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Synopsis 

Introduction: 

1. Hemidesmosomal assembly:  

Hemidesmosomes (HDs) are located at the basal side of epithelial cells where they link the 

extracellular matrix to the intermediate filament network in the cell. Thus, HDs provide stable 

adhesion of epithelia to the basement membrane and contribute to the resistance to mechanical 

stress of epithelial tissues. There are two types of HDs having different protein composition.  The 

skin and other complex epithelia assemble type I HDs, which consist of the α6β4 integrin, plectin, 

CD151 and the bullous pemphigoid antigens BP230 (BPAG1e) and BP180 (BPAG2). α6β4 
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integrin, BP180 and CD151 are transmembrane proteins while plectin and BPAG1e are located in 

the cytoplasm. Among these proteins α6β4 integrin connects the cells to laminin-5 of the 

basement membrane whereas plectin and BPAG1e connect the keratin filaments to 

hemidesmosomal junction through α6β4 integrin. Type II HDs are found in simple epithelia such 

as intestine, and are composed of proteins α6β4 integrin and plectin 
1-4

. 

2. Hemidesmosomal linker proteins: 

Plectin and BPAG1e are two members of the plakin family of cytoskeletal linker proteins. The 

fibronectin domain of β4 integrin interacts with N-terminal Plakin domain of BPAG1e and Plectin 

5
. Interaction of the BPAG1e and plectin with intermediate filaments is mediated by Plakin repeat 

domain (PRD) within their COOH terminus 
4
. Loss of either BPAG1e expression in keratinocytes 

results in the formation of blisters, due to disruption of basal cell/dermal adhesion 
6
. These data 

emphasize the importance of plakins in regulating adhesion in the skin. BPAG1e-null animals 

also display impaired wound healing in vivo 
6
. This result indirectly implicates that BPAG1e as a 

potential regulator of keratinocyte migration. It has been reported that increased BPAG1e 

expression is found in invasive squamous cell carcinomas 
7
. A recent report has shown that 

BPAG1e regulates keratinocyte migration by acting as a scaffold for β4 integrin mediated 

signaling to Rac1 
8
. The other linker protein, Plectin, promotes the migration and invasion of 

HNSCC cells through activation of Erk 1/2 kinase 
9
. It has been also reported that plectin 

regulates invasiveness in colon carcinoma cells and is targeted to podosome-like adhesions in an 

isoform-specific manner 
10

.
 

Moreover,
 

transient knockdown of plectin alters hepatocellular 

motility in association with higher Rac1 activity 
11

. 

3. Keratin Intermediate filaments:  
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Keratins (K) are divided into type I acidic keratins (K9-K10, K12-K28, K31-K40) and type II 

basic keratins (K1-K8, K71-K86) on the basis of their biochemical properties.
 
They are obligate 

noncovalent heteropolymers that include at least one type I and one type II keratins which pair 

together during filament formation 
12

.
 

Keratins are expressed in a tissue specific and 

differentiation dependent manner. e.g. K8/18 in simple epithelial cells like hepatocytes and K5/14 

in stratified squamous epithelia like skin 
13-14

. 

4. Keratin 8/18 and Cancer:  

Aberrant expression of K8/18 is seen in case of squamous cell carcinomas (SCC) 
15-17

. Transgenic 

mice expressing human K8 in the epidermis have a dramatic increase in the progression of 

papillomas towards malignancy 
18

. Previous work in our laboratory has shown that K8 

overexpression leads to neoplastic transformation and increased metastatic potential in FBM cell 

line
19

. It has also been reported that K8/18 expression indicates a poor prognosis in SCC of the 

oral cavity 
17

. It has been shown that loss of K8/18 leads to alterations in a6ß4 integrin-mediated 

signaling and decreased neoplastic progression in an oral tumor derived cell line 
20

. 

Rationale: 

In our previous study, we have shown that β4 Integrin mediated signaling is modulated in 

response to K8 down regulation in OSCC derived cells 
20

. Linker proteins like Plectin and 

BPAG1e anchor keratin proteins to cell surface via β4 integrin 
3-4

. The importance of plakins in 

maintaining tissue integrity is well understood. However the role of these linker proteins in cell 

motility is not yet well studied. BPAG1e null animals display impaired wound healing in vivo 
6
. 

This observation indirectly implicates BPAG1e as a potential regulator of keratinocyte migration. 

Increased expression of BPAG1e in squamous cell carcinomas has also been shown 
7
. Thus, 
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knockdown of BPAG1e in OSCC derived cell line will enable us to understand the role of linker 

proteins in keratin mediated regulation of β4 integrin signaling in neoplastic progression of SCC. 

Key Questions: 

1. What is the role of linker proteins in keratin mediated regulation of β4 integrin signaling in 

neoplastic progression of squamous cell carcinomas? 

2. Do linker proteins regulate cell motility and invasion in SCC, if yes then how? 

Specific objectives:  

To- 

1. knockdown BP230 gene in an oral SCC derived cell line AW13516 using shRNA technology. 

2. study interactions between keratin 8 and β4 integrin in parental and knockdown cells. 

3. carry out phenotypic assays for cell transformation for parental and knockdown cells and 

compare them with K8 knockdown cells. 

4. study effects of downregulation of BP230 on polymerization of cytoskeletal elements such as 

actin, keratins and their regulators. 

Materials and methods: 

Ethics statement  

All protocols for animal studies were approved by the Institutional Animal Ethics Committee 

(IAEC) (approval ID: 04/2015). A Committee formed under the guidelines of Committee for the 

Purpose of Control & Supervision of Experiments on Animals (CPCSEA), Government of India. 

Cell lines and Plasmids 

The human tongue SCC derived cell lines AW13516 and AW8507 were previously established 

in Cancer Research Institute, Tata memorial Centre, Parel, Mumbai 
21

. These cell lines were 
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cultured in IMDM supplemented with 10% fetal bovine serum and antibiotics under a 5% CO2 

atmosphere at 37°C.  

The pLKO1.puro (plasmid #10878), pLKO1.neo (plasmid #13425) and pLKO1.hygro (plasmid 

#24150) plasmids were purchased from Addgene, USA. The pLKO1.puro plasmid containing 

shRNA sequence against BPAG1e was a kind gift from Dr. Jonathan Jones, Washington State 

University, USA. shRNA sequences against Plectin and NDRG1 were designed and cloned in 

pLKO1.neo and pLKO1.hygro plasmids respectively. BPAG1e-Plectin double knockdown was 

generated by transducing lentivirus encoding shRNA against BPAG1e in Plectin knockdown 

cells. The empty vector backbone was used to generate the respective vector control clones. 

qRT-PCR, western blotting, immunoprecipitation and immunofluorescence 

qRT-PCR were performed as described previously 
22

. Cell lysates for western blotting were 

prepared in SDS lysis buffer. For immunoprecipitation, cell lysates were made by pooling both 

NP-40 (1%) and Empigen (2%) fractions as described previously 
23

. Immunofluorescence assay 

was performed as described previously 
22

. 

Phenotypic assays for cell transformation 

Scratch wound migration assay, soft agar assay, in vivo tumorigenicity assay and gelatin 

zymography were performed as described previously 
20, 24-25

. Transwell migration assay was 

carried out in a manner similar to invasion assay, without coating the matrigel 
26

. Cell 

proliferation and clonogenic assays were performed as described previously 
22

. 

SWATH analysis 

SWATH analysis was performed at NCL, Pune as described previously 
27

.   

Densitometric quantification and statistical analysis: 



~ 11 ~ 

 

Densitometric quantification of scanned images was performed by ImageJ software (NIH, USA). 

Band intensities were normalized to respective loading controls. All the statistical analyses were 

performed using GraphPad Prism software (version 6.01). Two groups of data were statistically 

analyzed by Student's t test. A p value less than 0.05 was considered statistically significant. 

 

Results: 

BPAG1e interacts with K8 in OSCC derived cells 

BPAG1e is expressed in the basal layer of squamous cell epithelia, whereas K8 is normally 

expressed in simple epithelia 
3, 28

. In case of OSCC and OSCC derived cell lines, K8/18 is 

aberrantly expressed 
15-16, 20

. Therefore, to understand whether BPAG1e interacts with K8, 

immunoprecipitation (IP) assay was performed. Co-IP of K8 was observed when antibody for 

BPAG1e was used for IP. Similarly, pull down fraction of K8 IP showed presence of BPAG1e. 

These results indicated that K8 interacts with BPAG1e in OSCC derived cells.  

Knockdown of hemidesmosomal linker proteins in AW13516 cells  

Both single and double knockdown of Plectin and/or BPAG1e was carried out using shRNA 

technology. Down regulation of HD linker proteins was confirmed at mRNA and protein level. 

BPAG1e knockdown clones C4 and C12 displayed ~79% decrease in BPAG1e protein. Plectin 

knockdown clones C1 and C2 showed about ~94% reduction in Plectin expression at protein level 

whereas Further, decrease in Plectin (~93%) and BPAG1e (~81%) protein levels were observed in 

double knockdown cells.  

Loss of Hemidesmosomal linker proteins led to reduced cell migration, cell invasion and 

alterations in actin organization 
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Scratch wound healing assay demonstrated decrease in cell migration in both single and double 

linker proteins knockdown clones as compared to respective vector control clones. The rate of cell 

migration was reduced by ~29%, ~33% and ~36% in BPAG1e, Plectin and BPAG1e-Plectin 

double knockdown cells respectively. It is well documented that cell migration is regulated by 

changes in the actin organization 
29

. Therefore, actin organization was analyzed using phalloidin 

staining followed by confocal microscopy. filopodia in vector control cells were found to be 

uniformly present on cell membrane whereas in case of loss of hemidesmosomal linker proteins, 

filopodia were non-uniformly organized. Moreover, the length of membrane protrusions was 

reduced in linker proteins knockdown cells. A number of proteins are involved in the regulation 

of cell motility, out of which Rho GTPases play a crucial role in the reorganization of the actin 

cytoskeleton. One of the Rho GTPases family member, Cdc42, regulates cellular motility by 

controlling filopodia formation 
30

. Cdc42 activation assay revealed that activity of Cdc42 was 

significantly reduced upon linker proteins knockdown. Further, actin polymerization assay 

revealed reduced levels of F-actin in BPAG1e, Plectin and BPAG1e-Plectin knockdown cells as 

compared to respective vector control cells. Actin related proteins (Arp) 2/3 complexes are one of 

the important actin regulators which participate in nucleation and branching of actin filaments 
31

. 

In BPAG1e, Plectin and BPAG1e-Plectin knockdown cells, we observed reduction in Arp2 and 

Arp3 protein levels. Altogether, these results indicated that reduced Cdc42 activity in linker 

proteins knockdown cells led to decreased expression of Arp2 and Arp3 proteins, resulting in 

shorter and fewer filopodia. This explains the reduced cell migration observed in linker proteins 

knockdown cells. 

Furthermore, linker proteins knockdown cells were less invasive as compared with respective 

vector control cells. The invasion was reduced by ~30-35%, ~32-35% and ~37- 40% in BPAG1e, 
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Plectin and BPAG1e-Plectin double knockdown cells respectively. It has been shown that 

increased activity of Matrix Metalloproteinases (MMPs) (MMP2 and MMP9) correlates with 

invasive potential of OSCC 
32

.  The MMP9, but not MMP2, activity was significantly reduced in 

double knockdown cells as compared to vector control cells.  

Downregulation of hemidesmosomal linker proteins led to reduction in the tumorigenic 

potential of AW13516 cells 

In our previous study, we have demonstrated that loss of K8 in AW13516 cells leads to reduction 

in tumorigenic potential of OSCC derived cells 
20

. BPAG1e, Plectin and BPAG1e-Plectin double 

knockdown clones showed a significant reduction in number of colonies by ~20-30% and colony 

size by ~60-65% as compared with respective vector control clones. Furthermore, the in vivo 

tumorigenicity of linker proteins knockdown and respective vector control clones was assessed by 

subcutaneous injection in NOD-SCID mice (n=5). At the end of 8 weeks, the mean tumor volume 

of the mice bearing BPAG1e, Plectin and BPAG1e-Plectin double knockdown tumors was 

significantly reduced as compared with the average volume of tumors formed by the respective 

vector control cells.  

Expression of associated proteins upon loss of hemidesmosomal linker proteins  

Previous study from our lab had shown downregulation of β4 integrin and actin bundling protein 

Fascin in response to K8 knockdown 
20

. Surprisingly, no changes were observed in expression of 

β4 integrin and Fascin at protein level upon knockdown of HD linker proteins. Further, 

immunofluorescence studies demonstrated sparse filament organization for K8 and K5 upon loss 

of both hemidesmosomal linker proteins, indicating that linker proteins are essential to anchor 

keratins to the cell surface at hemidesmosomal sites. This observation indicated that linker 

proteins may not have role in K8 mediated effects observed in OSCC cells.  



~ 14 ~ 

 

SWATH analysis demonstrated differential expression of proteins in linker protein 

knockdown AW13516 cells as compared to vector control cells. 

To understand global changes in protein profile of linker protein knockdown cells as compared to 

vector control cells, we performed SWATH analysis for BPAG1e-Plectin knockdown clone C4 

and respective vector control clone. We shortlisted proteins with p-value less than 0.05. The cut 

off value for upregulated and downregulated proteins was 1.3 and 0.76 respectively. After 

filtering, total 45 proteins were found to be significantly altered (17 upregulated and 28 

downregulated). Some of the differentially expressed proteins were Vimentin, LIMA1, NDRG1, 

Galectin, 14-3-3 protein epsilon, S100-A6 etc. Out of which, we selected NDRG1 (N-myc 

downstream regulated gene 1) for further analysis, as it is an anti-metastatic protein which plays 

role in actin organization, cell migration, cell invasion and tumorigenesis 
33-35

.  

NDRG1 downregulation rescues HD linker protein knockdown phenotype 

To validate the results obtained from SWATH analysis, we performed western blot for NDRG1 in 

linker proteins knockdown cells. Indeed, NDRG1 protein expression was found to be upregulated 

in BPAG1e (~1.6 fold), Plectin (~1.75 fold) and BPAG1e-Plectin (~2.1 fold) knockdown clones 

as compared to respective vector control clone. To verify whether the phenotype associated with 

cell transformation in HD linker proteins knockdown cells was due to higher NDRG1 levels, it 

was stably down regulated in Plectin-BPAG1e double knockdown clone C4. In NDRG1-Plectin-

BPAG1e triple knockdown cells, NDRG1 protein expression was reduced by ~80%. The triple 

knockdown clones (C1, C7) displayed only ~10% decrease in rate of cell migration, whereas 

double knockdown cells showed ~39% decrease in cell migration. The filopodia in triple 

knockdown cells were found to be uniformly present which was similar to respective vector 

control cells, whereas in case of loss of hemidesmosomal linker proteins, filopodia were found to 
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be non-uniformly organized. Additionally, filamentous actin and Arp2/3 levels were restored in 

NDRG1-BPAG1e-Plectin triple knockdown cells as compared to BPAG1e-Plectin double 

knockdown cells Further, In vitro invasion was reduced by only ~10-15% in triple knockdown 

cells as compared to ~37% reduction in double knockdown cells. Furthermore, triple knockdown 

cells showed restoration of MMP9 activity as compared to double knockdown cells. Moreover, 

triple knockdown cells showed ~10% decrease in number of colonies on soft agar as compared to 

~30%  reduction in colony number in double knockdown cells. Further, in vivo experiments 

suggested that there was no significant difference in mean tumor volume of mice bearing triple 

knockdown cells and vector control cells. Furthermore, NDRG1 single knockdown in AW13516 

cells resulted in increased cell motility, invasion and tumorigenicity. Altogether, these results 

indicated that NDRG1 knockdown displayed rescue in HD linker protein knockdown phenotype. 

NDRG1 upregulates p21 by targeting ΔNp63  

Previously, it has been reported that NDRG1 expression leads to down regulation of ΔNp63 

levels, which allows transactivation of the p21 gene by TAp63 leading to upregulated p21 levels. 

Further, increased p21 can inhibit cell migration and reduce the metastatic potential of cancer 

cells 
36

. Upon loss of HD linker proteins, NDRG1 and p21 were up regulated whereas ΔNp63 

expression was reduced. Contrary to this, NDRG1 knockdown in parental AW13516 cells 

resulted in decreased p21 levels and increased ΔNp63 levels. Moreover, triple knockdown cells 

exhibited similar results as that of NDRG1 knockdown cells. Likewise, NDRG1 single 

knockdown resulted in decreased p21 and increased ΔNp63 protein levels. These results indicate 

that hemidesmosomal linker proteins can also regulate cell motility through NDRG1- ΔNp63-p21 

pathway in OSCC derived cells. 

Validation of results in another tongue SCC derived cell line AW8507 
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To find out whether the effects observed in AW13516 cells were cell line specific, we carried out 

similar experiments in another tongue SCC derived cell line AW8507. AW 8507 cells were 

derived from poorly differentiated epidermoid carcinoma of the tongue 21. Both single and double 

knockdown of BPAG1e and/or Plectin in AW8507 cells was carried out using shRNA 

technology. The linker protein knockdown AW8507 cells also showed increased NDRG1 levels. 

Further, to verify whether the phenotype associated with cell transformation in HD linker proteins 

knockdown AW8507 cells was due to higher NDRG1 levels, NDRG1 was stably downregulated 

in BPAG1e-Plectin knockdown clone GDC3. The results of phenotypic assays for cell 

transformation like Boyden chamber transwell assay, in vitro invasion assay, soft agar assay and 

in vivo tumorigenicity assay for AW8507 knockdown systems were similar to those found in 

AW13516 knockdown system indicating that molecular and phenotypic alterations observed upon 

loss of BPAG1e and Plectin are not cell line specific. 

Summary and significance of the study: 

1. BPAG1e interacts with K8 in OSCC derived AW13516 cells. 

2. BPAG1e and/or Plectin knockdown in tongue SCC cell lines resulted in reduction in cell 

motility, cell invasion, tumorigenicity and altered actin organization.  

3. SWATH analysis for linker proteins knockdown and vector control cells showed alterations in 

levels of several proteins, out of which, NDRG1 was upregulated in linker proteins 

knockdown cells. 

4. Partial rescue of phenotype for cell transformation was observed upon knockdown of NDRG1 

in BPAG1e-Plectin triple knockdown cells as compared to BPAG1e-Plectin double 

knockdown cells. 
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5. NDRG1 single knockdown in AW13516 cells showed increase in cell motility, cell invasion 

and tumorigenic potential.   

6. BPAG1e-Plectin knockdown cells displayed non-uniformly organized filopodia, whereas 

NDRG1-BPAG1e-Plectin knockdown cells showed uniformly arranged filopodia. Consistent 

with altered actin organization, Cdc42 activity, filamentous actin levels and Arp2/3 levels 

were reduced in BPAG1e-Plectin double knockdown cells, whereas Cdc42 activity, 

filamentous actin levels and Arp2/3 expression was rescued in NDRG1-BPAG1e-Plectin 

triple knockdown cells.  This could be one of the possible mechanism by which decreased cell 

migration was observed upon loss of linker proteins. 

7. Upregulation of p21 by targeting ΔNp63 in response to NDRG1 upregulation was observed in 

BPAG1e-Plectin knockdown cells, whereas NDRG1-BPAG1e-Plectin triple knockdown cells 

showed restoration of levels of p21 and ΔNp63. This could be another possible mechanism by 

which reduced cell migration was observed upon loss of linker proteins.   

8. MMP9 activity was substantially decreased in BPAG1e-Plectin double knockdown cells, 

whereas it was partially restored in NDRG1-BPAG1e-Plectin triple knockdown cells which 

correlated with results of in vitro invasion assay. 

9. The results in another tongue SCC derived cell line (AW8507) revealed that the role of 

hemidesmosomal linker proteins is not cell line specific. 

In conclusion, this study demonstrates that BPAG1e and/or Plectin play role in cell motility, actin 

organization, cell invasion and tumorigenicity in OSCC derived cells possibly through NDRG1. 

Thus, the current project is a step forward in our quest to understand functional significance of 

aberrant expression of intermediate filaments and their associated proteins and further their use as 

a battery of biomarkers for management of human oral cancer. 
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The cytoskeletal elements of a cell are connected by anchoring junctions to those of its 

neighbouring cell or to the extracellular matrix (ECM). Desmosomes (DSs) are cell-cell 

anchoring junctions, whereas hemidesmosomes (HDs) are cell-extracellular matrix junctions. 

