin knockdown background. (A) Western blot
analysis shows protein levels of ΔNp63 from whole cell lysates of vimentin knockdown and its vector control clones. (B) Fold change in mRNA expression level of
ΔNp63 in vimentin knockdown as compared to vector control clones, using qRT-PCR analysis. (C) Western blot analysis shows protein levels of p21 and p27 from
the whole cell lysates of vimentin knockdown and its vector control clones. (D) RT-PCR analysis shows expression of ΔNp63α, β and γ isoforms, between vimentin
knockdown and vector control clones. GAPDH was used as a loading control. (E) Western blot analysis using anti-flag antibody confirmed the overexpression of
flag-tagged ΔNp63α. (F) The protein level of vimentin was tested by western blotting in vimentin knockdown-vector control set and flag-ΔNp63α-vector control set,
to confirm the maintenance of vimentin knockdown background in the second group. (G and H) qRT-PCR and western blot analysis of K5 and K14 in flag-ΔNp63α
overexpressing and its vector control group. (I) Proliferation curves of flag-ΔNp63α overexpressing and its vector control clones over the period of 4 days, using MTT
assay. (J) Representative image of clonogenic assay shows colonies formed by flag-ΔNp63α overexpressing and its vector control clones. (K) QRT-PCR analysis
of differentiation specific markers K1, involucrin, filaggrin and loricrin. For all the qRT-PCR experiments, the relative expression of the target gene was normalized to
the GAPDH. For all western blotting experiments, β-actin was used as a loading control. The graphical data represents ± SEM of three independent experiments.
doi:10.1371/journal.pone.0172559.g006

localization of NF-κB) upon ΔNp63α overexpression in vimentin knockdown background
(S18D–S18F Fig and S19A and S19B Fig). Further, qRT-PCR analysis for Hes1 (which is a
known Notch dependent target gene [41, 42]) suggested increase in notch activity upon vimentin
depletion while the reverse was seen upon ΔNp63α overexpression in vimentin knockdown background (S19C Fig). Also, qRT-PCR analysis of IκBα (which is a known NF-κB dependent target
gene [43, 44]) suggested increase in p65 activity upon vimentin depletion while the reverse was
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seen upon ΔNp63α overexpression in vimentin knockdown background (S19D Fig). Thus, our
preliminary observations speculate the possibility of the crosstalk between notch (perhaps in an
NF-κB dependent manner) and ΔNp63, to regulate differentiation state in vimentin knockdown
cells.

High expression of vimentin-K14 together correlates with recurrence and
poor survival of oral cancer patients
Statistical correlation between clinico-pathological parameters and vimentin-K14 expression
is listed in S5 Table. IHC analysis of OSCC tissues showed a positive correlation between high
vimentin-K14 staining intensity (Fig 7A) and recurrence (p = 0.001) (Fig 7B). In order to
determine if the vimentin-K14 status of the tumor has any association with the survival of the
oral cancer patients, Kaplan-Meier survival analysis based on IHC data was performed on 91
oral tumor samples. The analysis showed a significant correlation between high vimentin
(p = 0.007) and poor disease-free survival (Fig 7C). High K14 expression (p = 0.397) did not
show a significant correlation with the disease-free survival (Fig 7D). This could be because of
only 2 cases showing low expression of K14. On the other hand, a significant correlation was
seen between high vimentin-K14 expression (p = 0.005) and poor disease free survival (Fig
7E). Collectively, this suggests that the expression of vimentin-K14 together may prove useful
for the prognostication of human oral cancer. Additionally, we performed IHC for the expression of K5 and differentiation specific marker K1, on the same tumor samples whose vimentin
and K14 expression was determined previously. Immunohistochemistry analysis (S20A Fig)
showed positive correlation between K5/K14 and vimentin expression (Spearman’s nonparametric correlation = 0.500, p = 0.001, n = 100) in oral tumor tissues while no significant
correlation was seen between the expression of K1 and vimentin (Spearman’s non-parametric
correlation = -0.044, p = 0.663, n = 100) in oral tumor tissues. Further, Kaplan-Meier survival
analysis showed a trend (albeit not significant) between high vimentin-K5-K14-low K1 expression and poor disease free survival (p = 0.966) (S20B Fig). Also, significant correlation was
found between high vimentin-K5-K14-low K1 expression and thickness (p = 0.019) of the
tumor mass (S6 Table).