HDs are located at the basal side of epithelial cells, where they link the ECM to the intermediate 

filament (IF) network in the cell. Thus, HDs provide stable adhesion of epithelia to the basement 

membrane and contribute to the resistance to mechanical stress of epithelial tissues (1, 2). There 

are two types of HDs having different protein composition.  The skin and other complex 

epithelia assemble type I HDs, which consist of the α6β4 integrin, plectin, CD151 and the 

bullous pemphigoid antigens BPAG1e (bullous pemphigoid antigen 1e; BP230) and BPAG2 

(bullous pemphigoid antigen 2; BP180). α6β4 integrin, BPAG2 and CD151 are transmembrane 

proteins, while plectin and BPAG1e are located in the cytoplasm. Type II HDs are found in 

simple epithelia such as intestine and are composed of proteins integrin α6β4, plectin and CD151 

(1, 3-5). In case of complex epithelia like skin, α6β4 integrin connects the cells to laminin-5 of 

the basement membrane, whereas plectin and BPAG1e connect the keratin (K) filaments to 

hemidesmosomal junction through α6β4 integrin (1, 2). Mutations in hemidesmosomal proteins 

lead to severe skin blistering disorders (6). Apart from their anchoring function, HDs are 

involved in α6β4 integrin mediated inside-out and outside-in signaling (1). 

BPAG1e and Plectin are members of the plakin family of cytoskeletal linker proteins. 

The fibronectin domain of β4 integrin interacts with N-terminal Plakin domain of BPAG1e and 

Plectin. Interaction of the BPAG1e and plectin with intermediate filaments is mediated by plakin 

repeat domain (PRD) within their -COOH terminus (7-9). Loss of either BPAG1e or Plectin 

expression in mouse keratinocytes results in the formation of blisters (10, 11). These data 

emphasize the importance of plakins in regulating dermal-epidermal adhesion. BPAG1e 
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knockout mice also display impaired wound healing in vivo (10). This result indirectly suggests 

that BPAG1e is a potential regulator of keratinocyte migration. Upregulation of BPAG1e 

expression has been reported in invasive squamous cell carcinomas (12). Further, BPAG1e 

knockdown in normal human epidermal keratinocytes display aberrant cell migration due to 

decreased Rac1 activity (13). Contrary to this, human keratinocytes carrying homozygous 

nonsense mutations in BPAG1e encoding gene show increased spreading and migration (14). 

Other linker protein, Plectin, promotes the migration and invasion of Head and Neck Squamous 

Cell Carcinoma (HNSCC) cells through activation of Erk 1/2 (15). It has been also reported that 

plectin regulates invasiveness in colon carcinoma cells and is targeted to actin rich podosomes 

(16). Moreover, plectin loss in liver cancer cells promotes cell motility (17, 18). In short, HD 

linker proteins can be positive or negative regulators of cell motility depending upon tissue type.  

Keratins are the largest subgroup of intermediate filament proteins expressed in a tissue 

specific and differentiation dependent manner (19, 20). They are obligate noncovalent 

heteropolymers that include at least one type I and one type II keratins which pair together 

during filament formation (19). Aberrant expression of keratin 8/18 (K8/18) has been 

consistently shown in squamous cell carcinomas (SCCs) by different groups including ours (21-

24). Our laboratory has also demonstrated that K8 overexpression leads to neoplastic 

transformation and increased invasive as well as metastatic potential in immortalized but 

nontransformed fetal buccal mucosa (FBM) cell line (25). Subsequent work from our laboratory 

revealed that knockdown of K8 in oral squamous cell carcinoma (OSCC) derived cell line 

(AW13516) resulted in alterations in levels of α6β4 integrin proteins, α6β4 integrin mediated 

signaling, reduction in cell motility, downregulation of cell motility associated protein fascin and 

alterations in actin organization (26). However, the mechanism by which K8/18 modulates β4 



~ 32 ~ 

 

integrin signaling and its downstream events is not yet clear. BPAG1e and Plectin are members 

of the plakin family which anchor the keratin cytoskeleton network to the cell surface via β4 

integrin. Although, the importance of plakins in maintaining tissue integrity is well understood, 

the role of these linker proteins in cell motility and neoplastic progression is not yet well studied.  

 

1.1 Aim: 

Knockdown of BPAG1e and Plectin in oral cancer derived cell lines will enable us to understand 

the role of these proteins in cell motility and delineate one of the possible mechanisms by which 

K8/18 promote cell motility and tumor progression in OSCC.  

 

1.2 Objectives: 

To- 

1.2.1  Knockdown BP230 gene in an oral SCC derived cell line AW13516 using shRNA 

technology. 

4.2.2. Study interactions between keratin 8 and β4 integrin in parental and knockdown cells. 

1.2.3 Carry out phenotypic assays for cell transformation for parental and knockdown cells and 

compare them with K8 knockdown cells. 

1.2.4 Study effects of downregulation of BP230 on polymerization of cytoskeletal elements 

such as actin, keratins and their regulators. 

 

 

 



~ 33 ~ 
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2.1 Hemidesmosomes (HDs): 

The basal layer of epithelial cells is connected to Extracellular matrix (ECM) through 

protein complexes known as hemidesmosomes (HDs). Ultrastructurally, HDs are composed of 

an electron dense structure whose cytoplasmic plaque anchors keratins to the cell surface (1, 2). 

 

Figure 2.1: Schematic representation of hemidesmosomal components. (Adapted from (6)) 

Depending upon the protein composition, there are two types of HDs, type 1 HDs and 

type 2 HDs. The type 1 HDs are comprised of the transmembrane proteins like α6β4 integrin, 

BP180 and CD151 which form the outer plaque of HDs and are present in complex epithelia 

(e.g. skin). The inner plaque of HDs is formed by cytoplasmic linker proteins called BPAG1e 

and plectin (1, 3, 4, 6, 27-29). These linker proteins connect intermediate filament proteins to the 
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transmembrane proteins, which in turn interact with extracellular matrix protein laminin 5 (2). 

Type 2 HDs, which are majorly found in simple epithelia (e.g. intestine) and consist of α6β4 

integrin, plectin and CD151 (1, 3, 4, 6). 

 

2.2 α6β4 integrin: 

Integrins are transmembrane glycoproteins present in HDs which comprise of α and β subunits. 

Mammalian cells contain 14 different α and 8 different β subunits which form heterodimers 

consisting of one α and one β subunit (30). Integrins act as adhesion transmemberane receptors 

and interact with ECM of basal lamina. In epithelial cells, β4 integrin couples exclusively with 

the α6 subunit to form the α6β4 heterodimer, which is important component of HDs (31). Loss of 

either α6 or β4 integrin in the basal layer leads to perturbation in HD formation and failure of 

their adhesion to the basement membrane. β4 subunit of the α6β4 integrin is unique and the 

cytoplasmic domain of this integrin is distinct both in size (approximately 1000 amino acids 

long) and structure, from any other integrin subunits and shown to be involved in signal 

transduction (32-34). Further, the cytoplasmic domain of β4 integrin interacts with various 

kinases and contains various phosphorylation sites which are responsible for signal transduction 

(35). In HNSCC, overexpression of α6β4 integrin has been associated with recurrence and poor 

prognosis (36). Moreover, increased α6β4 integrin expression in non-small cell lung cancer 

(NSCLC) is associated with invasion and decreased overall survival (37). Further, α6β4 integrin 

expression is either up or downregulated in various cancers (12, 38, 39). Moreover, the alteration 

of α6β4 integrin mediated signaling play an important role in the biology of cancer. A number of 

prior studies suggest that β4 integrin signaling promotes tumor cell proliferation, migration, 

invasion and metastasis by different mechanisms e.g. by activating focal adhesion kinase (FAK) 
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and downstream effectors, amplifying receptor tyrosine kinase (RTK) signaling and modulating 

ECM components in different tissues (35, 40). It has been shown that the keratinocytes 

expressing altered keratin filaments displayed reduced activation of Akt and Erk1/2 in response 

to β4 integrin ligation by the activating antibody 3E1 (41). Further, previous study from our 

laboratory reported that K8/18 regulates neoplastic progression by modulating α6β4 integrin 

mediated signaling in an OSCC derived cells (26). Additionally, increased β4 integrin surface 

levels upon vimentin knockdown in OSCC derived cells resulted in strong adhesive contacts 

which manifested into decreased motility (42).  

 

2.3 CD151: 

CD151 is expressed by a variety of epithelial and mesenchymal cells, including hematopoietic 

cells and myocytes. In the skin, it is expressed in the basal keratinocytes (43). CD151 is a 

member of the tetraspanin superfamily. These proteins intersect the plasma membrane four times 

(44, 45). CD151 contains one small and one large extracellular loop with short cytoplasmic 

carboxy and amino terminal domains. The large extracellular loop is thought to be involved in 

the binding to integrins (46). CD151 plays a role in a variety of biological processes such as cell 

adhesion (47, 48), cell migartion (46) and cell invasion (49). Furthermore, CD151 plays role in 

tumor neovascularization (50), actin reorganization (51) and epithelial mesenchymal transition 

(EMT) (52). 

 

2.4 BPAG2 (BP180, COL17A): 

BPAG2 was first identified as an antigen that reacted with autoantibodies of patients suffering 

with the disease bullous pemphigoid (BP) (53, 54). Mutations in the BPAG2 encoding gene 
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(COL17A) resulted in reduced epidermal adhesion and skin blistering (55). BPAG2 is expressed 

in stratified, pseudostratified and transitional epithelia (56). BPAG2 is a homotrimeric 

transmembrane protein which consists in three collagen alpha-1chains that are characterized by a 

globular intracellular domain, a short transmembrane stretch and an extracellular C-terminal 

domain composed of 15 collagen repeats separated by 16 noncollagenous subdomains (57). 

BPAG2 has been shown to contain multiple binding sites for plectin, BPAG1e and β4 integrin in 

its cytoplasmic domain and α6 integrin as well as laminin 5 in the extracellular domain (8, 58, 

59). It has been shown that BPAG2 lacking keratinocytes display increased migratory phenotype 

(60). Moreover, BPAG2 expression correlates with the invasion and metastasis of colorectal 

cancer (61). Further, BPAG2 is necessary for activation of signaling pathways, motile behavior 

and lamellipodial stability in keratinocytes (62). Recent studies have demonstrated that the 

BPAG2 expression is essential for the survival and function of cancer stem cells in colon and 

lung cancers (63, 64). 

 

2.5 Plakin family proteins:  

Plakin family proteins are the cytolinker proteins which connect cytoskeletal elements to 

junctional complexes such as desmosomes and hemidesmosomes. Desmoplakin, plectin, bullous 

pemphigoid antigen 1, envoplakin, periplakin, epiplakin and microtubule actin crosslinking 

factor are known plakin family proteins (65). The N-terminal plakin domain is a defining feature 

of plakin family proteins (except epiplakin). The plakin domain is comprised of a number of 

subdomains namely NN, Z, Y, X, W and V which are rich in α-helical structures. The plakin 

domain is important for interaction between plakins and specific cell junctions such as HDs (8). 

The central coiled-coil rod domain, which has heptad repeats, is important for dimerization of 
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plakins. The C-terminus of plakins varies as per plakin type and is composed of either plakin 

repeat domains (PRD) or spectrin repeats. The PRD consists of one or many A, B, C subdomains 

which interact with intermediate filament proteins (7, 66). 

 

2.6 Hemidesmosomal linker proteins: 

2.6.1 BPAG1e (BP230): 

BP230 protein is encoded by the DST gene.  Based on alternative splicing of the gene, there are 

several isoforms, namely BPAG1n, BPAG1e, BPAG1a and BPAG1b. These alternatively spliced 

products show tissue specific distribution. BPAG1e (306kDa) is a major isoform expressed in 

epidermis. BPAG1n (344 kDa), also known as dystonin, is expressed in neurons. BPAG1a (615 

kDa) is expressed mostly in pituitary primordia and the dorsal root ganglia (DRG). Muscle 

specific isoform BPAG1b (824 kDa) is the largest isoform of BP230. BPAG1e consists of a 

coiled-coil rod domain flanked by a plakin domain and a PRD comprising of B and C 

subdomains. BPAG1e lacks N-terminal actin binding domain (ABD) and therefore cannot 

interact with actin filaments. The B and C subdomains of PRD, including the intervening linker 

region, are required for the interaction with intermediate filament proteins (7, 67).  

2.6.2 Plectin: 

Plectin can interact with all three forms of cytoskeletal proteins. It is expressed in various tissues 

except for certain neurons (68, 69). Plectin is encoded by the PLEC1 gene. Due to alternative 

splicing of the 5’ end of PLEC1 gene, there are several isoforms of plectin having molecular 

weight more than 500 kDa. These isoforms show tissue specific expression pattern. For example, 

1, 1a and 1c isoforms of plectin are expressed in epidermis. Amongst these, plectin 1a is 

predominantly expressed in HDs (70-72). The N-terminus of plectin interacts with actin 
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filaments by virtue of its actin binding domain (ABD). It has been shown that ABD of plectin 

preferentially interacts with β4 integrin rather than actin (73). Plectin comprises of 6 PRDs (5 B 

subdomains and 1 C subdomain). C-terminal Glycine-Serine-Arginine (GSR) domain of Plectin 

is required for its interaction with microtubules (74).  

 

Figure 2.2: Schematic representation of structural domains of hemidesmosomal linker 

proteins. (Adapted from (6)) 

 

2.7 Interactions mediated by hemidesmosomal linker proteins: 

The C-terminal plakin repeat domain of BPAG1e and plectin interacts with intermediate 

filaments, whereas the N-terminal plakin domain of these linker proteins interacts with the 

fibronectin domain of β4 integrin (7-9). However, the β4 integrin binding site for plectin and 

BPAG1e is different (8). A stretch of 85 amino acids located in N terminus of BP180 is essential 

for its binding to plakin domain (Y subdomain) of BPAG1e and plectin. The binding sites on β4 
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integrin for BPAG1e and plectin are different from those involved in the binding to BP180 (8, 

75). There are reports stating the importance of phosphorylation status of plectin in plectin-

cytoskeletal protein interaction. The phosphorylation at specific serine/ threonine residues of 

plectin results in weakening of plectin-cytoskeletal protein association (76-78).  

 

2.8 Events involved in Type I HD assembly:  

α6β4 integrin and its ligand laminin 5 play a crucial role in the hemidesmosomal assembly (79-

82). The large cytoplasmic domain of the β4 integrin contains two pairs of fibronectin type III 

(FNIII) repeats separated by a connecting segment (CS), which is essential for the HD formation 

(83, 84). The first pair of FNIII repeat and the first 35 residues (1321-1355) of the CS of the β4 

integrin interact with ABD of plectin, which marks the primary interaction between plectin and 

β4 integrin (59, 85, 86). Furthermore, the plakin domain of plectin also interacts with the C-

terminal part of CS and region following fourth the FNIII repeat of β4 integrin (87). In another 

study, it has been shown that plectin is involved in localization of chimeric β4 integrin lacking 

extracellular domain into HDs, suggesting that HD formation can take place in absence of α6β4 

integrin-laminin 5 interaction (84). It is not yet clear whether the β4 integrin regulates the 

distribution of plectin to HDs or the plectin is key molecule for localization of β4 integrin into 

HDs. Interestingly, in absence of β4 integrin-plectin interaction, BPAG1e and BPAG2 do not get 

incorporated efficiently into HDs (8, 88). These reports confirmed that interaction of the β4 

integrin with plectin is essential for HD formation to take place and occurs before BP antigens 

get recruited into HDs. The colocalization of CD151 with α3β1 integrin in pre-hemidesmosomal 

structures has been demonstrated in β4 integrin deficient pyloric atresia with junctional 

epidermolysis bullosa (PAJEB) cells. On the other hand, β4 integrin transfected PAJEB cells 
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showed enhanced surface expression of CD151 (4). This process occurs only when the α6 

subunit is associated with the β4 subunit. It is possible that CD151 incorporation into HDs 

occurs after α6β4 integrin and plectin interaction. BPAG2 can interact with laminin 5 amd α6 

integrin via its extracellular domain, while it interacts with β4 integrin, plectin and BPAG1e by 

virtue of large collagenous cytoplasmic domain (58, 59, 89-92). Reports have demonstrated that 

efficient localization of BPAG2 into HDs may be dependent on its interaction with both β4 

integrin and plectin (59, 91). Further, BPAG1e interacts with the β4 integrin and BPAG2 to get 

stabilized into HDs (8, 75, 92). There are conflicting reports regarding incorporation of BP 

antigens into HDs. One of the studies indicates that BPAG2 plays an important role in BPAG1e 

localization in HD plaque. BPAG2 deficient general atrophic benign epidermolysis bullosa 

(GABEB) keratinocytes form HDs lacking BPAG1e, indicating that BPAG2 may play a critical 

role in coordinating the subcellular distribution of BPAG1e (92). Contrary to this, transfection 

studies have shown that BPAG1e can associate with α6β4 integrin even in the case of altered 

BPAG2 localization (75).  

 

2.9 Animal models:  

2.9.1 BPAG1 null mouse:  

In BPAG1 ablated mice, HDs appeared normal but hemidesmosomal inner plate was absent. 

Furthermore, IF proteins were not attached to HDs due to which skin blistering was observed in 

BPAG1 null mice. These mice survived for 4-5 weeks. The localization of other 

hemidesmosomal proteins was unaffected upon BPAG1 ablation. The mice also developed 

severe dystonia, myopathy and sensory nerve degeneration (10). This phenotype was observed 
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due to inactivation of BPAG1a and BPAG1b, which are expressed in neurons and skeletal 

muscles respectively (67).  

2.9.2 Plectin null mouse:  

The cell degeneration was observed in plectin knockout mice. In these knockout mice, the dermis 

was separated from the epidermis and hence severe skin blistering was observed. The plectin null 

mice survived only for 2-3 days after birth due to severe skin blistering. Ultrastructurally, the 

DSs and HDs were appeared to be normal. However, levels of β4 integrin and the number of 

HDs were significantly decreased, indicating that plectin has role in a HD formation. Plectin null 

mice displayed unaltered keratin filament formation indicating that in the absence of Plectin, 

BPAG1e may anchor keratins. Moreover, plectin null mice developed myopathy in the skeletal 

muscle and disintegration of intercalated discs in the heart (11).  

Altogether, these in vivo studies suggest that hemidesmosomal linker proteins are important for 

mechanical strengthening of the cell. 

 

2.10 Functions of HD linker proteins: 

2.10.1 BPAG1e and cell migration: 

BPAG1e null animals displayed impaired wound healing in vivo. The keratinocytes of BPAG1e 

null mice were not flattened, unlike those of normal migrating keratinocytes. These defects in 

migration may be attributed to delay in initiation of migration of epidermal keratinocytes (10). 

This study indirectly implicates the role of BPAG1e in keratinocyte migration. One of the reports 

has shown that BPAG1e ablation in keratinocytes resulted in aberrant motility and loss of front 

to rear polarity. These defects were rescued by inducing expression of constitutively active Rac1 

or active cofilin. Further, immunofluorescence studies have shown that BPAG1e and β4 integrin 
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colocalize at the leading edge of migrating keratinocytes, indicating that β4 integrin associated 

BPAG1e may have a role in keratinocyte migration (13). A subsequent report from the same 

laboratory has demonstrated that BPAG2 plays a role in cell motility and lamellopodial stability 

by recruiting BPAG1e to α6β4 integrin at the leading edge of the migrating keratinocytes (62). 

On the other hand, Michael et al have shown reduced adhesion but increased spreading and 

migration in human keratinocytes carrying homozygous nonsense mutations in BPAG1e 

encoding gene. Further, altered levels of K14, β4 integrin and β1 integrin were observed in these 

keratinocytes, although Michael et al failed to reproduce similar findings in BPAG1e deficient 

normal keratinocytes (14). Thus, it is difficult to conclude from these reports whether BPAG1e is 

a positive or negative regulator of cell motility. 

2.10.2 BPAG1e and cancer:  

It has been reported that advanced melanoma patients show higher levels of autoantibodies 

against BPAG1e in serum. Thus, it can prove as potential biomarker for melanomas (93). In 

another study, upregulation of BPAG1e and α6β4 integrin expression has been reported in 

invasive squamous cell carcinomas. Interestingly, pericellular localization of these proteins was 

observed (12). Contrary to this, Lo et al have reported decreased expression of hemidesmosomal 

components including BPAG1e in nasopharyngeal carcinoma as compared to non-malignant 

nasopharyngeal epithelia (94). Thus, BPAG1e shows tissue dependent alterations during cancer 

development. 