Discussion
Expression of EMT marker vimentin is usually associated with a more mesenchymal-like and
dedifferentiated state of the cancer cell [8]. On the other hand, in the case of stratified epithelia,
expression of one pair of keratins is specific to one particular differentiation compartment and
as the cell moves from one layer to another, the expression pattern of keratins also changes
accordingly [45]. This suggests that keratins may have a regulatory role in epithelial differentiation as well [46]. Hence, we wanted to understand whether vimentin modulates a differentiation switch of a transformed cell by modulating the expression of keratins. Our study found
the K5/K14 pair to be a novel indirect target of vimentin, through which it is able to confer a
dedifferentiated phenotype to the cancer cell.
To understand the overall change in the keratin profile caused due to downregulation of
vimentin, we performed a global keratin profile analysis using high salt enriched keratin fraction from vimentin knockdown and vector control cells. Our 2D followed by MALDI analysis
identified K14 as one of the differentially expressed proteins upon downregulation of vimentin. Interestingly, its binding partner K5 was also found to be downregulated at the protein
level. Further, transcript level analysis showed that mRNA levels of both K5 and K14 are
downregulated in vimentin knockdown clones.
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Fig 7. High vimentin-K14 expression correlates with poor survival in oral cancer patients. (A) (a-c) The upper panel show images (Bar: 200μm) of IHC
staining for vimentin and K14 expression in cut margin tissues while lower panel (d-f) show images (Bar: 200μm) of IHC staining for vimentin and K14
expression in tumor tissues. The negative control images represent tissue sections incubated with serum from non-immunized mice in place of primary
antibodies. (B) The graphical representation shows recurrence with respect to high vimentin-K14 expression and recurrence with respect to the other
combinations of vimentin-K14 expression. Kaplan-Meier survival analysis (n = 91) of (C) High vs. low vimentin expression (D) High vs. low K14 expression
and (E) High vimentin-K14 vs. the other combinations of vimentin-K14 expression.
doi:10.1371/journal.pone.0172559.g007

K5/K14 pair is typically expressed by the basal stem cell layer of the stratified epithelium. As
the cell from this layer is committed to differentiation, it replaces the expression of K5/K14 with
the expression of one or more differentiation specific keratin pairs e.g., K1 and K10 [45]. A previous study from our laboratory has demonstrated the role of K5/K14 in modulating phosphatidylinositol 3-kinase/Akt–mediated cell proliferation and/or Notch1-dependent cell differentiation,
in stratified epithelia derived cells [19]. Our current study showed an increase in the differentiation status of the vimentin knockdown cells, while its proliferation status remained unaffected.
This change in differentiation could be attributed to the decreased levels of K5/K14 since its
reversal was seen upon re-expression of K5/K14 in vimentin knockdown background. Proliferation potential of the cells remained unchanged upon vimentin knockdown, perhaps due to
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remnant levels of K5/K14 or because of an unknown compensatory mechanism operating in
this situation.
Progenitor/stem-like and differentiated state are at extreme ends of the differentiation spectrum. Ding et al. have reported the loss of Oct-4 expression during the differentiation of mouse
embryonic stem cells [47]. Hence, we were curious to understand if our vimentin knockdown
cells, which were more differentiated showed any indications of somatic cell reprogramming.
To verify this, we checked the expression of Oct-4, which is the master regulator of stemness
[48]. Our results demonstrated a decrease in the expression of Oct-4 with the decrease in the
expression of K5/K14, while re-expression of K5/K14 rescued the decreased levels of Oct-4.
Nevertheless, additional experiments involving study of Oct-4 dependent target genes will help
to elucidate if decrease in Oct-4 transcript levels has any functional impact in vimentin knockdown background. Transcription factors like AP1 and NF-κB are implicated in the regulation
of basal expression of K5/K14 pair. The activation of these transcription factors is also dependent on extracellular signaling molecules like hormones, vitamins and growth factors [49]. Nevertheless, the role of the epithelial-specific master regulator p63 is well known for its precise
control over epithelial cell differentiation [50]. One of the ways in which p63 regulates the differentiation program is through the maintenance of basal specific and stage specific expression
of K5/K14 pair [51]. p63 is expressed as the isoform with a transactivation domain called as TA
isoform and as a isoform lacking this domain, which is known as the ΔN isoform [52]. ΔNp63
isoform has been shown to act as a dominant negative regulator of TAp63 and p53 [53], which
also suggest its oncogenic potential. ΔNp63 (which is the highly expressed isoform of p63 in the
basal layer of epithelial tissues) is known to transcriptionally activate genes such as suppressor
of fused homologue (SUFU), homeobox C4 (HOXC4) and myelin protein zerolike 2 (MPZL2;
also known as EVA1) along with K5/K14 genes [52]. In our study, vimentin knockdown
resulted in downregulation of ΔNp63, while p21 and p27 levels were found to be upregulated.
However, despite the upregulation of cyclin-dependent kinase (Cdk) inhibitors, p21 and p27,
the proliferation status of vimentin knockdown clone remained unaltered. Similar observations
were also reported by Zheng et al., wherein neither p21 nor p27 knockout mice showed any
alterations in the proliferation of mouse gastrointestinal tract cells [54]. Similarly, some cancer
cells are known to proliferate despite CDK2 inhibition [55], suggesting that perhaps correlation
between p21 and p27 with the cell proliferation is context dependent. Further, analysis of transcript level expression of all the three ΔNp63 isoforms revealed downregulation of both
ΔNp63α and ΔNp63γ and no change in the levels of ΔNp63β. Report by Romano et al. suggested
a role of ΔNp63α and ΔNp63β isoforms in inducing basal markers and stratification [35].
Therefore, to understand if vimentin modulates expression of K5/K14 pair through ΔNp63α
isoform, we overexpressed ΔNp63α isoform (since levels of ΔNp63β remained unaltered upon
vimentin downregulation) in vimentin knockdown background. Overexpression of ΔNp63α
resulted in an increase in the expression of K14, while the expression of K5 remained unaltered.
As a result of this, the differentiated state of the cell (marked by the expression of differentiation
specific proteins) remained unchanged. This indicated that ΔNp63γ, may as well, have a role in
the regulation of the expression of K5, which was not compensated by the overexpression of
ΔNp63α isoform alone. The possibility of the involvement of some other K5 specific transcription factor/s (enhancer or repressor), downstream of vimentin, cannot be ruled out.
Levels of ΔNp63α and notch play a decisive role to either maintain stemness or to proceed
towards differentiation [37]. During the stratification process of epidermal tissue, notch suppresses p63 to favor differentiation, as evident by their opposing levels in the basal compartment [40]. Our study showed an increase in the levels of notch1 with decreased ΔNp63
expression in the vimentin knockdown clone. Correspondingly, a decrease in the level of
notch1 was seen upon overexpression of ΔNp63α. This suggests that there may be a reciprocal
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Fig 8. Schematic representation depicting the role of vimentin in modulation of K5/K14 expression, to regulate differentiation in carcinomaderived cells. The model shows the regulation of K5/14 expression by vimentin, perhaps through ΔNp63. Determination of vimentin-K14 status in oral tumor
tissues may have clinical implications.
doi:10.1371/journal.pone.0172559.g008

negative regulatory mechanism between notch and ΔNp63 in order to govern differentiation
in the presence and absence of vimentin. There may be two possibilities in this situation: first
being either the deficiency of vimentin relieves the inhibition on notch1 which in turn suppresses the expression of ΔNp63 or the second possibility is that downregulation of vimentin
decreases the expression of ΔNp63 relieving the negative regulatory effect on notch1 and leading to its activation. Interestingly, while the downregulation of ΔNp63 has been shown to
result in a decrease in the expression of vimentin in esophageal squamous carcinoma [56], we
report the reverse here i.e., downregulation of vimentin leads to decreased expression of
ΔNp63. There are reports of vimentin regulating transcript levels of certain genes in the literature. For instance, Vuoriluoto et al. have shown the role of vimentin in regulating the expression of several genes associated with EMT and the basal-like phenotype, one of which is Axl (a
receptor tyrosine kinase) in breast cancer-derived cell lines [57]. Nevertheless, both the possibilities need to be tested experimentally to ascertain the directionality of the crosstalk between
ΔNp63 and notch1 in vimentin knockdown background.
Factors other than activated notch may also have a significant role to play in the regulation
of ΔNp63. Along these lines, Flores et al., have shown inhibition of wild-type p53 by ΔNp63
[58]. Moreover, the parental cell line under study, AW13516 expresses mutant p53 (R273H)
[59]. Hence, work in this direction will be required to ascertain if mutant p53 is the cause or
consequence of an alteration in ΔNp63α expression. Furthermore, specific roles of microRNAs
(miRs) [60, 61], Wnt, Hedgehog and EGFR [50] pathways if any, in the regulation of ΔNp63
expression in vimentin depleted condition, needs to be investigated.