2.10.3 Plectin and cytoskeletal stability:  

The destabilization of cellular integrity was more severe in plectin null mice as compared to 

BPAG1e null mice. This can be attributed to the fact that Plectin can interact with all three forms 

of cytoskeletal proteins. Plectin 1, 1a and 1c are expressed in human keratinocytes, out of which 
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only 1a isoform localizes specifically at the site of HDs. Moreover, only 1a isoform was capable 

of rescuing hemidesmosomal defects in plectin ablated keratinocytes (71). It is also reported that 

plectin 1c plays major role in a microtubule (MT) destabilization and hence decreased 

microtubule dynamics. Further, plectin 1c mediated MT instability led to changes in cell shape, 

nonpolarized cell migration, smaller sized focal adhesion contacts, higher glucose uptake and 

mitotic spindle aberrations combined with reduced growth rates of cells. The plectin-MT 

interaction antagonizes functions of microtubule associated proteins (MAPs), which are involved 

in MT stability and assembly (95). Moreover, altered actin cytoskeleton was observed in plectin 

ablated cells as compared to wild type cells (96). These reports suggest that plectin plays role in 

both microtubule and microfilament destabilization.  

2.10.4 Plectin, cancer and cell signaling:  

Several studies indicate that plectin can be used as a potential biomarker in various cancerous 

conditions (15, 97-99). The transient knockdown of plectin resulted in decreased proliferation, 

migration and invasion of HNSCC cells. Moreover, plectin knockdown cells displayed reduced 

levels of phosphorylated Erk. Investigators have argued that a decrease in cell migration and 

invasion may be attributed to a decrease in activity of Erk. The exact mechanism by which these 

phenotypic changes took place is unclear. In addition, an inverse relation between plectin 

expression in HNSCC and survival rate of patients has been shown (15). In another study, loss of 

plectin in colon carcinoma cells resulted in impairment of cell migration and adhesion. In 

invasive colon carcinoma cells, plectin 1k expression was observed in actin rich podosome 

structures. Plectin knockdown inhibited assembly of these actin rich structures. Further, actin 

rich structures were reformed upon transfection of Plectin 1k N-terminus, indicating that plectin 

1k has a role in podosome formation (16). Additionally, increased cell motility was observed 
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upon transient knockdown of plectin in hepatocellular carcinoma derived cells. The increased 

motility was attributed to FAK and Rac1 activity (18). In another study, gene expression 

profiling has revealed upregulation of plectin and vimentin, in highly metastatic bladder cells as 

compared to low metastatic bladder cells. A dissociation of plectin-vimentin interaction in 

invasive bladder cancer cells resulted in impairment of invadopodia formation, reduced ECM 

degradation and metastasis (100). The cell surface localization of plectin has been observed in 

pancreatic ductal adenocarcinoma (PDAC), which may be the result of trafficking through 

exosomes. The presence of plectin in exosomes from the serum of PDAC animals indicated that 

plectin can act as a potential serum marker (101).  

 

2.11 Intermediate filaments: 

The cytoskeleton of all mammalian cells is comprised of three distinct filamentous networks: 

microtubules (MTs), microfilaments (MFs) and intermediate filaments (IFs). 10 nm wide 

intermediate filaments (IFs) were first described in skeletal muscle (102). IFs function as 

cytoskeletal scaffolds in the nucleus and cytoplasm of most eukaryotic cells (103, 104). Unlike 

MTs and MFs, IFs are highly insoluble structures and are resistant to detergent action as well as 

high and low ionic salt concentration. Further, they have been found to be highly dynamic in 

spite of their insoluble nature.  

 

2.12 IF Structure: 

IF proteins consist of a characteristic tripartite structure, which includes a coiled coil α-helical 

central rod domain and the flanking N terminal (head) and C terminal (tail) domains at either end 

of the rod domain. The central rod domain contains heptad repeats of (abcdefg)
n
 of apolar 
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residues. The rod domain is further subdivided into 1A, 1B, 2A and 2B which are separated by 

non-helical 8–17 amino acid linker (L1, L12, L2) stretches. The non helical end domains (head 

and tail domains) are also divided into subdomains based on homologous (H), variable (V) or 

end (E) sequences. The differences observed in length and primary structure of head and tail 

domains are responsible for the heterogeneity observed in all IF proteins (103, 105, 106).   

 

2.13 IF Classification: 

Intermediate filament proteins are further subdivided into 6 subgroups, based on the amino-acid 

sequence identity and polymerization properties (Table 2.1). They are preferentially expressed in 

a tissue specific and differentiation dependent manner. Unlike other IFs which are known to 

form homopolymers, keratins and neurofilaments form hetropolymers. Keratins (acidic and 

basic) are grouped in type I and II, whereas Vimentin, Desmin, Glial Fibrillary Acidic Proteins 

(GFAPs) and peripherin are grouped in Type III. Further, Neurofilaments and Nestin are grouped 

into Type IV, the nuclear lamins as type V and Phakinin, Filensin as orphans. Type I-IV and VI 

IFs are localized in the cell cytoplasm while the type V forms the cytoskeleton of the nucleus 

(104, 105, 107).  

 

Table 2.1: Classification of IFs based on their type and cell-type specificity (107) 
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2.14 Keratins: 

Keratins are the largest subgroup of intermediate filament proteins. They are obligate 

noncovalent heteropolymers that include at least one type I and one type II keratins which pair 

together during filament formation (19, 105). They are encoded by a large multigene family of 

more than 60 individual members which are identified from the human genome sequence 

analysis. 53 of them are found to be functional genes. Expression of 37 different polypeptides of 

keratins has been reported in different human epithelial tissues (20). Keratins are divided into 

type I acidic keratins (K9-K28, K31-K40 ) and type II basic keratins (K1-K8, K71-K86) on the 

basis of their biochemical properties such as molecular weight and isoelectric point (108, 109). 

They are expressed in all epithelial cells from the single layered epithelia of most internal organs 

(simple epithelium) to the complex multi layered epithelium (stratified epithelium) of the 

epidermis. e.g. K8/18 pair is expressed in simple epithelial cells like hepatocytes, whereas K5/14 

pair is expressed in stratified squamous epithelia like skin (20). In stratified epithelia, keratins 

exhibit a complex expression pattern, which is tightly regulated during keratinocyte 

differentiation. The K5/14 pair is expressed in the basal proliferating layer of these epithelia. As 

these cells move upward and differentiate, K5/14 levels are gradually reduced and expression of 

new pair of keratins is induced depending upon the tissue type. Differentiating cells express 

K1/10 in skin, K4/13 in internal stratified epithelia such as esophagus and K3/12 in corneal cells 

(110). 
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2.15 Keratin 8/18:  

K8 and K18 are expressed in all simple epithelial cells. They are involved in several regulatory 

functions which include modulation of protein localization, targeting, trafficking and synthesis 

(19, 111, 112). Aberrant expression of K8/18 is observed in case of SCCs including OSCC, 

where their aberrant expression has been correlated with aggressiveness of the tumor and poor 

prognosis (21-24). Transgenic mice expressing human K8 in the epidermis have a dramatic 

increase in the progression of papillomas towards malignancy (113). Further, overexpression of 

K8 and K18 in human melanoma cells led to increased migration and invasion (114). Mouse 

fibroblasts expressing K8/18 filaments showed higher migratory and invasive ability (115). 

Previous work in our laboratory has shown that K8 overexpression led to neoplastic 

transformation and increased invasive and metastatic potential in fetal buccal mucosal (FBM) 

cells (25). Further, loss of keratins 8/18 led to alterations in α6ß4 integrin mediated signaling and 

decreased neoplastic progression in an OSCC derived cell line (26). On the other hand, 

overexpression of K8 in an invasive breast cancer cell line resulted in significant decrease in 

motility, invasion and tumorigenicity (116). Similarly, Fortier et al have shown that K8/18 loss 

in epithelial cancer cells promotes cell migration (117). Recently, it has been reported that high 

K8 expression promotes tumor progression and metastasis of gastric cancer (118). Altogether, 

these reports suggest that role of K8/18 is context dependent.  

 

2.16 Fascin:  

Fascin is an actin bundling protein which is highly conserved in both vertebrates and 

invertebrates. There are three isoforms of fascin observed in mammals, fascin-1 (fascin-1 is 

referred here as fascin), fascin-2 and fascin-3 (119). Fascin is expressed during embryogenesis in 
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neural and mesenchymal tissues. In adults, it is largely restricted to specific tissues which include 

brain, endothelium and testis. Fascin expression is either low or absent in adult epithelia and is 

often upregulated in several types of epithelial cancers including breast, ovary, skin, pancreas, 

liver and oral cancer (120-124). It plays an important role in the organization of actin based 

structures such as filopodia, lamellipodia, invodopodia and microvilli (125, 126). It has been 

reported that, fascin promotes growth and migration of non small cell lung cancer (NSCLC) cells 

(127). Additionally, fascin has been shown to promote invasiveness of the colon and esophageal 

carcinoma derived cells (128, 129). Further, fascin regulates actin polymerization, cell motility, 

invasion and tumorigenicity in K8 knockdown OSCC cells (26). 

 

2.17 NDRG1: 

N-myc downstream regulated gene 1 (NDRG1) is metastatic suppressor protein which is also 

known as Drg1, RTP, Rit42 or Cap43. NDRG1 is a 43 kDa protein, which is highly conserved 

among multicellular organisms (130, 131). It is predominantly expressed in cytoplasm of most of 

the epithelial tissues, whereas nuclear localization of NDRG1 is observed in prostate epithelial 

cells. Further, NDRG1 is found to be associated with plasma membrane in intestinal and 

lactating breast epithelia. Moreover, NDRG1 is associated with mitochondrial inner membrane 

in kidney (130, 132). NDRG1 functions as a metastasis suppressor in numerous cancers 

including breast, prostate, colon, pancreatic and oral cancer (133-137). Further, Fotovati et al 

have reported that NDRG1 could be used as differentiation marker of breast cancer (138). 

Moreover, decreased expression of NDRG1 resulted in enhanced cell invasiveness, proliferation 

and tumorigenesis of OSCC derived cells (137). Furthermore, NDRG1 overexpression in human 

prostate and colon cancer cells inhibited cell migration by preventing actin filament 
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polymerization, stress fiber assembly via ROCK1/pMLC2 pathway (139). In prostate and lung 

cancer cells, NDRG1 significantly suppressed cell migration by modulating p21 levels (140). 

Moreover, NDRG1 negatively regulated gastric cancer cell invasion through decreased MMP 

activity (141, 142). Recently, it has been demonstrated that loss of NDRG1 in prostate cancer 

cells leads to reduced actin mediated cell migration, while it results increased cellular invasion 

(143). It has been shown that NDRG1 loss promotes epithelial-mesenchymal transition of 

colorectal cancer via NF-κB signaling (144). NDRG1 also promotes the stemness like properties 

of NSCLC cells by stabilizing c-Myc. Further, NDRG1 is negatively associated with lung cancer 

progression and prognosis (145). NDRG1 also regulates apoptosis of colorectal cancer cells via 

increased ubiquitination of Bcl-2 (146).  

 

Several studies have shown that HD linker proteins are not present in the cells only to anchor 

specific proteins, but that they have functional  role in various cellular processes including cell 

motility, invasion etc (13-15, 17, 18, 71, 100). Further, the previous data from our laboratory 

suggests that K8/18 pair promotes cell motility and tumor progression by deregulating β4 

integrin signalling and its downstream events in OSCC (26). Thus, it will be relevant to dissect 

the role of hemidesmosomal linker proteins (BPAG1e and Plectin) in K8 mediated regulation of 

cell motility and neoplastic progression. 
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3.1 Routine maintenance of cell lines: 

The human tongue SCC derived cell lines AW13516 and AW8507 were previously established 

in Cancer Research Institute, Tata Memorial Centre, Parel, Mumbai, India (147). The cells were 

cultured in Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 10% fetal bovine 

serum (FBS) and antibiotics under a 5% CO2 atmosphere at 37°C. HEK 293FT cells, used for 

lentivirus production, were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% FBS and antibiotics under a 5% CO2 atmosphere at 37°C.  

 

3.2 Reagents: 

a) Phosphate Buffered Saline (PBS): (150 mM NaCl, 2 mM KCl, 8 mM Na2HPO4, 1 mM 

KH2PO4.) The buffer was 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 

filter (Whatman, GE healthcare, Germany). 1 ml of the filtered trypsin was added to the sterility 

test medium and kept at room temperature (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% Dimethyl sulfoxide (DMSO). 

e) IMDM and DMEM: Powdered medium was dissolved in 800 ml of water. For DMEM, 3.7 g 

of sodium bicarbonate per liter was added and the pH of medium was adjusted to 6.8. For 

IMDM, 3.024 g of sodium bicarbonate per liter was added. The volume was made up to 1000 ml. 

The media were filtered using Millipore assembly with 0.45 μM membrane filter. 

f) Complete medium: DMEM or IMDM with 10% FBS and 1% antibiotic solution (Anti-Anti 

100X, Life technologies, USA) 
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g) Sterility test medium: 14.9 g of Fluid-Thioglycolate was dissolved in approximately 300 ml of 

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. 

Other reagents with their particulars are described in Table 3.1. 

Reagents Catalogue Company Country 

Acetonitrile (ACN) 34851 Sigma USA 

Agarose GX-40005 Puregene India 

Agarose, low melting point A9414 Sigma USA 

Ammonium persulphate (APS) 28575 SRL India 

Antibiotic-Antimycotic solution (100X) 15240-062 Life technologies USA 

Bovine Serum Albumin (BSA) A7906 Sigma USA 

Brilliant blue R B7920 Sigma USA 

Calcein AM C1430 Life technologies USA 

Calpeptin 03-34-0051 Calbiochem USA 

Cesium chloride C4036 Sigma USA 

Crystal violet RM 114 Himedia India 

Diaminobenzedine (DAB) D5637 Sigma USA 

4',6-diamidino-2-phenylindole (DAPI) D9542 Sigma USA 

Diethyl pyrocarbonate (DEPC) D5758 Sigma USA 

Dimethyl sulfoxide (DMSO) D2650 Sigma USA 

1, 4-Dithioerythritol (DTT) D8255 Sigma USA 

DNA ladder (50 bp) SM1133 Thermo scientific USA 

DNA ladder (1 kb) SM0311 Thermo scientific USA 

D.P.X. mountant 61803502500

1730 

Merck India 

Dulbecco's modified eagle’s medium 

(DMEM) 

12800-017 Life technologies USA 

Empigen   45165 Fluka Italy 

Epidermal growth factor (EGF) PHG0311L Invitrogen USA 

Erythrocin B 200964 Sigma USA 
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Ethylenediaminetetraacetic acid (EDTA) 

disodium salt 

E5134 Sigma  USA 

Ethylene glycol bis(β-aminoethyl ether)-

tetraacetic acid (EGTA) tetrasodium salt 

E8145 Sigma  USA 

Fetal Bovine Serum (FBS) 16000-044 Life technologies USA 

FITC conjugated phalloidin P5282 Sigma  USA 

Fluid Thioglycollate medium  M009 Himedia India 

Folin and ciocalteus phenol reagent 39520 (062015) SRL India 

G418 5.09290.0003 Calbiochem USA 

Gelatin G8150 Sigma  USA 

Glycerol 20118 SDFCL India 

Glycine 66327 SRL India 

HEPES H4034 Sigma  USA 

Hydrogen peroxide 18755 Fisher Scientific  

 

India 

Hygromycin B 10687-010 Invitrogen USA 

Iscove's Modified Dulbecco's Medium 

(IMDM) 

12200-036 Life technologies USA 

2-Mercaptoethanol (BME) M3148 Sigma  USA 

Matrigel 354234 BD Biosciences USA 

Nonidet P-40 N6507 Sigma USA 

Optical adhesive covers 4360954 Life technologies USA 

1,4-Piperazinediethanesulfonic acid (PIPES) P1851 Sigma USA 

Polybrene H9268 Sigma USA 

Poly-L-lysine P8920 Sigma USA 

Ponceau S P3504 Sigma USA 

Prestained protein ladder PG700-

0500PI 

Puregene India 

Protease inhibitor cocktail 539131 Calbiochem USA 

Protein G-sepharose P3296 Sigma USA 

Puromycin P8833 Sigma USA 

PVDF membrane RPN303F GE Healthcare UK 

Revert Aid  First Strand cDNA synthesis Kit K1622 Thermo Scientific USA 
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RhoA / Rac1 / Cdc42 Activation Assay 

Combo Biochem Kit 

 

BK030 Cytoskeleton Inc. USA 

Sodium chloride 7647-14-5 Fisher Scientific  

 

India 

Sodium dodecyl sulfate (SDS) L3771 Sigma USA 

SYBR Green PCR Master Mix 4367659 Applied Biosystems USA 

Tetramethylethylenediamine (TEMED) T9281 Sigma USA 

Thiazolyl Blue Tetrazolium Bromide (MTT) M2128 Sigma USA 

TRI reagent T9424 Sigma USA 

Trizma base T8524 Sigma USA 

Trypsin T4799 Sigma USA 

Tween 20 76368 SDFCL India 

Vectashield mounting medium H-1000 Vector Laboratories USA 

Vectastain Elite ABC kit PK-6200 Vector Laboratories USA 

WesternBright
TM

 ECL HRP substrate K-12045 Advansta USA 

Table 3.1: List of reagents with their particulars. 

 

3.3 Revival of cells: 

The vial containing cells preserved in liquid nitrogen 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 was centrifuged for 10 minutes at 1000 rpm at RT. The supernatant was 

discarded and the pellet was dislodged by tapping and resuspended in 1ml of complete medium. 

The suspension was dispensed into tissue culture plate which was then incubated in a humidified 

CO2 (5%) incubator at 37ºC. 
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3.4 Subculture/Trypsinization and transfer of cells: 

The cells were washed with 1X PBS twice. Trypsin-EDTA was added to the culture plate. The 

plate was incubated till the cells were partially detached. Complete medium was added to inhibit 

the trypsin activity into the plate containing detached cells. The resulting cell suspension was 

mixed by pipette to make a single cell suspension. The suspension was dispensed in tissue 

culture plate, which was then incubated in humidified CO2 (5%) incubator at 37ºC. 

 

3.5 Freezing and cryopreservation of cells: 

Log phase cells were trypsinized and single cell suspension was obtained. After noting the total 

cell count, the cell suspension was spun at 1000 rpm for 10 minutes at RT. During 

centrifugation, freezing media (90% FBS and 10% DMSO) was prepared. 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 cell suspension was then transferred to freezing 

vials which were placed in -80 ºC for 24 to 48 hrs. Subsequently, they were kept in liquid 

nitrogen freeze boxes at -196ºC for long term storage. 

 

3.6 Plasmids and cloning: 

The pLKO1.puro (plasmid #10878), pLKO1.neo (plasmid #13425) and pLKO1.hygro (plasmid 

#24150) plasmids were purchased from Addgene, USA. The pLKO1.puro plasmid containing 

shRNA sequence against BPAG1e was gifted by Dr. Jonathan Jones, Washington State 

University, USA (Table 3.2). shRNA sequences against Plectin and NDRG1 were designed and 

cloned in pLKO1.neo and pLKO1.hygro plasmids respectively (Table 3.3 and 3.4). BPAG1e-

Plectin double knockdown was generated by transducing lentivirus encoding shRNA against 
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BPAG1e in Plectin knockdown cells. NDRG1-BPAG1e-Plectin triple knockdown was generated 

by transducing lentivirus encoding shRNA against NDRG1 in BPAG1e-Plectin double 

knockdown cells. The empty vector backbone was used to generate the respective vector control 

clones. 

Oligo name Length Target site shRNA sequence (5’-3’) 

Sh1_Fw 

 

Sh1_Re 

58 121-139 CCGGAGTTATAGTTACCGTAGCACTCGAGTGCT

ACGGTAACCTATAACTTTTTTG 

AATTCAAAAAAGTTATAGTTACCGTAGCACTCG

AGTGCTACGGTAACCTATAACT 

Sh2_Fw 

 

Sh2_Re 

58 570-588 CCGGTTCTTCTGTGTACAGCAAACTCGAG 

TTTGCTGTACACAGAAGAATTTTTG 

AATTCAAAAATTCTTCTGTGTACAGCAAACTCG

AGTTTGCTGTACACAGAAGAA 

Sh3_Fw 

 

Sh3_Re 

62 4783-4801 CCGGAATGAAGAATTGGAGAAAACTCGAGTTTT

CTCCAAATTCTTCATT TTTTTG 

AATTCAAAAAAATGAAGAATTGGAGAAAA 

CTCGAGTTTTCTCCAAATTCTTCATT 

Sh4_Fw 

 

Sh4_Re 

62 7000-7018 CCGGAAGCAAGCTCTGTATTACTCTCGAGAGTA

ATACAGAGCTTGGCTT TTTTTG 

AATTCAAAAAAAGCAAGCTCTGTATTACT 

CTCGAG AGTAATACAGAGCTTGGCTT 

Table 3.2: List of BPAG1e shRNA sequences along with their target site 
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Oligo name Length Target site Sequence (5’-3’) 

Sh1_Fw 

 

Sh1_Re 

58 221-241 CCGGGGGCCTCTGAGGGCAAGAAAGCTCGAGC

TTTCTTGCCCTCAGAGGCCCTTTTTG 

AATTCAAAAAGGGCCTCTGAGGGCAAGAAAGC

TCGAGCTTTCTTGCCCTCAGAGGCCC 

Sh2_Fw 

 

Sh2_Re 

58 2290-2310 CCGGAACGCTGCCTACTTTCAGTTCCTCGAGGA

ACTGAAAGTAGGCAGCGTTTTTTTG 

AATTCAAAAAAACGCTGCCTACTTTCAGTTCCT

CGAGGAACTGAAAGTAGGCAGCGTT 

Sh3_Fw 

 

Sh3_Re 

62 6718-6740 CCGGGAGACCGACCACCAGAAGAACCTCTCGA

GAGGTTCTTCTGGTGGTCGGTCTCTTTTTG 

AATTCAAAAAGAGACCGACCACCAGAAGAACC

TCTCGAGAGGTTCTTCTGGTGGTCGGTCTC 

Sh4_Fw 

 

Sh4_Re 

62 10831-10853 CCGGGAAGAGACACAGATCGACATTCCCTCGAG

GGAATGTCGATCTGTGTCTCTTCTTTTTG 

AATTCAAAAAGAAGAGACACAGATCGACATTCC

CTCGAGGGAATGTCGATCTGTGTCTCTTC 

Table 3.3: List of Plectin shRNA sequences along with their target site 

 

Oligo name Length Target site Sequence (5’-3’) 

Sh1_Fw 

 

58 175-195 CCGGCAGGACATCGAGACTTTACATCTCGAGAT

GTAAAGTCTCGATGTCCTGTTTTTG 
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Sh1_Re AATTCAAAAACAGGACATCGAGACTTTACATCT

CGAGATGTAAAGTCTCGATGTCCTG 

Sh2_Fw 

 

Sh2_Re 

58 741-761 CCGGCCTGCACCTGTTCATCAATGCCTCGAGGC

ATTGATGAACAGGTGCAGGTTTTTG 

AATTCAAAAACCTGCACCTGTTCATCAATGCCT

CGAGGCATTGATGAACAGGTGCAGG 

Table 3.4: List of NDRG1 shRNA sequences along with their target site 

 

3.7 Preparation of ultra-competent E. coli DH5α cells: 

Super Optimal Broth (SOB) (Tryptone 6 g, Yeast extract 1.5 g, NaCl 0.15 g, KCl 5.6 g) was 

prepared and sterilized. 5 ml of 2M MgCl2 solution was sterilized separately and added to SOB 

just before use. A single colony of DH5α strain of E. coli, from an overnight grown LB agar 

plate was inoculated into SOB for competent cells preparation. The flask was incubated at 18
º
C 

at 80-100 rpm till optical density (OD) at 600 nm reaches to 0.4. OD was checked at regular 

intervals by taking out 1 ml of growing culture in aseptic conditions by using spectrophotometer. 

The culture was centrifuged at 3000 rpm for 15 minutes at 4
º
C when OD reaches 0.4 units. The 

supernatant was discarded and one third volume of ice cold transformation buffer (0.3g PIPES, 

0.22g CaCl2-2H20, 1.86g KCl, 1.09g MnCl2, pH 6.7-6.8) was added slowly onto the pellet. Cell 

pellet was resuspended in transformation buffer with gentle pipetting for 5-10 minutes and was 

incubated on ice for additional 10 minutes. Care was taken to avoid any bubbling during re-

suspension of cell pellet. After incubation,  the cell suspension was centrifuged at 3000 rpm for 

15 minutes at 4
0
C and cell pellet was resuspended in 16 ml of Transformation buffer (1/12.5 

volume of initial culture volume i.e. for 200ml) as described in the earlier step. Further, 1.12 ml 
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of DMSO (final concentration of 7%) was slowly added on the walls of suspension tubes slowly 

and was mixed by shaking or by gentle pipetting. This solution was then aliquoted in volumes of 

100µl in sterilised vials and snap-freezed in liquid nitrogen as quickly as possible. The ultra-

competent cell vials were kept at -80
0
C and were taken out on ice just before use.  

 

3.8 Transformation: 

The ultra-competent cells were transformed with the plasmid vector of interest. The ligated 

plasmid mixture was added to thawed competent cells and kept on ice for 30 minutes. Then, the 

cells were placed at 42ºC (water bath) for exactly 90 seconds and subjected to cold shock on ice 

for 5 minutes. The cells were then mixed with 1 ml of sterile Luria-Bertani (LB) broth and 

incubated at 37ºC for 60 minutes in a shaker incubator. The cells were spun at 5000 rpm for 5 

minutes. The pellet was resuspended in 200 μl of LB broth and spread on to LB agar plate and 

incubated for 16 hours at 37ºC. 

 

3.9 Plasmid extraction using alkaline lysis method (Mini-Prep): 

Individual colony was picked up and inoculated into 5 ml LB broth containing 100 μg/ml 

Ampicillin for plasmid extraction and allowed to grow overnight at 37°C. Plasmid isolation from 

the overnight grown culture was carried out by the alkaline lysis method. 1.5 ml of overnight 

grown bacterial cultures were centrifuged at 5000 rpm at 4°C for 5 minutes. The medium was 

removed and the pellets were dried. To the dried bacterial pellets, 100 μl of alkaline lysis 

solution I (GTE buffer: 50 mM Glucose, 25 mM Tris pH 8.0 and 10 mM EDTA) was added and 

vortexed till the pellets were completely dissolved. Then, 200 μl of alkaline lysis solution II (0.2 

N NaOH and 1% SDS) was added, mixed gently by inverting and kept for 2 minutes at RT. 150 
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μl of ice-cold alkaline lysis solution III (3 M potassium acetate pH 4.8 in glacial acetic acid) was 

then added to each tube and kept on ice for 10 minutes. The tubes were centrifuged at 13000 

rpm, 4°C for 15 minutes and the supernatants containing the renatured plasmids were transferred 

to fresh tubes. Equal volume of phenol: chloroform: isoamylalcohol (25:24:1) was added to 

supernatant for removal of proteins and saccharides, mixed by vortexing and centrifuged as 

above for 5 minutes. The aqueous phase was transferred to a fresh microcentrifuge tube and 

double the volume of absolute alcohol was added and mixed well for precipitation of plasmid 

DNA. The tubes were kept on ice for 15 minutes and centrifuged at the above conditions for 20 

minutes. The ethanol was removed and the pellets were washed with 70% chilled ethanol to 

remove salts. Further, centrifugation was carried out at 13000 rpm for 5 minutes to remove the 

traces of ethanol. The pellets were completely dried at 37°C for 30 minutes. The dried pellets 

were reconstituted in 20 μl of autoclaved water.  

 

3.10 Virus production: 

HEK293 FT cells were cultured till 50% confluency in DMEM complete medium. Co-

transfection of expression and packaging vectors was performed using calcium phosphate 

precipitation method. The lentiviral transfer vector (6 μg), packaging plasmid psPAX2 (4.5 μg) 

and envelope plasmid pMD2.G (1.5 μg) were diluted to 250 μl of sterile distilled water. An equal 

volume of 0.5M CaCl2 was then added followed by dropwise addition of 500 μl of BES Buffered 

Saline (BBS). The mixture was incubated at RT for 20 minutes and then added to the culture 

dishes. The plate was gently swirled and incubated for 16 hours. After incubation, the medium 

was replaced with fresh complete DMEM. 48 hours post transfection, viral supernatant was 

collected in sterile 15 ml tube and centrifuged for 10 minutes at 2000 rpm at 4ºC to remove 
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traces of HEK293 FT cells. Supernatant was collected and stored in -80ºC or used for 

transduction. 

 

3.11 Lentivirus mediated transduction of OSCC derived cell line: 

The viral supernatant was added to 50% confluent OSCC derived cells along with polybrene 

8μg/ml (Polybrene is a polycation that neutralizes charge interactions to increase binding 

between the pseudoviral envelope and the cellular membrane). After 24 hours, the supernatant 

was replaced with complete media. Further, stable clones were selected in puromycin (0.5 μg/ml) 

or G418 (500 ug/ml) or hygromycin (30 ug/ml). 

 

3.12 Protein estimation by modified Lowry’s method: 

1 ml of 5 to 25 μg/ml of Bovine serum albumin (BSA) was taken in test tubes in duplicates as 

standard along with blank. 3 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, 0.2 % potassium tartarate, 10 % Sodium carbonate, Solution A 

(Equal volumes of CTC solution, 10 % SDS, 0.8 N NaOH  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 minutes. 500 μl of 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 minutes 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 Peterson et al(1977) (148). 
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3.13 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE): 

SDS-PAGE was performed as described earlier to resolve the proteins based on their molecular 

size (149, 150).  The samples were dissolved in PAGE sample buffer (62.5 mM Tris HCl; pH 

6.8, 25% Glycerol, 2% SDS, 0.5% Bromophenol blue) and were separated on 6-15% SDS-PAGE 

depending on the molecular weight of the proteins. The composition of stacking and resolving 

gel is described in Table 3.5. Electrophoresis was carried out using electrode buffer (0.02 M Tris 

base, 0.2% SDS and 0.192M Glycine).  

Components Stacking 

gel (5%) 

Resolving 

gel (6%) 

Resolving 

gel (10%) 

Resolving 

gel (12%) 

Resolving 

gel (15%) 

H2O (ml) 2.7 5.3 4.0 3.3 2.3 

30% acrylamide mix (ml) 0.67 2.0 3.3 4.0 5.0 

1.5 M Tris (pH 8.8) (ml) 0.5 2.5 2.5 2.5 2.5 

10% SDS (ml) 0.04 0.1 0.1 0.1 0.1 

10% APS (ml) 0.04 0.1 0.1 0.1 0.1 

TEMED (ml) 0.004 0.008 0.004 0.004 0.004 

Total volume (ml) 4 10 10 10 10 

Table 3.5: The detailed composition of Stacking and Resolving SDS PAGE gels 

 

3.14 Western blotting: 

The SDS-PAGE gel with the resolved proteins and activated PVDF membrane were placed in 

the form of 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 to 4 hours. Transfer of 

proteins was visualized using Ponceau-S staining (0.2% ponceau stain in 5% acetic acid). The 
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blot was incubated in blocking solution (5% Bovine Serum Albumin in TBS or 5% skimmed 

milk in 1X TBS) for 1 hour at RT with shaking. After blocking, the blot was incubated with 

diluted primary antibody for 1 hour at RT on the rocker. The blot was then washed four times  

with TBST (0.1% Tween 20, 150 mM NaCl, 10 mM Tris base) followed by incubation with 

horseradish peroxidase (HRPO) conjugated secondary antibody for 1 hour 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 (WesternBright
TM 

ECL, Advansta, USA) 

according to the manufacturer’s protocol (150).  

 

3.15 List of antibodies: 

List of antibodies with their particulars are described in Table 3.6. 

Antibody  

 

Clone Catalogue 

No. 

Company Blocking 

solution  

Antibody 

dilution 

β actin Mouse 

monoclonal, 

AC-74 

A5316 Sigma, USA 5% BSA 1:6000 (WB) 

BPAG1e 

(BP230) 

Mouse 

monoclonal, 

279 

CAC-NU-

01-BP1 

Cosmo Bio 5% BSA 1:60 (WB) 

Plectin Mouse 

monoclonal, 

10F6 

sc-33469 Santa Cruz 

Biotechnology 

5% BSA 1:1000 (WB) 

1:30 (IF) 

BPAG1e 

(BP230) 

Goat 

polyclonal, 

E-14 

sc-13776 Santa Cruz 

Biotechnology 

5% BSA IP  

Keratin8 Mouse C5301 Sigma 5% BSA 1:5000 (WB) 
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monoclonal, 

M20 

1:150 (IF)  

Keratin5 Mouse 

monoclonal, 

XM26 

NCL-CK5 Novacastra 5% BSA 1:1000 (WB) 

β4 integrin Rabbit 

polyclonal, 

H-101 

sc-9090 Santa Cruz 

Biotechnology 

5% BSA 1:2000 (WB) 

1:60 (IF) 

 

Fascin Mouse 

monoclonal, 

MA1-

20912 

Thermo 

Scientific 

5% BSA 1:1000 (WB) 

 

NDRG1 Rabbit 

polyclonal, 

HPA00688

1 

Sigma, USA 5% BSA 1:2000 (WB) 

1:60 (IF) 

1:60 (IHC) 

p21 Rabbit 

polyclonal, 

C-19 

sc-397 Santa Cruz 

Biotechnology 

5% BSA 1: 500 (WB) 

1: 25 (IF) 

ΔNp63α Rabbit 

polyclonal 

13109 Cell Signaling 

Technology 

5% BSA 1:1000 (WB) 

GAPDH Mouse 

monoclonal, 

6C5 

sc-32233 Santa Cruz 

Biotechnology 

5% BSA 1:3000 (WB) 

β tubulin Mouse 

monoclonal, 

TU-06 

ab7792 Abcam 5% BSA 1:2000 (WB) 

Lamin A/C Mouse 

monoclonal 

4777 Cell Signaling 

Technology 

5% BSA 1:1000 (WB) 

RhoA Mouse 

monoclonal 

ARH04 Cytoskeleton, 

Inc 

5% BSA 1:500 (WB) 
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Rac1 Mouse 

monoclonal 

ARC03 Cytoskeleton, 

Inc 

5% BSA 1:500 (WB) 

Cdc42 Mouse 

monoclonal 

ACD03 Cytoskeleton, 

Inc 

5% BSA 1:500 (WB) 

ARP2 Rabbit 

Polyclonal 

3128 

 

Cell Signaling 

Technology 

5% BSA 1:1000 (WB) 

ARP3 Rabbit 

Polyclonal 

4738 

 

Cell Signaling 

Technology 

5% BSA 1:1000 (WB) 

Phalloidin- 

fluorescein 

isothiocyanate 

Labeled 

- P5282 Sigma - 1:100 (IF) 

Anti mouse HRP  

 

- A4416 Sigma - 1:5000 (WB) 

Anti rabbit HRP  - sc-2004 Santa Cruz 

Biotechnology 

- 1:3000 (WB) 

Anti Goat HRP - sc-2020 Santa Cruz 

Biotechnology 

- 1:2000 (WB) 

Anti mouse 

Alexa Fluor 488  

conjugate 

- A11001 Invitrogen - 1:100 (IF) 

Anti rabbit Alexa 

Fluor 568  

conjugate 

- A-11011 Invitrogen - 1:100 (IF) 

Anti goat Alexa 

Fluor 488 

conjugate 

- A-11055 Invitrogen - 1:100 (IF) 
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Anti mouse 

DyLight 633 

conjugate 

- 35512 Thermo - 1:100 (IF) 

WB: western blot, IP: immunoprecipitation, IF: Immunofluorescence 

Table 3.6: List of antibodies with their particulars 

 

3.16 RNA extraction: 

The RNA from cell lines was isolated by Tri reagent (Sigma, USA) as per the manufacturer’s 

instructions. Briefly, the cells were grown in a 60 mm petri-dish. The medium was removed and 

cells were lysed by adding 1 ml of Tri reagent. The lysate was transferred into a 1.5 ml tube and 

200 μl of chloroform was added and incubated for 10 minutes on ice. An aqueous 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 for 10 minutes. The pellet was 

washed by 75% ethanol, air dried and dissolved in 20 μl of DEPC treated water. The purity and 

content of RNA was determined using NanoDrop Spectrophotometer (Thermo Scientific, USA). 

For tumor tissues, 1 ml Tri reagent was added. Further, the samples were sonicated to extract 

RNA. The rest of the protocol is as described earlier. 

 

3.17 Reverse transcriptase - Polymerase chain reaction (RT-PCR): 

cDNA synthesis was carried out as per the manufacturer’s protocol (Thermo Scientific, USA). 

Briefly, 1 μg of total RNA and 0.2 μg of random hexamer/oligo(dT) in a volume of 12 μl were 

incubated at 70ºC for 5 minutes and chilled on ice. Reaction buffer (1X), RiboLock™ RNase 

Inhibitor (1 unit/μl) and dNTP mix (1mM) was added and incubated at 25ºC for 5 minutes. 
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RevertAid™ H Minus M-MuLV Reverse Transcriptase (200 units) was added and the reaction 

mixture was incubated at 25ºC for 10 minutes followed by 42ºC for 1 hour. The reaction was 

terminated by heating at 70ºC for 10 minutes. 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. 

 

3.18 Real-Time Quantitative PCR: 

cDNA was prepared as described above and used as the template for qRT-PCR (quantitative 

reverse transcriptase PCR). Mastermix SYBR Green (Applied Biosystems, UK) was used with 

100 nM of forward and reverse primers (Sigma, India). The primer sequences used to amplify 

target genes and GAPDH (internal control) are listed in Table 3.7. Real time quantitative PCR 

was performed with the ABI PRISM7700 Sequence Detection System. All expression values 

were normalized against GAPDH. All amplifications were done in triplicates. 

Primer name Primer sequence (5’-3’) 

GAPDH (F) CTTCTTTTGCGTCGCCAGCC 

GAPDH (R) GAGTTAAAAGCAGCCCTGGTGA 

BPAG1e (F) TACTGCCCTGGTCACTCTCAT 

BPAG1e (R) CACTGTTGGCTTCTGACGCT 

Plectin (F) GGACACACTGCCCTGGAAC 

Plectin (R) ATCTGCGATGCGAATGACCG 
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NDRG1 (F) CTCCTCAAGATGGCGGACTG 

NDRG1 (R) CTAGCCGAGGGCATGTATCC 

F: Forward; R: Reverse 

Table 3.7: List of primers used for PCR  

 

3.19 Co-immunoprecipitation (Co-IP): 

The harvested cells were incubated in 1X PBS containing 1% Nonidet P-40 (NP40), 5 mM 

EDTA, and protease and phosphatase inhibitor mixture at 4°C for 15 minutes, followed by 

centrifugation at 13,000 rpm for 20 minutes at 4 °C. The supernatant was collected as the NP40 

soluble fraction. The resulting insoluble pellet was homogenized in phosphate-buffered saline 

containing 2% Empigen and incubated for 45 minutes at 4°C, followed by centrifugation at 

13,000 rpm for 20 minutes at 4 °C. The supernatant was collected as NP40 insoluble fraction. 

The soluble and insoluble fractions were pooled together and then incubated with anti-

BPAG1e/K8 antibody bound to protein G-Sepharose beads for overnight at 4°C on slow moving 

rotor (7 rpm). The beads were washed three times with RIPA buffer (20 mM HEPES, 140 mM 

NaCl, 5 mM EDTA, and 0.4% NP40, pH 7.4). The immune complexes were solubilized in cell 

lysis buffer, resolved on SDS-PAGE, blotted and probed with respective antibodies. The 

protocol was adapted from (151). 

 

3.20 Immunofluorescence: 

Cells were grown on glass cover slips for 48 hours till they reached a confluency of 70-80%. 

Adhered cells were washed twice with 1X PBS for 10 minutes each. The cells were fixed either 
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with chilled 100% methanol in -20ºC or 4% paraformaldehyde at RT for 5 and 15 minutes 

respectively. After fixation, coverslips were washed thrice with 1X PBS for 10 minutes each. The 

cells were then permeablized using 0.3% Triton X-100 for 90 seconds in case of methanol 

fixation and 10 minutes in 0.7% Triton X-100 when cells were fixed with paraformaldehyde. The 

coverslips were again washed thrice with PBS for 5 minutes each. They were then placed in a 

small humidified chamber and 5% BSA was layered over the cells for blocking and incubated for 

1 hour. BSA was drained and the cells were layered with 50μl of primary antibody diluted in 5% 

BSA and incubated for 1 hour. The coverslips were washed thrice with 1X PBS for 10 minutes 

each followed by incubation with 50 μl of anti-mouse (Alexa Fluor 488)/ anti-mouse (Alexa Fluor 

568)/ anti-rabbit (Alexa Fluor 488)/ anti-rabbit (Alexa Fluor 568)  conjugated secondary antibody 

for 1 hour and later washed with 1X PBS thrice for 10 minutes each. Coverslips were then 

mounted using antiquenching agent (Vectashield, Vector laboratories, USA) and sealed. Confocal 

images were obtained using a LSM 780 Carl Zeiss Confocal system (Magnification: 63x, 

Numerical Aperture: 1.4). 