We found a significant correlation between high vimentin-K14 expression and recurrence
as well as the poor survival of oral cancer patients. This finding can be explained by our in
vitro data using vimentin knockdown system. This showed that vimentin expression promotes
events leading to increased dedifferentiation and tumorigenicity, wherein K5/K14
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upregulation seems to be an intermediate event. Similar observations were made by Thomas
et al., who have reported the association of vimentin-keratin co-expression with poor prognosis and tumor phenotype [62]. Together, this suggests that vimentin aids the aggressiveness of
the tumor by contributing to the maintenance of a dedifferentiated state of the tumor cell.
In conclusion, our data sheds light on the modulatory role of vimentin in the expression of
K5/K14 pair, to fine tune the differentiation switch in favor of tumor progression. Further, a
large-scale study on human oral tumors is required to prove the potential of vimentin-K14 as
prognostic markers for human oral cancer (Fig 8).

Supporting information
S1 Fig. Graph showing fold change in the protein level of vimentin and K8 upon vimentin
downregulation. Graph shows quantitation of western blots using densitometry. Fold-change
in vimentin and K8 protein level in vimentin knockdown clones is shown relative to that of its
vector control clone. Error bars denote ± SEM. from three independent experiments.
(TIF)
S2 Fig. Graph showing fold change in the protein level of K14, K5, K17 and K18 upon
vimentin downregulation. Graph shows quantitation of western blots using densitometry.
Fold-change in K14, K5, K17 and K18 protein level in vimentin knockdown clones is shown
relative to that of its vector control clone. Error bars denote ±S.E.M. from three independent
experiments.
(TIF)
S3 Fig. Proliferation-related markers like PCNA and Ki67 remained unchanged upon
vimentin downregulation. (A) Representative immunofluorescence images (Bar: 10μm) of
PCNA (green) staining in vimentin knockdown and vector control clones. (B) Representative
immunofluorescence images (Bar: 10μm) of Ki67 (red) staining in vimentin knockdown and
vector control clones.
(TIF)
S4 Fig. Vimentin downregulation led to a significant increase in the protein level of differentiation specific marker involucrin. (A) Western blot analysis shows protein level of involucrin from whole cell lysates of vimentin knockdown and its vector control clones. (B) Graph
shows quantitation of western blot using densitometry. Fold-change in involucrin protein
level in vimentin knockdown clone is shown relative to that of its vector control clone. Error
bars denote ± SEM. from three independent experiments.
(TIF)
S5 Fig. Oct-4 mRNA levels decreased significantly upon vimentin downregulation.
QRT-PCR analysis of Oct-4 in vimentin knockdown and its vector control clones.
(TIF)
S6 Fig. Tumors formed in mice from vimentin knockdown cells showed an increase in the
expression of involucrin. Representative images (Bar: 200μm) of IHC staining for expression
of involucrin and PCNA in tumor tissues of mice, injected with either vimentin knockdown or
vector control clones. The negative control images represent tissue sections incubated with
serum from non-immunized mice in place of primary antibodies.
(TIF)
S7 Fig. Graphs showing fold change in the protein level of vimentin, K5, K14 and involucrin across different cell lines. Graphs show quantitation of western blots using densitometry.
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(A and B) Fold-change in vimentin, K5, K14, K17 and involucrin protein level in vimentin
overexpressing clones of A431vim and HaCatvim is shown relative to its respective vector control clones A431vc and HaCatvc. (C) Fold-change in vimentin, K5, K14, K17 and involucrin
protein level in AW13516 and AW8507 cells is shown relative to that of DOK cells. (D) Foldchange in K14 and vimentin protein level in K14 knockdown clones is shown relative to its
respective vector control clone. Error bars denote ± SEM from three independent experiments.
(TIF)
S8 Fig. Graphs showing fold change in the protein level of K5, K14 and vimentin upon K5/
K14 re-expression in vimentin knockdown background. Graphs show quantitation of western blots using densitometry. (A and B) Fold-change in K5 and K14 protein level in K5/K14
overexpressing clone is shown relative to that of its vector control clone. (C) Fold-change in
vimentin protein level in vimentin knockdown (shvim2), K5/K14 overexpressing clone (K5/
K14) and its vector control clone (vcvc) is shown relative to that of vector control clone
(pTU6vc). Error bars denote ± SEM from three independent experiments.