 

3.21 Actin organization: 

The cells were grown on glass cover slips upto 90% confluency in complete medium. After 

serum starving the cells for 24 hours, wounds were scratched using microtip on monolayer of 

confluent cells. The cells surrounding the scratch were allowed to migrate into the wounded 

region for 7-8 hours. Subsequently, cells were fixed using 4% Paraformaldehyde. Further, cells 

were subjected to Phalloidin staining for 1 hour. The coverslips were then mounted using 

antiquenching agent (Vectashield, Vector laboratories, USA) and sealed. Confocal images were 

obtained using a LSM 780 Carl Zeiss Confocal system (152).  
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3.22 MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide) cell viability 

assay: 

1000 cells were seeded per well, in a 96-well microtitre plate. Proliferation was studied every 24 

hours 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 hours, 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 (153). 

 

3.23 Colony forming assay: 

Two hundred cells were plated in 60-mm tissue culture plates in triplicates. Cells were grown in 

complete medium for 10 days, with medium changes every 2–3 days. Cells were first fixed with 

methanol for 5 minutes 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 minutes at RT. After washes 

with distilled water, the plates were allowed to dry. 

 

3.24 In vitro wound healing assay for migration: 

The cells were grown in 35 mm plates to 95% confluency. The cells were replaced with fresh 

IMDM with 0.2% serum for 24 hours. 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 

containing 0.2% serum and observed under an Axiovert 200 M Inverted Carl Zeiss microscope 



~ 72 ~ 

 

fitted with a stage maintained at 37ºC and 5% CO2 atmosphere. Cells were observed by time 

lapse microscopy and the images were taken every 20 minutes for 20 hours using an AxioCam 

MRm camera with phase 1 objective. Migration was measured using the manual tracking plugin 

of ImageJ (NIH) software (152). 

 

3.25 Transwell migration assay and boyden chamber cell invasion assay: 

The transwell migration assay was performed as described previously with some modifications 

(116). In brief, 2 x 10
5
 cells were seeded in the upper chamber in serum-free medium and the 

bottom chamber was filled with 0.6 ml of complete IMDM. The cells were incubated for 16 

hours at 37°C. At the 15
th

 hour, 4 μg/ml Calcein AM (Life technologies, USA) was added to the 

lower chamber and incubated for 1 hour at 37°C. The cells on the upper surface were carefully 

removed with a cotton swab at the 16
th

 hour. Fluorescence of the invaded cells was read at 

wavelengths of 488/535nm (Ex/Em) on a bottom-reading fluorescent plate reader (Berthold, 

Germany). The boyden chamber invasion assay was performed similar to transwell migration 

assay. Additionally, 8 μm pore sized polycarbonate membrane filters in upper chamber were 

coated with 40 μl Matrigel (1mg/ml) with 140 μl incomplete IMDM.  

 

3.26 Soft agar assay: 

The assay was performed in 35 mm Petri plates. As a first step, 1 ml of the basal layer was made 

by adding equal volumes of 2X complete IMDM 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 
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atmosphere for 15 days. Opaque and dense colonies were observed and counted microscopically 

on day 15.  

 

3.27 In vivo Tumorigenicity assay: 

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: 04/2015). The tumorigenic potential of cells was determined by subcutaneous 

injection in NOD-SCID mice. The cells were suspended in plain medium without serum and 6 x 

10
6
 cells 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 (Advance, India) and 

volume was calculated by the modified ellipsoidal formula, [Tumor volume = 1/2(length x 

width
2
)] (154). 

 

3.28 Gelatin zymography: 

To determine the Matrix Metalloproteinase 2 (MMP2) and MMP9 activity in conditioned culture 

medium, gelatin zymography was carried out as described by Ranjan et al (2014) with some 

modifications (155). 5 x 10
5
 cells were seeded in 35 mm tissue culture dish containing complete 

medium and grown for 24 hours in 5% CO2 atmosphere at 37ºC. The cells were then washed 

thrice with 1X PBS and grown in serum free medium for 24 hours. After 24 hours, culture 

medium was recovered and centrifuged at 2000 rpm for 5 minutes at 4°C. Supernatant was dried 

using Refrigerated CentriVap Concentrator, Labconco at 4°C. After complete drying, pellet was 
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dissolved in non-reducing Laemmli’s sample buffer (62.2 mM Tris-HCl, pH 6.8, 4% SDS, 20% 

glycerol, 0.01% 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 hours 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. 

 

3.29 Isolation of Cytoplasmic and nuclear fractions: 

The cells were harvested and resuspended in hypotonic buffer (10mM HEPES [pH 7.9], 1mM 

MgCl2, 100mM KCl). The lysate was mixed by inverting and kept on ice for 30 minutes. 0.6% 

NP40 was added into lysate and vortexed for 10 seconds. Centrifugation was carried out at 8000 

rpm for 5 minutes at 4ºC. The supernatant was collected as cytoplasmic fraction. The pellet was 

resuspended in SDS lysis buffer and boiled for 6 minutes. After centrifugation, the supernatant 

was collected as nuclear fraction. β-tubulin and Lamin A/C were used as loading control for 

cytoplasmic and nuclear fractions respectively. 

 

3.30 RhoA/Rac1/Cdc42 activation assay: 

RhoA, Rac1 and Cdc42 activation assays were performed using RhoA/Rac1/Cdc42 Activation 

Assay Combo Biochem Kit (BK030, Cytoskeleton Inc, USA) as per manufacturer’s instructions.  

In brief, the cells were treated with 40 ng/ml epidermal growth factor (EGF; Invitrogen, USA) 

for 10 minutes to activate Cdc42. Similarly, the cells were treated with 10 ng/ml EGF for 4 

minutes and 100 μg/ml Calpeptin (Calbiochem, USA) for 10 minutes to activate Rac1 and RhoA 
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respectively. The cells were lysed using lysis buffer (provided in the kit) on ice. For activation 

assays, 500 ug protein lysate was incubated with PAK-PBD or Rhotekin RBD beads at 4ºC for 1 

hour on rocker. After centrifugation, the supernatant was decanted and the pellet was washed 

thrice with wash buffer (provided in the kit). Further, the pellet was resuspended in lamelli 

buffer. The lysates prepared from cells, which were not treated with EGF or Calpeptin, were 

used as a control. The samples were subjected to SDS-PAGE and western blotting. The amount 

of activated RhoA/Rac1/Cdc42 was determined by western blotting using a RhoA/Rac1/Cdc42 

specific antibody (provided in the kit). 

 

3.31 Fractionation and Quantification of F-Actin:  

The cells were harvested and resuspended in lysis and F-actin stabilization buffer (50 mM 1,4-

piperazinediethanesulfonic acid, 50mM NaCl, 5 mM MgCl2, 5 mM ethylene glycol tetra-acetic 

acid, 5% glycerol, 0.1% Nonidet P-40, 0.1% Triton X-100, 0.1% Tween 20, and 0.1% b-

mercaptoethanol). Further, cells were homogenized using 27 gauge needles. The F-actin was 

separated by ultra-centrifugation at 100000 RCF for 60 minutes at 37ºC. The pellet was 

resuspended in ice cold G-buffer (2 mM Tris-HCl pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, and 0.5 

mM dithiothreitol) and incubated for 1 hour on ice to achieve F-actin depolymerization. Further, 

dissociated F-actin was centrifuged at 14000 RCF for 10 minutes at 4ºC. The supernatant was 

collected and protein content was quantified using modified lowry method. 20 ug lysate was 

used for loading. The amount of F-actin was examined using monoclonal β-actin antibody.  

GAPDH was used as the loading control. The protocol was adapted from Sun et al (2013) (139). 
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3.32 SWATH (sequential window acquisition of all theoretical fragment ion spectra) 

analysis: 

SWATH analysis was performed at National Chemical Laboratory (NCL), Pune, India (156).  

LC Separation: Peptide digest (3 µg) was separated by using Eksigent MicroLC 200 system 

(Eksigent, Dublin, CA) equipped with Eksigent C18-reverse phase column (100*0.3mm, 3µm, 

120Å). The sample was loaded onto the column with 97% of mobile phase A (100% water, 0.1% 

Formic acid) and 3% of mobile phase B (100% Acetonitrile, 0.1% Formic acid) at 7 µl/min flow 

rate. Peptides were eluted with a 120 minutes linear gradient of 3% to 50% mobile phase B. The 

column temperature was set to 40°C and auto sampler at 4°C. The same chromatographic 

conditions were used for both information-dependent acquisition (IDA) and SWATH 

acquisition.  

Full MS/MS2 acquisition (IDA for creating library): All samples were analyzed on AB-Sciex 

5600 Triple TOF mass-spectrometer in positive and high-sensitivity mode. The dual source 

parameters were optimized for better results: ion source gases GS1, GS2, curtain gas at 25 psi, 

temperature 200°C and ion spray voltage floating (ISVF) at 5500V. The accumulation time in 

full scan was 250 ms for a mass range of 350-1800 m/z. The parent ions are selected based on 

the following criteria: ions in the MS scan with intensities more than 120 counts per second, 

charge stage between +2 to +5 and mass tolerance 50 mDa. Ions were fragmented in the collision 

cell using rolling collision energy (CE) with an additional CE spread of ± 15 eV. 

Samples were acquired in technical triplicate using above mentioned IDA method. IDA mass 

spectrometric files were searched using ProteinPilot software, Version 4.0.8085 (AB SCIEX, 

MA, USA) with the Paragon algorithm against human serum albumin protein database (P02768-
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UniProt) at 1% FDR. The ProteinPilot output file (.group) was used as a standard peptide 

spectral library. SWATH MS- In SWATH-MS mode, the instrument was specifically tuned to 

optimize the quadrupole settings for the selection of precursor ion selection window 25 m/z 

wide. Using an isolation width of 26 m/z (containing 1 m/z for the window overlap), a set of 34 

overlapping windows was constructed covering the precursor mass range of 400-1250 m/z. 

SWATH MS/MS spectra were collected from 100 to 2000 m/z. Ions were fragmented in the 

collision cell using rolling collision energy with an additional CE spread of ± 15 eV. An 

accumulation time (dwell time) of 96 ms was used for all fragmentation scans in high-sensitivity 

mode, and for each SWATH-MS cycle a survey scan in high-resolution mode 9 was acquired for 

100 ms resulting in a duty cycle of 3.33 seconds. The source parameters were similar to that of 

IDA acquisition.  

SWATH analysis was performed for two technical replicates for each sample. The spectral 

alignment and targeted data extraction of SWATH-MS data was performed using Peakview 

software, Version 1.2.03 (AB SCIEX, MA, USA). The peptide data (.MRKVW) files were used 

for quantification of glycated peptides of HSA using Markerview software, Version 1.2.1.1 (AB 

SCIEX, MA, USA). Normalization was performed using total area sum. The peptides with a p 

value less than 0.05 were considered for quantification. 

3.33 Histology and Immunohistochemistry: 

The NOD-SCID mice were sacrificed approximately 8 weeks after subcutaneous injection. The 

tumor tissues were collected and fixed in 10% neutral buffered formalin and processed for 

histology. 5 micron sections of formalin fixed and paraffin embedded tissues were used for 

immunohistochemistry. Immunohistochemical staining was performed according to previously 
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described method using Vectastain ABC kit, Vector Laboratories, USA (157). The tissue 

sections were deparaffinized by keeping the slides in xylene twice for 15 minutes each. The 

slides were then treated with xylene and alcohol (1:1). The sections were dehydrated in 100% 

ethanol. Further, tissues were treated with 100% methanol for 20 minutes. For endogenous 

peroxidase inactivation, tissues were treated with 3% hydrogen peroxide in methanol for 30 

minutes. The microwave treatment in citrate buffer (pH 6.0) was given to the tissues for antigen 

retrieval. The sections were then blocked with preimmune horse serum for 45 minutes at RT 

followed by respective primary antibody incubation overnight at 4°C. This was followed by 

secondary biotinylated antibody for 60 minutes at RT and then with an avidin-biotin-peroxidase 

complex for 60 minutes at RT. After each step, sections were washed with Tris buffered saline 

(pH 7.2). The sections were then subjected to substrate solution containing 0.08% 

Diaminobenzidene (DAB) and 3% hydrogen peroxide which resulted in brown precipitate 

formation at the site of enzymatic activity. The counterstaining was performed using 

haematoxylin.   

 

3.34 Densitometry quantification and Statistical analysis: 

Densitometric quantitation of scanned images was performed by ImageJ software (National 

Institute of Health, USA). Band intensities were normalized to respective loading controls. All 

the statistical analyses were performed using GraphPad Prism software (version 6.01). Two 

groups of data were statistically analyzed by t test. A p value less than 0.05 was considered 

statistically significant.  
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4. Results 
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4.1 BPAG1e interacts with K8 in OSCC derived cells 

BPAG1e is expressed in the basal layer of squamous cell epithelia, whereas K8 is 

normally expressed in simple epithelia (1, 108). In case of OSCC and OSCC derived cell lines, 

K8/18 pair is aberrantly expressed (21-23, 26). Therefore, to understand whether BPAG1e 

interacts with K8, immunoprecipitation (IP) assay was performed in OSCC derived AW13516 

cells. K8 was detected in IP fraction when antibody for BPAG1e was used for IP (Figure 4.1A, 

left panel). Similarly, pull down fraction of K8 IP showed presence of BPAG1e (Figure 4.1A, 

right panel). These results suggest that K8 can interact with BPAG1e in OSCC derived cells.  

 

 

Figure 4.1: BPAG1e interacts with K8 in AW13516 cells. (A) Endogenous pull down 

experiment with anti-BPAG1e and anti-K8 antibody performed using cell lysate from AW13516 



~ 81 ~ 

 

cells. Anti-goat and Anti-mouse IgG antibody was used as secondary antibody control for 

BPAG1e IP and K8 IP respectively. The immunoprecipitated complex was examined for the 

presence of BPAG1e, Keratin 8 and Plectin. Input represents 10% of cell lysate used in the IP 

experiment. This experiment was performed in triplicate. (B) Immunofluorescence analysis 

showing BPAG1e (stained in green) and β4 integrin (stained in red) dual staining in AW13516 

cells. (C) Immunofluorescence analysis showing K8 (stained in red) and β4 integrin (stained in 

green) dual staining in AW13516 cells. (D) Immunofluorescence analysis showing K8 (stained in 

green), BPAG1e (stained in yellow) and β4 integrin (stained in red) triple staining in AW13516 

cells.  

 

Further, colocalization experiments using immunofluorescence microscopy were 

performed for K8, BPAG1e and β4 integrin to validate results of immunoprecipitation assay. 

Unfortunately, due to non-specific staining of the BPAG1e antibody in AW13516 cells, the 

results of K8 + BPAG1e and K8 + BPAG1e + β4 integrin staining were inconclusive, although, 

K8 and β4 integrin dual staining was properly observed in AW13516 cells (Figure 4.1B-D).  

 

To understand a role of HD linker proteins in neoplastic progression of OSCC, these proteins 

were stably downregulated in OSCC derived cells. 

4.2 Knockdown of hemidesmosomal linker protein(s) in AW13516 cells  

Both single and double knockdown of Plectin and/or BPAG1e in AW13516 was carried out using 

shRNA technology. Downregulation of HD linker protein(s) was confirmed at mRNA and protein 

level (Figure 4.2). BPAG1e knockdown clones C4 and C12 showed 2.85 and 2.95 fold reduction 
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in BPAG1e mRNA level (Figure 4.2A), whereas Plectin knockdown clones C1 and C2 

demonstrated about 6.7 and 5.9 fold reduction in Plectin expression at mRNA level (Figure 4.2B). 

Further, BPAG1e-Plectin double knockdown clones C1 and C4 displayed ~2.9 and ~6.5 fold 

decrease in BPAG1e and Plectin mRNA respectively (Figure 4.2C-D).  

BPAG1e knockdown clones C4 and C12 displayed ~79% decrease in BPAG1e protein as 

compared to vector control clone BVC (Figure 4.2E). Plectin knockdown clones C1 and C2 

showed about ~94% reduction in Plectin expression at protein level as compared to vector control 

clone PVC (Figure 4.2F). Further, decrease in Plectin (~93%) and BPAG1e (~81%) protein levels 

was observed in double knockdown clones C1 and C4 as compared to respective vector control 

clone DVC (Figure 4.2G).  
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Figure 4.2: Loss of hemidesmosomal linker protein(s) does not affect expression of associated 

proteins. (A) qRT-PCR of BPAG1e and (E) western blot analysis of BPAG1e, Plectin, β4 integrin, 

Fascin, K8 and K5 in vector control clone (BVC) and BPAG1e knockdown clones (C4, C12). (B) 

qRT-PCR of Plectin and (F) western blot analysis of Plectin, BPAG1e, β4 integrin, Fascin, K8 

and K5 in vector control clone (PVC) and Plectin knockdown clones (C1, C2). (C, D) qRT-PCR 

of BPAG1e, Plectin and (G) western blot analysis of BPAG1e, Plectin, β4 integrin, Fascin, K8 

and K5 in vector control clone (DVC) and BPAG1e-Plectin knockdown clones (C1, C4). Note: the 

numbers below the blot indicate relative intensity of the bands using densitometric analysis. 
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In a previous study from our laboratory, it was shown that loss of K8 in AW13516 cells led to 

reduction in cell migration, cell invasion, in vitro and in vivo tumorigenicity and alterations in 

actin organization (26). Therefore, to understand whether knockdown of hemidesmosomal linker 

proteins leads to similar phenotypic changes as seen in response to K8 knockdown, we performed 

phenotypic assays using linker protein knockdown cells. 

4.3 Phenotypic assays for cell transformation 

4.3.1 Loss of Hemidesmosomal linker proteins led to reduced cell migration, cell invasion 

and alterations in actin organization 

Scratch wound healing assay demonstrated decrease in cell migration in both single and double 

linker proteins knockdown clones as compared to respective vector control clones. The rate of cell 

migration was reduced by ~29%, ~33% and ~36% in BPAG1e, Plectin and BPAG1e-Plectin 

double knockdown AW13516 cells respectively (p<0.001) (Figure 4.3A-B, 4.4A-B and 4.5A-B).  

It is well documented that cell migration is regulated by changes in the actin organization (158). 

Therefore, actin organization was analyzed using phalloidin staining followed by confocal 

microscopy. The membrane protrusions in vector control cells were found to be uniformly present 

on cell membrane, whereas in case of loss of hemidesmosomal linker proteins, membrane 

protrusions were found to be non-uniformly organized (Figure 4.3C, 4.4C and 4.5C). Moreover, 

the length of membrane protrusions was significantly reduced in BPAG1e (7.04 μm), Plectin 

(6.81 μm), BPAG1e-Plectin (6.49 μm) knockdown cells as compared to BVC (11.27 μm), PVC 

(11.67 μm), DVC (11.63 μm) respectively (p<0.001) (Figure 4.3D, 4.4D and 4.5D).  
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Figure 4.3: Loss of BPAG1e leads to reduced cell migration, cell invasion and alterations in 

actin organization. (A) Representative time lapse microscopy images show wound healing for 

vector control clone (BVC) and BPAG1e knockdown clone (C12). (B) The graph shows rate of 

cell migration for vector control clone (BVC) and BPAG1e knockdown clones (C4, C12). (C) 

Immunofluorescence analysis of actin organization (stained in green) at the wound edge in 

vector control clone (BVC) and BPAG1e knockdown clone (C12). The nucleus is stained with 

DAPI. The arrow indicates direction of migration. The inset shows filopodia formed at migratory 

front. (D) The graph shows length of filopodia in vector control clone (BVC) and BPAG1e 

knockdown clone (C12). For each clone, 30 cells at the wound front were used for 

quantification. (E) The graph shows fluorescence of invaded vector control cells (BVC) and 

BPAG1e knockdown cells (C4, C12) which is read at wavelengths of 488/535nm (Ex/Em). 



~ 86 ~ 

 

 

Figure 4.4: Loss of Plectin leads to reduced cell migration, cell invasion and alterations in 

actin organization. (A) Representative time lapse microscopy images show wound healing for 

vector control clone (PVC) and Plectin knockdown clone (C1). (B) The graph shows rate of cell 

migration for vector control clone (PVC) and Plectin knockdown clones (C1, C2). (C) 

Immunofluorescence analysis of actin organization (stained in green) at the wound edge in 

vector control clone (PVC) and Plectin knockdown clone (C1). The nucleus is stained with 

DAPI. The arrow indicates direction of migration. The inset shows filopodia formed at migratory 

front. (D) The graph shows length of filopodia in vector control clone (PVC) and Plectin 

knockdown clone (C1). For each clone, 30 cells at the wound front were used for quantification. 

(E) The graph shows fluorescence of invaded vector control cells (PVC) and Plectin knockdown 

cells (C1, C2) which is read at wavelengths of 488/535nm (Ex/Em). 
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Figure 4.5: Loss of BPAG1e-Plectin leads to reduced cell migration, cell invasion and 

alterations in actin organization. (A) Representative time lapse microscopy images show wound 

healing for vector control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). (B) The 

graph shows rate of cell migration for vector control clone (DVC) and BPAG1e-Plectin 

knockdown clones (C1, C4). (C) Immunofluorescence analysis of actin organization (stained in 

green) at the wound edge in vector control clone (DVC) and BPAG1e-Plectin knockdown clone 

(C4). The nucleus is stained with DAPI. The arrow indicates direction of migration. The inset 

shows filopodia formed at migratory front. (D) The graph shows length of filopodia in vector 

control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). For each clone, 30 cells at the 

wound front were used for quantification. (E) The graph shows fluorescence of invaded vector 

control cells (DVC) and BPAG1e knockdown cells (C1, C4) which is read at wavelengths of 

488/535nm (Ex/Em). (F) The gelatin zymography shows MMP2 and MMP9 activity in vector 

control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). 
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Rho GTPases family proteins, RhoA, Rac1 and Cdc42, play a crucial role in the actin 

cytoskeleton organization. RhoA, Rac1 and Cdc42 regulate cellular motility by formation of 

stress fibres, lamelipodia and filopodia respectively (159). The Cdc42 activity was significantly 

reduced upon BPAG1e, Plectin and BPAG1e-Plectin knockdown as compared to respective 

vector control cells (Figure 4.6A-C). On the other hand, no significant difference was observed in 

Rac1 and RhoA activity of HD linker proteins knockdown cells as compared to DVC (Figure 

4.6D-E).  

 

Figure 4.6: Effect of hemidesmosomal linker protein(s) knockdown on activity of Rho 

GTPases and actin polymerization. (A) Western blot analysis of Cdc42 activity in vector control 

clone (BVC) and BPAG1e clone (C12). (B) Western blot analysis of Cdc42 activity in vector 

control clone (PVC) and Plectin knockdown clone (C1). (C) Western blot analysis of Cdc42 

activity in vector control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). (D) Western 
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blot analysis of Rac1 activity in vector control clone (DVC) and BPAG1e-Plectin knockdown 

clone (C4). (E) Western blot analysis represents RhoA activity in vector control clone (DVC) and 

BPAG1e-Plectin knockdown clone (C4). (F) Western blot analysis shows F-actin levels in vector 

control clones (PVC, BVC, DVC), Plectin knockdown clone (C1), BPAG1e knockdown clone 

(C12) and BPAG1e-Plectin knockdown clone (C4). (G) Western blot analysis of Arp2, Arp3 in 

vector control clones (PVC, BVC, DVC), Plectin knockdown clones (C1, C2), BPAG1e 

knockdown clones (C4, C12) and BPAG1e-Plectin knockdown clones (C1, C4). Note: the 

numbers below the blot indicate relative intensity of the bands using densitometric analysis. 

Further, the appearance of shorter and fewer filopodia upon loss of linker protein(s) prompted us 

to investigate whether there is any defect in actin polymerization. Indeed, actin polymerization 

assay revealed reduced levels of F-actin in BPAG1e, Plectin and BPAG1e-Plectin knockdown 

cells as compared to respective vector control cells (Figure 4.6F). Actin related proteins (Arp) 

2/3 complexes are one of the important actin regulators which participate in nucleation and 

branching of actin filaments. The Arp2/3 complex is activated by the Wiskott–Aldrich syndrome 

family protein (WASP) family of proteins which are in turn activated by Cdc42 (160). In 

BPAG1e, Plectin and BPAG1e-Plectin downregulated cells, we observed reduction in Arp2 and 

Arp3 protein levels (Figure 4.6G). Altogether, these results indicated that reduced Cdc42 activity 

in linker protein(s) knockdown cells led to decreased expression of Arp2/3 proteins, resulting in 

shorter and fewer filopodia. This explains the reduced cell migration observed in linker 

protein(s) knockdown cells. 

Further, the HD linker protein(s) knockdown cells were less invasive as compared to respective 

vector control cells. The invasion was reduced by ~30-35%, ~32-35% and ~37- 40% in BPAG1e, 
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Plectin and BPAG1e-Plectin knockdown cells respectively (p<0.001) (Figure 4.3E, 4.4E and 

4.5E).  Cancer cell invasion and metastasis require the crossing of several physical barriers such 

as the basement membrane. Matrix Metalloproteinases (MMPs) play a major role in breaking 

these barriers, thus facilitating invasion (161). Further, it has been demonstrated that increased 

activity of MMPs (MMP2 and MMP9) correlates with invasive potential of OSCC (162). To find 

out whether activity of MMP2 and/or MMP9 has altered in linker proteins knockdown cells, we 

carried out gelatin zymography. Our experiment revealed that MMP9 activity was significantly 

reduced in BPAG1e-Plectin knockdown cells as compared to DVC, whereas MMP2 activity 

remained unaltered (Figure 4.5F). Thus, decreased MMP9 activity seems to be responsible for 

reduced cell invasion in the linker proteins downregulated cells. 

4.3.2 Downregulation of hemidesmosomal linker proteins led to reduction in the 

tumorigenic potential of AW13516 cells   

In our previous study, we have demonstrated that loss of K8 in AW13516 cells leads to reduction 

in tumorigenic potential of OSCC derived cells (26). BPAG1e, Plectin and BPAG1e-Plectin 

double knockdown clones showed a significant reduction in number of colonies by ~20-30% and 

colony size by ~60-65% as compared with respective vector control clones (p<0.001) (Figure 

4.7A-C, 4.8A-C and 4.9A-C). Further, the MTT and clonogenic assays demonstrated no 

significant difference in proliferative potential of linker protein(s) knockdown cells as compared 

to respective vector control cells (Figure 4.7D-E, 4.8D-E and 4.9D-E). Therefore, the decrease in 

soft agar colony size can be attributed to reduction in transformation potential and not to the 

proliferative potential of the linker proteins knockdown cells.  
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Furthermore, the in vivo tumorigenicity of HD linker protein(s) downregulated and 

respective vector control clones was assessed by subcutaneous injection in NOD-SCID mice 

(n=5). At the end of 8 weeks, the mean tumor volume of the mice bearing BPAG1e, Plectin and 

BPAG1e-Plectin double knockdown cells was significantly reduced as compared with the average 

volume of tumors formed by the respective vector control cells (p<0.001) (Figure 4.7F-G, 4.8F-G 

and 4.9F-G).  

 

Figure 4.7: Loss of BPAG1e leads to reduced tumorigenic potential. (A) The representative 

images of colonies formed on soft agar and graphical representation of the (B) number of 

colonies and (C) size of colonies formed on soft agar in vector control clone (BVC) and BPAG1e 

knockdown clones (C4, C12). (D) Representative images of clonogenic assay for vector control 

clone (BVC) and BPAG1e knockdown clone (C12). (E) Graphical representation of MTT cell 
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viability assay for vector control clone (BVC) and BPAG1e knockdown clones (C4, C12). (F) 

Representative images of NOD-SCID mice bearing tumors formed from vector control cells 

(BVC) and BPAG1e knockdown cells (C12) after 8 weeks of injection. The tumors are indicated 

by dotted circles. (G) The graph shows tumor volume plotted against time for vector control 

clone (BVC) and BPAG1e knockdown clone (C12). It represents mean ± SEM for 5 animals 

injected for each clone. 

 

Figure 4.8: Loss of Plectin leads to reduced tumorigenic potential. (A) The representative 

images of colonies formed on soft agar and graphical representation of the (B) number of 

colonies and (C) size of colonies formed on soft agar in vector control clone (PVC) and Plectin 

knockdown clones (C1, C2). (D) Representative images of clonogenic assay for vector control 
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clone (PVC) and Plectin knockdown clone (C1). (E) Graphical representation of MTT cell 

viability assay for vector control clone (PVC) and Plectin knockdown clones (C1, C2). (F) 

Representative images of NOD-SCID mice bearing tumors formed from vector control cells 

(PVC) and Plectin knockdown cells (C1) after 8 weeks of injection. The tumors are indicated by 

dotted circles. (G) The graph shows tumor volume plotted against time for vector control clone 

(PVC) and Plectin knockdown clone (C1). It represents mean ± SEM for 5 animals injected for 

each clone.  

 

Figure 4.9: Loss of BPAG1e-Plectin leads to reduced tumorigenic potential. (A) The 

representative images of colonies formed on soft agar and graphical representation of the (B) 

number of colonies and (C) size of colonies formed on soft agar in vector control clone (DVC) 

and BPAG1e-Plectin knockdown clones (C1, C4). (D) Representative images of clonogenic 
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assay for vector control clone (DVC) and BPAG1e-Plectin knockdown clones (C4). (E) 

Graphical representation of MTT cell viability assay for vector control clone (DVC) and 

BPAG1e-Plectin knockdown clones (C1, C4). (F) Representative images of NOD-SCID mice 

bearing tumors formed from vector control cells (DVC) and BPAG1e-Plectin knockdown cells 

(C4) after 8 weeks of injection. The tumors are indicated by dotted circles. (G) The graph shows 

tumor volume plotted against time for vector control clone (DVC) and BPAG1e-Plectin 

knockdown clone (C4). It represents mean ± SEM for 5 animals injected for each clone. 

4.4 Expression of associated proteins upon loss of hemidesmosomal linker proteins  

The knockdown of BPAG1e or Plectin did not show any alterations in filament organization of 

K8 (Figure 4.10A-B). This result indicated that in absence of one linker protein, the other protein 

is sufficient to anchor keratin proteins. The sparse filament organization for K8 and K5 was 

observed upon loss of both hemidesmosomal linker proteins, indicating that linker proteins are 

essential to anchor keratins to the cell surface at hemidesmosomal sites (Figure 4.10C). 
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Figure 4.10: Effect of hemidesmosomal protein(s) knockdown on keratin filament 

organization. (A) Immunofluorescence analysis showing K8 filament organization (stained in 

green) in vector control clone (BVC) and BPAG1e knockdown clone (C12). The nucleus is 

stained with DAPI. (B) Immunofluorescence analysis showing K8 filament organization (stained 

in green) in vector control clone (PVC) and Plectin knockdown clone (C1). The nucleus is 

stained with DAPI. (C) Immunofluorescence analysis showing K5 and K8 filament organization 

(stained in green) in vector control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). 

The nucleus is stained with DAPI. 

Previous study from our laboratory had shown downregulation of β4 integrin and actin bundling 

protein Fascin in response to K8 knockdown in AW13516 cells (26). Surprisingly, no changes 

were observed in expression of β4 integrin and Fascin at protein level upon BPAG1e, Plectin and 

BPAG1e-Plectin double knockdown in AW13516 cells (Figure 4.2E-G). This observation 

indicated that linker proteins may not have role in K8 mediated effects observed in OSCC cells.  

We have observed reduction in cell migration, invasion, tumorigenicity and alterations in actin 

organization upon knockdown of HD linker proteins in OSCC derived cells. Therefore, to 

decipher the key molecules having role in phenotypic changes observed upon HD linker proteins 

downregulation, global protein profiling was performed using SWATH (sequential window 

acquisition of all theoretical fragment ion spectra) technique.   

4.5 SWATH analysis demonstrated differential expression of several proteins in linker 

proteins knockdown AW13516 cells as compared to vector control cells 

To understand global changes in protein profile of linker proteins knockdown cells as compared 

to vector control cells, we performed SWATH analysis for BPAG1e-Plectin knockdown clone C4 
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and vector control clone DVC. We shortlisted proteins with p-value less than 0.05. The cut off 

value for upregulated and downregulated proteins was 1.3 and 0.76 respectively. After filtering, 

total 45 proteins were found to be significantly altered. Out of these proteins, 17 were upregulated 

and 28 were downregulated in BPAG1e-Plectin knockdown clone C4 as compared to respective 

vector control clone (Annexure I). Some of the differentially expressed proteins were Vimentin, 

LIMA1, NDRG1, Galectin, 14-3-3 protein epsilon, Ubiquitin-40S ribosomal protein, S100-A6 

etc. Out of these proteins, NDRG1 was upregulated by 1.84 fold (Annexure I).  

We selected NDRG1 for further analysis as it functions as a metastasis suppressor in number of 

cancers including oral cancer (134, 137). Furthermore, it plays an important role in cell migration, 

actin organization, invasion and tumorigenesis (137, 139, 142). NDRG1 overexpression in human 

prostate and colon cancer cells inhibited cell migration by preventing actin filament 

polymerization (139). Further, NDRG1 reduced cell invasiveness and tumorigenesis of OSCC 

derived cells (137). Moreover, NDRG1 regulates gastric cancer cell invasion through decreased 

MMP9 activity (142).  

4.6 NDRG1 upregulation in HD linker protein knockdown cells 

To validate the results obtained from SWATH analysis, we performed western blot for NDRG1 in 

linker protein knockdown cells. Indeed, NDRG1 protein expression was found to be upregulated 

in BPAG1e (~1.6 fold), Plectin (~1.75 fold) and BPAG1e-Plectin (~2.1 fold) knockdown clones 

as compared to respective vector control clone (Figure 4.11A-C).  
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Figure 4.11: NDRG1 protein expression in hemidesmosomal linker protein(s) knockdown 

cells. (A) Western blot analysis of NDRG1 in vector control clone (BVC) and BPAG1e 

knockdown clones (C4, C12). (B) Western blot analysis of NDRG1 in vector control clone (PVC) 

and Plectin knockdown clones (C1, C2). (C) Western blot analysis of NDRG1 in vector control 

clone (DVC) and BPAG1e-Plectin knockdown clones (C1, C4). (D) Western blot analysis shows 

NDRG1 protein expression in cytoplasmic and nuclear fractions of vector control (DVC) and 

BPAG1e-Plectin knockdown (C4) cells. β-tubulin was used as a loading control for the 

cytoplasmic fraction, while Lamin A/C was used as a loading control for the nuclear fraction. 

(E) Immunofluorescence analysis showing NDRG1 localization (stained in red) in vector control 

clone (DVC) and BPAG1e-Plectin knockdown clone (C4). The nucleus is stained with DAPI. 

Note: the numbers below the blot indicate relative intensity of the bands using densitometric 

analysis. 
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To investigate whether the increase in NDRG1 upregulation is due to increase in cytoplasmic 

and/or nuclear levels, subcellular fractionation was carried out to separate the cytoplasmic and 

nuclear fractions from BPAG1e-Plectin knockdown clone C4 and vector control clone DVC. This 

experiment demonstrated that the NDRG1 was upregulated in both cytoplasm and nucleus of 

linker proteins knockdown cells as compared to vector control cells (DVC) (Figure 4.11D). 

Moreover, immunofluorescence analysis also displayed increased NDRG1 expression in both 

cytoplasm and nucleus of BPAG1e-Plectin knockdown cells as compared to vector control cells 

(DVC) (Figure 4.11E).  

4.7 Knockdown of NDRG1 in BPAG1e-Plectin downregulated AW13516 (NDRG1- 

BPAG1e-Plectin triple knockdown) and parental AW13516 cells (NDRG1 single 

knockdown) 

To verify whether the phenotype associated with cell transformation in HD linker proteins 

knockdown cells was due to higher NDRG1 levels, it was stably downregulated in BPAG1e-

Plectin double knockdown clone C4. NDRG1-BPAG1e-Plectin triple knockdown clones C1 and 

C7 displayed 2.5 and 2.3 fold decrease at RNA level respectively (Figure 4.12A). Further, 

NDRG1 protein expression was reduced by ~80% in clone C1 and C7 (Figure 4.12B). Moreover, 

no changes were observed in expression of β4 integrin and Fascin at protein level upon NDRG1- 

BPAG1e-Plectin triple knockdown (Figure 4.12B). 

We also carried out single knockdown of NDRG1 in AW13516 cells to investigate the role of 

NDRG1 alone. NDRG1 knockdown clones (C2, C3) showed ~2.3 fold decrease at mRNA level 

(Figure 4.14A) and ~82% reduction at protein level as compared to vector control clone NVC 

(Figure 4.14B). 
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4.8 NDRG1 downregulation rescues HD linker proteins knockdown phenotype 

For phenotypic assays, TVC and TVC2 were used as vector control clones. TVC clone was 

generated by transfecting pLKO1.hygro empty vector in double vector control DVC, whereas 

TVC2 clone was generated by transfecting pLKO1.hygro empty vector in BPAG1e-Plectin 

knockdown clone C4.  

 

Figure 4.12: NDRG1 downregulation in BPAG1e-Plectin knockdown background rescues cell 

migration and actin organization. (A) qRT-PCR and (B) western blot analysis of NDRG1 in 

vector control clone (TVC) and NDRG1-BPAG1e-Plectin knockdown clones (C1, C7). (C) 

Representative time lapse microscopy images show wound healing for vector control clones 
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(TVC, TVC2) and NDRG1-BPAG1e-Plectin knockdown clone (C1). (D) Graph shows rate of cell 

migration for vector control clones (TVC, TVC2) and NDRG1-BPAG1e-Plectin knockdown 

clones (C1, C7). (E) Immunofluorescence analysis of actin organization (stained in green) at the 

wound edge in vector control clones (TVC, TVC2) and NDRG1-BPAG1e-Plectin knockdown 

clone (C1). The nucleus is stained with DAPI. The arrow indicates direction of migration. The 

inset shows filopodia formed at migratory front. (F) Western blot analysis represents Cdc42 

activity in vector control clone (TVC) and NDRG1-BPAG1e-Plectin knockdown clone (C1). (H) 

Western blot analysis shows F-actin levels in vector control clone (TVC) and NDRG1-BPAG1e-

Plectin knockdown clone (C1). (G) Western blot analysis for Arp2, Arp3 in vector control clone 

(TVC) and NDRG1-BPAG1e-Plectin knockdown clones (C1, C7). Note: the numbers below the 

blot indicate relative intensity of the bands using densitometric analysis. 

 

The NDRG1-BPAG1e-Plectin triple knockdown clones (C1, C7) displayed only ~10% decrease 

in rate of cell migration as compared to vector control clone TVC (p=0.006), whereas ~25%  

increase in rate of cell migration was observed in triple knockdown cells as compared to vector 

control TVC2 (p<0.001) (Figure 4.12C-D). On the other hand, NDRG1 single knockdown clones 

showed ~20% increase in cell migration as compared to NVC (p<0.001) (Fig. 4.14C-D). These 

results indicated that NDRG1 plays an important role in regulating cell migration of linker 

proteins deficient OSCC derived cells. 

The membrane protrusions in triple knockdown clone C1 were found to be uniformly present 

which was similar to vector control clone TVC, whereas in case of TVC2, membrane protrusions 

were found to be non-uniformly organized as similar to BPAG1e-Plectin knockdown clone C4 

(Figure 4.12E). Further, Cdc42 activity was partially restored in NDRG1-BPAG1e-Plectin triple 
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knockdown cells (Figure 4.12F) as compared to BPAG1e-Plectin double knockdown cells 

(Figure 4.6C). Moreover, Cdc42 activity was substantially increased upon NDRG1 single 

knockdown as compared to NVC (Figure 4.14F). Furthermore, filamentous actin and Arp2/3 

levels were restored in NDRG1-BPAG1e-Plectin triple knockdown cells (Fig. 4.12G-H) as 

compared to BPAG1e-Plectin double knockdown cells (Figure 4.6F-G). Likewise, filamentous 

actin and Arp2/3 levels were elevated in NDRG1 single knockdown cells as compared to NVC 

(Fig. 4.14G-H). 