(TIF)
S9 Fig. Confocal images showing filament organization of K5 and K14, after their reexpression in vimentin knockdown background. (A and B) Confocal microscopy analysis
(Bar: 10μm) shows levels and filament networks of K5 and K14 respectively in K5/K14 (K5
and K14 overexpressing) as compared to its vector control vcvc clones (empty vectors of K5
and K14 together).
(TIF)
S10 Fig. K5/K14 re-expression in vimentin knockdown background led to a significant
decrease in the protein level of differentiation specific marker involucrin. (A) Western blot
analysis shows protein level of involucrin from whole cell lysates of K5/K14 overexpressing as
compared to its vector control clones. (B) Graph shows quantitation of western blot using densitometry. Fold-change in involucrin protein level in K5/K14 overexpressing clone is shown
relative to that of its vector control clone. Error bars denote ± SEM from three independent
experiments.
(TIF)
S11 Fig. Oct-4 mRNA levels increased significantly upon K5/K14 re-expression in vimentin knockdown background. qRT-PCR analysis of Oct-4 in K5/K14 overexpressing and its
vector control clones.
(TIF)
S12 Fig. K5 re-expression alone in vimentin knockdown background failed to rescue the
protein level of differentiation specific marker involucrin. (A) Immunofluorescence (Bar:
10 μm) images of K5 overexpressing (K5) and its vector control clone (K5vc) using antibodies
against K5 and K14. (B) Western blot analysis shows protein level of K5, K14 and involucrin
in K5 overexpressing and its vector control clones. β-actin was used as the loading control in
the western blotting experiment. (C) Graph shows quantitation of western blot using densitometry. Fold-change in K5, K14 and involucrin protein level in K5 overexpressing clone is
shown relative to that of its vector control clone. Error bars denote ± SEM from three independent experiments.
(TIF)
S13 Fig. K14 re-expression alone in vimentin knockdown background failed to rescue the
protein level of differentiation specific marker involucrin. (A) Immunofluorescence (Bar:
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10 μm) images shows K14 overexpression in overexpressing (K14) and its vector control clone
(K14vc). K5 levels remained unchanged between the clones. (B) Western blot analysis shows
protein level of K14, K5 and involucrin in K14 overexpressing and its vector control clones. βactin was used as the loading control in the western blotting experiment. (C) Graph shows
quantitation of western blot using densitometry. Fold-change in K14, K5 and involucrin protein level in K14 overexpressing clone is shown relative to that of its vector control clone.
Error bars denote ± SEM from three independent experiments.
(TIF)
S14 Fig. Tumors formed in mice from K5/K14 overexpressing cells showed a decrease in
the expression of involucrin. Representative images (Bar: 200μm) of IHC staining for expression of involucrin and PCNA in tumor tissues of mice, injected with either K5/K14 overexpressing or its vector control clones. The negative control images represent tissue sections
incubated with serum from non-immunized mice in place of primary antibodies.
(TIF)
S15 Fig. Graphs showing fold change in the protein level of ΔNp63 and its related molecules. Graphs show quantitation of western blots using densitometry. (A) Fold-change in
ΔNp63, p21 and p27 protein level in vimentin knockdown clones is shown relative to that of its
vector control clone. (B) Fold-change in flag- tagged ΔNp63α protein level in flag-ΔNp63α overexpressing clone is shown relative to that of its vector control clone. (C) Fold-change in vimentin
protein level in vimentin knockdown (shvim2), flag-ΔNp63α overexpressing (ΔNp63α) and its
vector control clone (vbb) is shown relative to that of vector control clone (pTU6vc). (D) Foldchange in K5 and K14 protein level in flag-ΔNp63α overexpressing clone is shown relative to
that of its vector control clone. Error bars denote ± SEM from three independent experiments.
(TIF)
S16 Fig. Confocal images showing filament organization of K5 and K14, upon re-expression of ΔNp63α in vimentin knockdown cells. (A and B) Confocal microscopy analysis (Bar:
10μm) shows levels and filament networks of K5 and K14 respectively in ΔNp63α (flag tagged
ΔNp63α overexpressing) as compared to vbb (vector control clone).