Further, in vitro invasion was reduced by only ~10-15% in triple knockdown cells as compared 

to vector control TVC cells (p=0.189) (Figure 4.13A). On the other hand, vector control TVC2 

cells showed ~20% decrease in invasion as compared to triple knockdown cells (p=0.0174) 

(Figure 4.13A). In case of only NDRG1 knockdown, the in vitro invasion was increased by 

~23% as compared to vector control clone (NVC) (p=0.022) (Figure 4.14E). MMP2 activity was 

similar in triple knockdown C1 cells and vector control TVC cells, while, triple knockdown cells 

displayed increase in MMP9 activity as compared to vector control clone TVC2 (Figure 4.13B). 

In short, triple knockdown cells showed restoration of MMP9 activity as compared to double 

knockdown cells. However, MMP2 activity was unaltered in triple knockdown clone C1 as 

compared to vector control cells (Figure 4.13B).  
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Figure 4.13: NDRG1 downregulation in BPAG1e-Plectin knockdown background rescues cell 

invasion and tumorigenicity. (A) The graph shows fluorescence of invaded vector control cells 

(TVC, TVC2) and NDRG1-BPAG1e-Plectin knockdown cells (C1, C7) which is read at 

wavelengths of 488/535nm (Ex/Em) (B) The gelatin zymography shows MMP2 and MMP9 

activity in vector control clones (TVC, TVC2) and NDRG1-BPAG1e-Plectin knockdown clone 

(C1) (C) The representative images of colonies formed on soft agar and graphical representation 

of (D) the number of colonies and (E) size of colonies formed on soft agar in vector control 

clones (TVC, TVC2) and NDRG1-BPAG1e-Plectin knockdown clones (C1, C7). (F) 

Representative images of NOD-SCID mice bearing tumors formed from vector control cells 

(TVC, TVC2) and NDRG1-BPAG1e-Plectin knockdown cells (C1) after 8 weeks of injection. The 
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tumors are indicated by dotted circles. (G) The graph shows tumor volume plotted against time 

for vector control cells (TVC, TVC2) and NDRG1-BPAG1e-Plectin knockdown cells (C1). It 

represents mean ± SEM for 5 animals injected for each clone. 

 

In addition, triple knockdown cells showed ~10% decrease in number of colonies on soft agar as 

compared to vector control TVC (p=0.102), while ~20% increase in number of colonies on soft 

agar was observed in triple knockdown cells as compared to vector control TVC2 (p=0.024) 

(Figure 4.13C-D). No significant difference in soft agar colony size was observed in NDRG1-

BPAG1e-Plectin triple knockdown cells as compared to TVC (p=0.43) (Figure 4.13E). Moreover, 

NDRG1 single knockdown cells displayed ~14% increase in number of colonies on soft agar as 

compared to NVC (p=0.024) (Figure 4.15A-B). Furthermore, ~25% increase in size of colonies 

formed on soft agar was observed in NDRG1 single knockdown cells as compared to NVC 

(p=0.011) (Figure 4.15C). 

Further, in vivo experiments suggested that there was no significant difference in mean tumor 

volume of mice bearing triple knockdown cells and vector control TVC cells, whereas mice 

bearing triple knockdown cells displayed significantly increased tumor volume as compared to 

vector control TVC2 (p<0.001) (Figure 4.13F-G). On the other hand, only NDRG1 knockdown 

resulted in an increase in tumorigenicity as compared to NVC (p=0.049) (Figure 4.15D-E). Taken 

together, these results indicated that NDRG1 knockdown displayed partial rescue in HD linker 

proteins knockdown phenotype. 
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Figure 4.14: Loss of NDRG1 in AW13516 cells leads to increased cell migration, cell invasion 

and actin polymerization. (A) qRT-PCR and (B) western blot analysis of NDRG1 in vector 

control clone (NVC) and NDRG1 knockdown clones (C2, C3). (C) Representative time lapse 

microscopy images show wound healing for vector control clone (NVC) and NDRG1 knockdown 

clone (C2). (D) The graph shows rate of cell migration for vector control clone (NVC) and 

NDRG1 knockdown clones (C2, C3). (E) The graph shows fluorescence of invaded vector 

control cells (NVC) and NDRG1 knockdown cells (C2, C3) which is read at wavelengths of 

488/535nm (Ex/Em). (F) Western blot analysis represents Cdc42 activity in vector control clone 

(NVC) and NDRG1 knockdown clone (C2). (G) Western blot analysis shows F-actin levels in 

vector control clone (NVC) and NDRG1 knockdown clone (C2). (H) Western blot analysis for 
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Arp2, Arp3 in vector control clone (NVC) and NDRG1 knockdown clones (C2, C3). Note: the 

numbers below the blot indicate relative intensity of the bands using densitometric analysis. 

 

Figure 4.15: Loss of NDRG1 in AW13516 cells leads to increased tumorigenic potential. (A) 

Representative images of colonies formed on soft agar in vector control clone (NVC) and 

NDRG1 knockdown clone (C2). (B) Graphical representation of number of colonies formed on 

soft agar in vector control clone (NVC) and NDRG1 knockdown clones (C2, C3). (C) Graphical 

representation of size of colonies formed on soft agar in vector control clone (NVC) and NDRG1 

knockdown clone (C2). (D) Representative images of NOD-SCID mice bearing tumors formed 

from vector control cells (NVC) and NDRG1 knockdown cells (C2) after 8 weeks of injection. 

The tumors are indicated by dotted circles. (E) The graph shows tumor volume plotted against 

time for vector control cells (NVC) and NDRG1 knockdown cells (C2). It represents mean ± 

SEM for 5 animals injected for each clone. 
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We then carried out immunohistochemistry analysis for tumor tissues obtained from linker 

proteins knockdown, NDRG1-BPAG1e-Plectin triple knockdown and respective vector control 

cells injected in NOD-SCID mice. The results for NDRG1 were as similar to that of in vitro 

systems (Figure 4.16A-B). However, antibody to Plectin and BPAG1e did not give specific 

staining in tissues. Therefore, we performed quantitative real time PCR for tumor tissues obtained 

from linker proteins knockdown, NDRG1-BPAG1e-Plectin triple knockdown and respective 

vector control cells injected in NOD-SCID mice. Our results showed that Plectin, BPAG1e and 

NDRG1 expression in these tumor tissues at RNA level were similar to that of results observed in 

respective in vitro systems (Figure 4.16C-D). 
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Figure 4.16: The tumors isolated from BPAG1e-Plectin and NDRG1-BPAG1e-Plectin cells 

injected in NOD-SCID mice showed similar molecular alterations to that of in vitro system (A) 

Immunohistochemical staining of NDRG1 in tumors derived from vector control cells (DVC) and 

BPAG1e-Plectin double knockdown cells (C4) injected in NOD-SCID mice. The primary 

antibody was not added to negative control. (C) qRT-PCR analysis of BPAG1e, Plectin and 

NDRG1 in tumors derived from vector control cells (DVC) and BPAG1e-Plectin double 

knockdown cells (C4) injected in NOD-SCID mice. (B) Immunohistochemical staining of NDRG1 

in tumors derived from vector control cells (TVC) and NDRG1-BPAG1e-Plectin triple 

knockdown cells (C1) injected in NOD-SCID mice. The primary antibody was not added to 

negative control. (D) qRT-PCR analysis of BPAG1e, Plectin and NDRG1 in tumors derived from 

vector control cells (TVC) and NDRG1-BPAG1e-Plectin triple knockdown cells (C1) injected in 

NOD-SCID mice. 

 

4.9 NDRG1 regulates cell motility through p21  

Previously, it has been reported that NDRG1 expression leads to down regulation of ΔNp63 

levels, which allows transactivation of the p21 gene by TAp63 leading to upregulated p21 levels. 

Further, increased p21 can inhibit cell migration and reduce the metastatic potential of cancer 

cells (140). Upon loss of HD linker proteins in OSCC derived cells, NDRG1 and p21 levels were 

found to be upregulated, whereas ΔNp63 expression was reduced (Figure 4.17A). On the other 

hand, NDRG1-BPAG1e-Plectin triple knockdown cells showed restoration of p21 and ΔNp63 

expression (Figure 4.17C). Likewise, NDRG1 single knockdown resulted in decreased p21 and 

increased ΔNp63 protein levels (Figure 4.17B). These results indicate that HD linker proteins 

may also regulate cell motility through NDRG1- ΔNp63-p21 pathway in OSCC derived cells. 
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Figure 4.17: NDRG1 possibly regulates cell motility through p21. (A) Western blot analysis of 

NDRG1, ΔNp63 and p21 in vector control cells (DVC) and BPAG1e-Plectin knockdown cells 

(C1, C4). (C) Western blot analysis of NDRG1, ΔNp63 and p21 in vector control cells (TVC) and 

NDRG1-BPAG1e-Plectin knockdown cells (C1, C7). (B) Western blot analysis of NDRG1, 

ΔNp63 and p21 in vector control cells (NVC) and NDRG1 knockdown cells (C2, C3). Note: the 

numbers below the blot indicate relative intensity of the bands using densitometric analysis. 

 

4.10 The phenotypic and molecular changes observed upon HD linker proteins are not cell 

line specific 

To find out whether the effects observed in AW13516 cells were cell line specific, we carried out 

similar experiments in another tongue SCC derived cell line AW8507 (derived from poorly 

differentiated epidermoid carcinoma of the tongue) (147).  
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Same shRNA sequences were used to knockdown BPAG1e and/or Plectin in AW8507 cells. The 

linker proteins knockdown AW8507 cells also showed increased NDRG1 levels, whereas β4 

integrin and Fascin levels remained unaltered (Figure 4.18A). Further, to verify whether the 

phenotype associated with cell transformation in HD linker proteins knockdown AW8507 cells 

was due to higher NDRG1 levels, NDRG1 was stably downregulated in BPAG1e-Plectin 

knockdown clone GDC3 (Figure 4.19A) .  

The results of phenotypic assays for cell transformation like Boyden chamber transwell assay, in 

vitro invasion assay, soft agar assay and in vivo tumorigenicity assay for AW8507 knockdown 

systems were similar to those found in AW13516 knockdown systems (Figure 4.18B-E). 

Altogether, loss of hemidesmosomal linker proteins in AW8507 cells led to reduced cell 

migration, cell invasion and tumorigenicity. Moreover, the partial rescue of phenotype was 

observed in NDRG1-BPAG1e-Plectin triple knockdown cells (Figure 4.19B-E). These results 

were similar to results observed in AW13516 knockdown cells indicating that alterations 

observed upon loss of BPAG1e and Plectin are not cell line specific.  

 



~ 110 ~ 

 

 

Figure 4.18:  Loss of BPAG1e-Plectin in AW8507 cells leads to decrease in cell migration, 

invasion and tumorigenicity. (A) Western blot analysis shows Plectin, BPAG1e, NDRG1, β4 

integrin and Fascin levels in vector control clone (GDVC) and BPAG1e-Plectin knockdown 

clone (GDC3) (B) The graph shows fluorescence of migrated vector control cells (GDVC) and 

BPAG1e-Plectin knockdown cells (GDC3) which is read at wavelengths of 488/535nm (Ex/Em) 

(C) The graph shows fluorescence of invaded vector control cells (GDVC) and BPAG1e-Plectin 

knockdown cells (GDC3) which is read at wavelengths of 488/535nm (Ex/Em) (D) The graphical 

representation of the number of colonies formed on soft agar by vector control cells (GDVC) and 

BPAG1e-Plectin knockdown cells (GDC3) (E) The graph shows tumor volume plotted against 

time for vector control cells (GDVC) and BPAG1e-Plectin knockdown cells (GDC3). It 

represents mean ± SEM for 5 animals injected for each clone. Note: the numbers below the blot 

indicate relative intensity of the bands using densitometric analysis. 
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Figure 4.19:  NDRG1 downregulation in BPAG1e-Plectin knockdown background rescues the 

phenotype in AW8507 cells. (A) Western blot analysis shows Plectin, BPAG1e, NDRG1 levels in 

vector control clone (GTVC) and NDRG1-BPAG1e-Plectin knockdown clone (GTC2) (B) The 

graph shows fluorescence of migrated vector control cells (GTVC) and NDRG1-BPAG1e-Plectin 

knockdown cells (GTC2) which is read at wavelengths of 488/535nm (Ex/Em) (C) The graph 

shows fluorescence of invaded vector control cells (GTVC) and NDRG1-BPAG1e-Plectin 

knockdown cells (GTC2) which is read at wavelengths of 488/535nm (Ex/Em) (D) The graphical 

representation of the number of colonies formed on soft agar by vector control cells (GTVC) and 

NDRG1-BPAG1e-Plectin knockdown cells (GTC2) (E) The graph shows tumor volume plotted 

against time for vector control cells (GTVC) and NDRG1-BPAG1e-Plectin knockdown cells 

(GTC2). It represents mean ± SEM for 5 animals injected for each clone. Note: the numbers 

below the blot indicate relative intensity of the bands using densitometric analysis. 
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5. Discussion 
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In the last two decades, the understanding of the plakin family linker proteins has 

increased to great extend. Several studies have shown that hemidesmosomal linker proteins 

(BPAG1e and Plectin) are not present in the cells just to anchor specific proteins, but that they 

have a functional role in various cellular processes like cell motility, invasion etc (13, 17, 18, 

95). However, the literature regarding the role of these proteins in human cancers is scanty. 

Overall, the existing literature suggests that these proteins may have a context dependent role in 

cancer. e.g. Plectin promotes cell migration in colon carcinoma cells (16), whereas it can act as a 

negative regulator of cell migration in liver cancer cells (18). Moreover, very few reports are 

available regarding the role of these proteins in OSCC. A previous report from our laboratory has 

shown that K8 knockdown in OSCC derived AW13516 cells resulted in reduced cell motility, 

cell invasion, tumorigenic potential and altered actin organization (26). 

 Taking available literature into consideration, in the current study, we have attempted to 

unravel the role of hemidesmosomal linker proteins in neoplastic progression of OSCC.  

BPAG1e is normally expressed in basal layer of the squamous epithelia (1). Further, K8/18 pair 

is normally expressed in simple epithelia, where it interacts with integrins via Plectin, as other 

linker protein, BPAG1e, is not expressed in simple epithelia (108, 163). Moreover, in case of 

OSCC and OSCC derived cells, K8/18 pair is aberrantly expressed (21-23, 26). Therefore, it was 

important to investigate whether K8/18 filaments interact with BPAG1e in OSCC derived 

AW13516 cells. Immunoprecipitation experiments revealed that BPAG1e interacts with K8 in 

OSCC derived cells (Figure 4.1A). We tried to validate these results with colocalization 

experiments using immunofluorescence microscopy for K8, BPAG1e and β4 integrin. 

Unfortunately, due to non-specific staining of the BPAG1e antibody in AW13516 cells, the 



~ 115 ~ 

 

results of K8 + BPAG1e and K8 + BPAG1e + β4 integrin staining were inconclusive, although 

K8 and β4 integrin dual staining was properly observed in AW13516 cells (Figure 4.1B-D).  

We then downregulated BPAG1e and/or Plectin in OSCC derived AW13516 cells to 

understand their role in regulation of cell motility/invasion in oral SCC derived cells. The 

shRNA mediated knockdown of BPAG1e did not alter expression of the other linker protein, 

Plectin, demonstrating the specificity of BPAG1e shRNA. Similarly, Plectin knockdown cells 

did not show alterations in BPAG1e protein levels (Figure 4.2E-F). 

It has been previously reported that Plectin null mice showed unaltered keratin filament 

formation, whereas BPAG1e null mice displayed the severing of connections between keratin 

filaments and hemidesmosomes (10, 11). However, Hamill et al showed that no significant 

difference in the keratin network was observed in BPAG1e downregulated human epidermal 

keratinocytes (13). Contrary to this, keratinocytes isolated from individuals carrying 

homozygous nonsense mutations in DST (BPAG1e encoding gene) showed a significant increase 

in K14 levels (14). In our BPAG1e and Plectin single knockdown cells, we could not see 

significant difference in K8 protein level as well as its filament organization (Figure 4.2E-F and 

4.10A-B). However, upon loss of both linker proteins together, the sparsely arranged filament 

network of K8 and K5 was observed (Figure 4.10C). These results indicated the requirement of 

at least one linker protein to anchor keratin proteins to cell surface. 

Next, to understand whether knockdown of HD linker proteins in OSCC derived cells 

leads to similar phenotypic changes as seen in response to K8 knockdown, we performed 

phenotypic assays using linker protein(s) knockdown cells. Our results demonstrated significant 

reduction in cell motility in response to downregulation of the linker proteins singly as well as in 

combination (Figure 4.3A-B, 4.4A-B and 4.5A-B). These results are consistent with previous 
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study from our laboratory. In this study our laboratory had shown reduction in cell motility upon 

K8 knockdown in AW13516 cells. Prior to this study, there was no report available regarding 

role of BPAG1e in cancer cell motility. Further, the role of Plectin in cancer cell motility is 

inconsistent. Katada et al have shown that Plectin promotes the migration and invasion of 

HNSCC cells through activation of Erk 1/2 (15). In another study, plectin deficient colon 

carcinoma cells showed impairment of cell migration and adhesion (16). Contrary to these 

reports, plectin deficiency in liver cancer cells promoted cell motility (17, 18). These reports 

together suggest that a role of linker proteins in cell motility is context dependent. 

Reduction in cell motility is often associated with alterations in actin organization (158). 

Indeed, BPAG1e and/or Plectin downregulated AW13516 cells displayed sparsely arranged 

filopodia (Figure 4.3C, 4.4C and 4.5C). The length of filopodia was also significantly reduced in 

linker protein(s) knockdown cells as compared to respective vector control cells (Figure 4.3D, 

4.4D and 4.5D). Rho GTPases family proteins play a crucial role in the reorganization of the actin 

cytoskeleton (164). One of the members of Rho GTPases, Cdc42, regulates cellular motility by 

filopodia formation (159). We observed decrease in Cdc42 activity in linker protein(s) 

knockdown cells (Figure 4.6A-C). Further, an appearance of shorter and fewer filopodia upon 

loss of linker protein(s) prompted us to investigate whether there was any defect in actin 

polymerization. Actin protein exists in the cytoplasm in two different forms, namely the 

monomeric actin (G-actin) and filamentous actin (F-actin). When G-actin exchanges bound ADP 

for ATP, it polymerizes into F-actin filaments (165). Indeed, actin polymerization assay revealed 

decrease in levels of F-actin in linker protein(s) knockdown cells as compared to respective vector 

control cells (Figure 4.6F). Actin related proteins (Arp) 2/3 complexes are one of the important 

set of actin regulators which participate in nucleation and branching of actin filaments. The 
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Arp2/3 complex promotes branching of an existing actin filament and formation of a daughter 

filament following activation by nucleation-promoting factors (e.g. WASP/WAVE, cortactin etc). 

The Arp 2/3 complex is activated by the Wiskott–Aldrich syndrome family protein (WASP) 

family of proteins which are in turn activated by Cdc42 (160). In linker protein(s) knockdown 

cells, we observed decrease in levels of Arp2 and Arp3 (Figure 4.6G). This result indicated that 

reduced Cdc42 activity in linker protein(s) knockdown cells led to decrease in expression of 

Arp2/3 proteins, resulting in shorter and fewer filopodia. The previous study from our laboratory 

has shown that loss of Fascin in K8 knockdown OSCC cells correlated with reduction in F-actin 

based structures (26). However, we show here that Cdc42 and Arp2/3, and not Fascin, play a key 

role in altered filopodia formation observed in linker protein(s) knockdown OSCC cells.  

Further, our results demonstrated that cell invasion was reduced in BPAG1e and/or Plectin 

knockdown AW13516 cells (Figure 4.3E, 4.4E and 4.5E). Cellular invasion is a crucial step in 

cancer metastasis which requires precise coordination of cell migration and matrix remodeling 

(166). Furthermore, cancer cell invasion and metastasis require the crossing of several physical 

barriers such as the basement membrane (161). Matrix Metalloproteinases (MMPs) play an 

important role in breaking these barriers, thus promoting cellular invasion.  It is well documented 

that increased activity of MMPs, MMP2 and MMP9 in particular, correlates with invasive 

potential of OSCC samples (162). Therefore, we checked MMP2 and MMP9 activity using 

gelatin zymography in linker proteins downregulated and vector control cells. Our zymography 

experiments revealed that MMP9 activity was significantly reduced in linker proteins 

downregulated cells as compared to vector control cells, whereas MMP2 activity remained 

unaltered (Figure 4.5F).  
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In addition, we observed significant reduction in an anchorage independent growth of 

linker proteins knockdown cells. The significant decrease in the size of soft agar colonies was 

observed upon loss of linker protein(s) (Figure 4.7A-C, 4.8A-C and 4.9A-C). We did not see any 

significant difference in cell viability and clonogenic potential of linker protein(s) knockdown 

cells (Figure 4.7D-E, 4.8D-E and 4.9D-E). These findings indicated that the decrease in soft agar 

colony size can be solely attributed to reduction in transformation potential, and not to 

proliferative potential, of the linker protein(s) ablated cells. We also observed decrease in in vivo 

tumorigenic potential (tumor formation in NOD-SCID mice) upon loss of BPAG1e and/or 

Plectin in OSCC derived cells (Figure 4.7F-G, 4.8F-G and 4.9F-G). These results are consistent 

with the previous report, where Shin et al have shown that loss of plectin results in significant 

reduction of tumor volume and metastases of pancreatic ductal adenocarcinoma orthotopic 

mouse models (101). Overall, our results demonstrate that hemidesmosomal linker proteins play 

an important role in cell transformation. 