(TIF)
S17 Fig. Oct-4 mRNA levels did not change significantly upon ΔNp63α re-expression.
qRT-PCR analysis of Oct-4 in flag-ΔNp63α overexpressing and its vector control clones.
(TIF)
S18 Fig. Notch1 (independently or through NF-κB) may regulate the expression of ΔNp63.
(A) Western blot analysis shows the protein levels of notch intracellular domain (NICD) in
vimentin knockdown and its vector control cells. (B) The confocal images (Bar: 20μm) show
the distribution of NF-κB (p65) (red) in the cytoplasmic vs. nuclear compartment in vimentin
knockdown and its vector control cells. The nuclei (blue) were stained with DAPI. (C) Subcellular fractionation was carried out to separate cytoplasmic and nuclear fractions of vimentin
knockdown and vector control clones. Western blot analysis shows the distribution of p65 in
cytoplasmic and nuclear fractions. (D) Western blot analysis shows the protein levels of notch
intracellular domain (NICD) in flag-ΔNp63α and its vector control clones. (E) The confocal
images (Bar: 20μm) show the distribution of NF-κB (p65) (red) in the cytoplasmic vs. nuclear
compartment in flag-ΔNp63α and its vector control clones. The nuclei (blue) were stained
with DAPI. (F) Subcellular fractionation was carried out to separate cytoplasmic and nuclear
fractions of flag-ΔNp63α and its vector control clones. Western blot analysis shows the distribution of p65 in cytoplasmic and nuclear fractions. β-actin was used as a loading control for
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the whole cell lysates. α-tubulin was used as a loading control for the cytoplasmic fraction
while histone H3 protein was used as a loading control for the nuclear fraction. All the experiments were repeated independently in triplicates.
(TIF)
S19 Fig. Graphs showing fold change in the protein level of NICD, nuclear NF-κB and
transcript levels of their respective target genes. (A) Fold-change in NICD protein level in
vimentin knockdown clone is shown relative to that of its vector control clone. Also, foldchange in NICD protein level in flag-ΔNp63α overexpressing clone is shown relative to that of
its vector control clone. (B) Fold-change in NF-κB (p65) nuclear protein level in vimentin
knockdown clone is shown relative to that of its vector control clone. Also, fold-change in NFκB (p65) nuclear protein level in flag-ΔNp63α overexpressing clone is shown relative to that of
its vector control clone. Fold change for nuclear levels of NF-κB was calculated by normalizing
to its respective histone H3 nuclear levels. (C) qRT-PCR analysis of Hes1 in vimentin knockdown clone is shown relative to that of its vector control clone. Also, qRT-PCR analysis of
Hes1 in flag-ΔNp63α overexpressing clone is shown relative to that of its vector control clone.
(D) qRT-PCR analysis of IκBα in vimentin knockdown clone is shown relative to that of its
vector control clone. Also, qRT-PCR analysis of IκBα in flag-ΔNp63α overexpressing clone is
shown relative to that of its vector control clone. Error bars denote ± SEM from three independent experiments.
(TIF)
S20 Fig. Immunohistochemistry analysis on human oral tumor tissues showed positive
correlation between K5/K14 and vimentin expression. (A) The upper panel show images
(Bar: 200μm) of IHC staining for K1, K5, K14 and vimentin expression in cut margin tissues
while lower panel show images (Bar: 200μm) of IHC staining for K1, K5, K14 and vimentin
expression in tumor tissues. The negative control images represent tissue sections incubated
with serum from non-immunized mice in place of primary antibodies. (B) Kaplan-Meier survival analysis (n = 91) of high vimentin-K5-K14-low K1 expression vs. the other combinations
of vimentin-K5-K14-K1 expression.
(TIF)
S1 Table. List of cell lines used in this study. The table shows a list of cell lines along with
their particulars.
(TIF)
S2 Table. Antibodies used in this study. The table shows a list of antibodies along with their
particulars.
(TIF)
S3 Table. Reagents used in this study. The table shows a list of reagents along with their particulars.
(TIF)
S4 Table. Primers used in this study. The table shows a list of primer sequences used for
RT-PCR and qRT-PCR analysis.
(TIF)
S5 Table. Correlations of vimentin-K14 expression with clinicopathological parameters of
the oral cancer patients (n = 100).
(TIF)
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S6 Table. Correlations of high vimentin-K5-K14-low K1 expression with clinicopathological parameters of the oral cancer patients (n = 100).
(TIF)
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