We observed reduction in cell migration, invasion, tumorigenicity and alterations in actin 

organization upon downregulation of HD linker proteins in OSCC derived cells. In a previous 

study from our laboratory, it was shown that there are alterations in levels of α6β4 integrin 

proteins, α6β4 integrin mediated signalling and actin bundling protein Fascin upon knockdown of 

K8 in AW13516 cells (26). Surprisingly, we did not see changes in β4 integrin and Fascin protein 

levels in response to BPAG1e and/or Plectin knockdown in AW13516 cells. This observation 

indicated that linker proteins may not have role in K8 mediated effects observed in OSCC cells.  

Next, to decipher the key molecules which may have a role in phenotypic changes 

observed upon loss of linker proteins in OSCC derived cells, global protein profiling was 
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performed using SWATH for BPAG1e-Plectin knockdown and vector control cells. Some of the 

differentially expressed proteins were Vimentin, LIMA1, NDRG1, Galectin, 14-3-3 protein 

epsilon, Ubiquitin-40S ribosomal protein, S100-A6 etc. Out of which, NDRG1 was upregulated 

by 1.84 fold in linker proteins knockdown cells. Further, the upregulation of NDRG1 was 

confirmed at protein level in linker protein(s) knockdown cells. We selected NDRG1 for further 

studies as it plays a role in actin organization, cell migration, cell invasion and tumorigenesis 

(137, 139, 142).  

To understand whether the phenotype observed upon linker proteins knockdown can be 

reversed by downregulation of NDRG1, it was stably downregulated in BPAG1e-Plectin double 

knockdown cells. Our experiments revealed that cell motility, cell invasion, colony formation on 

soft agar and in vivo tumorigenicity were partially rescued upon NDRG1 loss in linker proteins 

knockdown background as compared to results of linker proteins knockdown systems (Figure 

4.12 and 4.13). In case of NDRG1 only knockdown in AW13516, cell migration, invasion and 

tumorigenicity was increased as compared to vector control cells (Figure 4.14 and 4.15). 

Previously, it has been reported that NDRG1 overexpression in human prostate and colon cancer 

cells led to reduced cell migration by preventing actin filament polymerization, stress fiber 

assembly (139).  We show here that, upregulation of NDRG1 upon loss of linker proteins led to 

defective actin polymerization, which resulted in shorter and fewer filopodia. Further, our results 

demonstrated that filopodia formation defects observed in linker proteins knockdown cells were 

restored upon NDRG1-BPAG1e-Plectin triple knockdown. In addition, the defects in Cdc42 

activity and F-actin polymerization were rescued in NDRG1-BPAG1e-Plectin triple knockdown 

cells as compared to respective vector control cells. Also, Arp2/3 levels were restored upon 

NDRG1 downregulation in linker proteins knockdown background (Figure 4.12). In case of 
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NDRG1 only knockdown, F-actin and Arp2/3 levels were upregulated as compared to vector 

control cells. Further, it has been reported in prostate and lung cancer cell lines that NDRG1 

expression allows transactivation of the p21 gene by targeting ΔNp63 leading to upregulated p21 

levels. Furthermore, it has been demonstrated that increased levels of p21 leads to decreased cell 

migration (140). The cell lines used in that study were either p53 null or mutated. Similarly, the 

OSCC cell lines used in current study also express mutated p53 (unpublished data). Indeed, p21 

levels were found to be upregulated, whereas ΔNp63 levels were downregulated in linker proteins 

knockdown AW13516 cells. Moreover, NDRG1-BPAG1e-Plectin triple knockdown cells showed 

restoration of p21 and ΔNp63 levels as compared to linker proteins knockdown cells. Likewise, 

NDRG1 only knockdown cells showed decreased levels of p21 and decreased levels of ΔNp63 

(Figure 4.17). These results indicated that NDRG1 possibly regulates cell motility via p21 in 

linker proteins knockdown OSCC cells. As stated earlier, NDRG1 regulated decreased Arp2/3 

expression leading to defective filopodia formation and thereby reduced cell migration in linker 

proteins knockdown cells. Thus, the altered cell motility observed upon loss of linker proteins 

could be the cumulative effect of these two independent mechanisms. Moreover, decreased 

MMP9 activity in response to BPAG1e-Plectin double knockdown was partially restored upon 

NDRG1-BPAG1e-Plectin triple knockdown (Figure 4.13B). It has been reported that NDRG1 

plays a role in inhibiting gastric cancer metastasis by regulating MMP9 activity (142). Thus, 

NDRG1 mediated decreased MMP9 activity seems to be responsible for altered in vitro invasion 

in the linker proteins knockdown cells. Taken together, these results indicated that NDRG1 plays 

a defining role in phenotype associated with cell transformation in linker proteins downregulated 

OSCC cells. 
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The next question was how linker proteins regulate NDRG1 in OSCC cells. Myc, AP1, 

HIF1α, PTEN etc. are known regulators of NDRG1 (167). The possible link between HD linker 

proteins and potential NDRG1 regulators is still not known. Thus, in future, it will be interesting 

to decipher how HD linker proteins regulate NDRG1 expression in OSCC derived cells.  

 Finally, we carried out similar experiments in another tongue SCC derived cell line 

AW8507 to investigate whether the effects observed in AW13516 cells were cell line specific. 

AW8507 cells have been derived from poorly differentiated epidermoid carcinoma of the tongue 

(147). The same shRNA sequences used earlier in this study were used to downregulate BPAG1e 

and/or Plectin in AW8507 cells. As observed in AW13516 knockdown systems, NDRG1 

expression was also upregulated in linker proteins knockdown AW8507 cells (Figure 4.18A). 

Next, we downregulated NDRG1 in BPAG1e-Plectin knockdown AW8507 cells to verify 

whether the phenotype associated with cell transformation in HD linker proteins knockdown 

AW8507 cells was due to higher NDRG1 levels. Indeed, the results of transwell migration assay, 

matrigel invasion assay, soft agar assay and in vivo tumorigenicity assay for AW8507 double and 

triple knockdown systems were similar to those found in AW13516 double and triple 

knockdown systems (Figure 4.18 and 4.19). Thus, these results indicated that alterations 

observed upon loss of BPAG1e and Plectin are not cell line specific. 

Collectively, this study demonstrated that hemidesmosomal linker proteins play a vital 

role in regulating cell motility, actin organization, cell invasion and tumorigenicity in OSCC 

derived cells possibly through NDRG1 (Figure 5.1). To our knowledge, this is the first study 

reporting a role of hemidesmosomal linker proteins (BPAG1e and plectin) in regulating cell 

migration, cell invasion and cell transformation of OSCC derived cells.  



~ 122 ~ 

 

 

 

Figure 5.1: Schematic representation of the role of Hemidesmosomal linker proteins in 

OSCC derived cells 
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6. Summary and 
Conclusion 
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6.1 Summary: 

6.1.1 BPAG1e interacts with K8 in OSCC derived AW13516 cells. 

6.1.2  BPAG1e and/or Plectin knockdown in tongue SCC cell lines resulted in reduction in cell 

motility, cell invasion, tumorigenicity and altered actin organization.  

6.1.3 SWATH analysis for linker proteins knockdown and vector control cells showed 

alterations in levels of several proteins, out of which, NDRG1 was upregulated in linker 

proteins knockdown cells. 

6.1.4 Partial rescue of phenotype for cell transformation was observed upon knockdown of 

NDRG1 in BPAG1e-Plectin triple knockdown cells as compared to BPAG1e-Plectin 

double knockdown cells. 

6.1.5 NDRG1 single knockdown in AW13516 cells showed increase in cell motility, cell 

invasion and tumorigenic potential.   

6.1.6 BPAG1e-Plectin knockdown cells displayed non-uniformly organized filopodia, whereas 

NDRG1-BPAG1e-Plectin knockdown cells showed uniformly arranged filopodia. 

Consistent with altered actin organization, Cdc42 activity, filamentous actin levels and 

Arp2/3 levels were reduced in BPAG1e-Plectin double knockdown cells, whereas Cdc42 

activity, filamentous actin levels and Arp2/3 expression was rescued in NDRG1-BPAG1e-

Plectin triple knockdown cells.  This could be one of the possible mechanism by which 

decreased cell migration was observed upon loss of linker proteins. 

6.1.7 Upregulation of p21 by targeting ΔNp63 in response to NDRG1 upregulation was 

observed in BPAG1e-Plectin double knockdown cells, whereas NDRG1-BPAG1e-Plectin 

triple knockdown cells showed restoration of levels of p21 and ΔNp63. This could be 
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another possible mechanism by which reduced cell migration was observed upon loss of 

linker proteins.   

6.1.8 MMP9 activity was substantially decreased in BPAG1e-Plectin double knockdown cells, 

whereas it was partially restored in NDRG1-BPAG1e-Plectin triple knockdown cells 

which correlated with results of in vitro invasion assay. 

6.1.9 The results in another tongue SCC derived cell line (AW8507) revealed that the role of 

hemidesmosomal linker proteins is not cell line specific. 

 

6.2 Conclusion: 

The available literature regarding the role of HD linker proteins in human cancers is inconsistent. 

In the current study, we have attempted to decipher the role of hemidesmosomal linker proteins in 

neoplastic progression of OSCC. In conclusion, this study demonstrates that BPAG1e and/or 

Plectin play a crucial role in regulating cell motility, actin organization, cell invasion and 

tumorigenicity in OSCC derived cells possibly through NDRG1. Thus, the current project is a 

step forward in our quest to understand functional significance of aberrant expression of 

intermediate filaments and their associated proteins (like Plectin and BPAG1e) and further their 

use as a battery of biomarkers for management of human oral cancer. 
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Annexure 1 

Peak Name Group (protein) p-value Fold Change 

sp|Q9NTJ3|SMC4

_HUMAN 

Structural maintenance of chromosomes protein 4 

OS=Homo sapiens GN=SMC4 PE=1 SV=2 
0.05565 6.170905268 
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sp|Q14257|RCN2

_HUMAN 

Reticulocalbin-2 OS=Homo sapiens GN=RCN2 PE=1 

SV=1 
0.0223 3.307041249 

sp|P55265|DSRA

D_HUMAN 

Double-stranded RNA-specific adenosine deaminase 

OS=Homo sapiens GN=ADAR PE=1 SV=4 
0.01139 2.770648721 

sp|P08670|VIME_
HUMAN 

Vimentin OS=Homo sapiens GN=VIM PE=1 SV=4 
0.00035 2.613678335 

sp|P11766|ADHX

_HUMAN 

Alcohol dehydrogenase class-3 OS=Homo sapiens 

GN=ADH5 PE=1 SV=4 
0.05638 2.25203012 

sp|Q9UHB6|LIM

A1_HUMAN 

LIM domain and actin-binding protein 1 OS=Homo 

sapiens GN=LIMA1 PE=1 SV=1 
0.00276 2.228723621 

sp|Q92597|NDRG

1_HUMAN 

Protein NDRG1 OS=Homo sapiens GN=NDRG1 

PE=1 SV=1 
0.00582 1.841330543 

sp|P05787|K2C8_

HUMAN 

Keratin, type II cytoskeletal 8 OS=Homo sapiens 

GN=KRT8 PE=1 SV=7 
0.00209 1.789723558 

sp|P22626|ROA2_

HUMAN 

Heterogeneous nuclear ribonucleoproteins A2/B1 

OS=Homo sapiens GN=HNRNPA2B1 PE=1 SV=2 
0.01378 1.745255056 

sp|P09382|LEG1_

HUMAN 

Galectin-1 OS=Homo sapiens GN=LGALS1 PE=1 

SV=2 
0.00457 1.640273242 

sp|P16144|ITB4_

HUMAN 

Integrin beta-4 OS=Homo sapiens GN=ITGB4 PE=1 

SV=5 
0.02166 1.525829182 

sp|P62942|FKB1A

_HUMAN 

Peptidyl-prolyl cis-trans isomerase FKBP1A 

OS=Homo sapiens GN=FKBP1A PE=1 SV=2 
0.00121 1.504845202 

sp|Q15637-

5|SF01_HUMAN 

Isoform 5 of Splicing factor 1 OS=Homo sapiens 

GN=SF1 
0.01546 1.449125651 

sp|P00338|LDHA

_HUMAN 

L-lactate dehydrogenase A chain OS=Homo sapiens 

GN=LDHA PE=1 SV=2 
0.00457 1.420341429 

sp|Q15717|ELAV
1_HUMAN 

ELAV-like protein 1 OS=Homo sapiens 
GN=ELAVL1 PE=1 SV=2 

0.0045 1.372417714 

sp|P22234|PUR6_

HUMAN 

Multifunctional protein ADE2 OS=Homo sapiens 

GN=PAICS PE=1 SV=3 
0.03914 1.344477503 

sp|P28074|PSB5_

HUMAN 

Proteasome subunit beta type-5 OS=Homo sapiens 

GN=PSMB5 PE=1 SV=3 
0.01721 1.323659029 

sp|P38117|ETFB_

HUMAN 

Electron transfer flavoprotein subunit beta OS=Homo 

sapiens GN=ETFB PE=1 SV=3 
0.02579 0.74862264 D

O

W

N

R
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sp|P33316|DUT_

HUMAN 

Deoxyuridine 5'-triphosphate nucleotidohydrolase 

OS=Homo sapiens GN=DUT PE=1 SV=4 
0.00739 0.748314322 

sp|P62979|RS27A

_HUMAN 

Ubiquitin-40S ribosomal protein S27a OS=Homo 

sapiens GN=RPS27A PE=1 SV=2 
0.01624 0.740823223 

sp|P62258|1433E_

HUMAN 

14-3-3 protein epsilon OS=Homo sapiens 

GN=YWHAE PE=1 SV=1 
0.00831 0.730636493 

sp|P26641|EF1G_

HUMAN 

Elongation factor 1-gamma OS=Homo sapiens 

GN=EEF1G PE=1 SV=3 
0.0346 0.726886582 

sp|O94788|AL1A

2_HUMAN 

Retinal dehydrogenase 2 OS=Homo sapiens 

GN=ALDH1A2 PE=1 SV=3 
0.05173 0.702585449 

sp|Q99879|H2B1

M_HUMAN 

Histone H2B type 1-M OS=Homo sapiens 

GN=HIST1H2BM PE=1 SV=3 
0.00579 0.689966445 

sp|P31947|1433S_ 14-3-3 protein sigma OS=Homo sapiens GN=SFN 0.03438 0.677922541 
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SWATH analysis data 

 

 

HUMAN PE=1 SV=1  
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sp|P12956|XRCC

6_HUMAN 

X-ray repair cross-complementing protein 6 

OS=Homo sapiens GN=XRCC6 PE=1 SV=2 
0.05228 0.659947387 

sp|Q8NC51|PAIR

B_HUMAN 

Plasminogen activator inhibitor 1 RNA-binding 

protein OS=Homo sapiens GN=SERBP1 PE=1 SV=2 
0.01442 0.647919271 

sp|P49915|GUAA

_HUMAN 

GMP synthase [glutamine-hydrolyzing] OS=Homo 

sapiens GN=GMPS PE=1 SV=1 
0.04231 0.645900873 

sp|P07900|HS90A

_HUMAN 

Heat shock protein HSP 90-alpha OS=Homo sapiens 

GN=HSP90AA1 PE=1 SV=5 
0.00705 0.641768247 

sp|P34897|GLYM

_HUMAN 

Serine hydroxymethyltransferase, mitochondrial 

OS=Homo sapiens GN=SHMT2 PE=1 SV=3 
0.00252 0.63674622 

sp|P62854|RS26_

HUMAN 

40S ribosomal protein S26 OS=Homo sapiens 

GN=RPS26 PE=1 SV=3 
0.0138 0.621695312 

sp|P06703|S10A6
_HUMAN 

Protein S100-A6 OS=Homo sapiens GN=S100A6 
PE=1 SV=1 

0.00363 0.609075387 

sp|Q9P2E9|RRBP

1_HUMAN 

Ribosome-binding protein 1 OS=Homo sapiens 

GN=RRBP1 PE=1 SV=4 
0.0263 0.559279843 

sp|P49327|FAS_H

UMAN 

Fatty acid synthase OS=Homo sapiens GN=FASN 

PE=1 SV=3 
0.00432 0.536297719 

sp|Q13509|TBB3_

HUMAN 

Tubulin beta-3 chain OS=Homo sapiens GN=TUBB3 

PE=1 SV=2 
0.00527 0.522026556 

sp|P08195|4F2_H

UMAN 

4F2 cell-surface antigen heavy chain OS=Homo 

sapiens GN=SLC3A2 PE=1 SV=3 
0.00431 0.517087719 

sp|P13797|PLST_

HUMAN 

Plastin-3 OS=Homo sapiens GN=PLS3 PE=1 SV=4 
0.0471 0.516612252 

sp|Q01650|LAT1_

HUMAN 

Large neutral amino acids transporter small subunit 1 

OS=Homo sapiens GN=SLC7A5 PE=1 SV=2 
0.01131 0.492640547 

sp|P06454|PTMA

_HUMAN 

Prothymosin alpha OS=Homo sapiens GN=PTMA 

PE=1 SV=2 
0.0508 0.442629118 

sp|P62820|RAB1

A_HUMAN 

Ras-related protein Rab-1A OS=Homo sapiens 

GN=RAB1A PE=1 SV=3 
0.03868 0.418468779 

sp|P15559|NQO1_

HUMAN 

NAD(P)H dehydrogenase [quinone] 1 OS=Homo 

sapiens GN=NQO1 PE=1 SV=1 
0.00031 0.397239962 

sp|Q96C86|DCPS

_HUMAN 

m7GpppX diphosphatase OS=Homo sapiens 

GN=DCPS PE=1 SV=2 
0.03626 0.371471343 

sp|Q9H1E3|NUC
KS_HUMAN 

Nuclear ubiquitous casein and cyclin-dependent 
kinase substrate 1 OS=Homo sapiens PE=1 SV=1 

0.00999 0.343781783 

sp|P05362|ICAM1

_HUMAN 

Intercellular adhesion molecule 1 OS=Homo sapiens 

GN=ICAM1 PE=1 SV=2 
0.00594 0.337035605 

sp|P67936|TPM4_

HUMAN 

Tropomyosin alpha-4 chain OS=Homo sapiens 

GN=TPM4 PE=1 SV=3 
0.02601 0.33496533 
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A B S T R A C T

BPAG1e and Plectin are hemidesmosomal linker proteins which anchor intermediate filament proteins to the cell
surface through β4 integrin. Recent reports indicate that these proteins play a role in various cellular processes
apart from their known anchoring function. However, the available literature is inconsistent. Further, the pre-
vious study from our laboratory suggested that Keratin8/18 pair promotes cell motility and tumor progression by
deregulating β4 integrin signaling in oral squamous cell carcinoma (OSCC) derived cells. Based on these find-
ings, we hypothesized that linker proteins may have a role in neoplastic progression of OSCC. Downregulation of
hemidesmosomal linker proteins in OSCC derived cells resulted in reduced cell migration accompanied by al-
terations in actin organization. Further, decreased MMP9 activity led to reduced cell invasion in linker proteins
knockdown cells. Moreover, loss of these proteins resulted in reduced tumorigenic potential. SWATH analysis
demonstrated upregulation of N-Myc downstream regulated gene 1 (NDRG1) in linker proteins downregulated
cells as compared to vector control cells. Further, the defects in phenotype upon linker proteins ablation were
rescued upon loss of NDRG1 in linker proteins knockdown background. These data together indicate that
hemidesmosomal linker proteins regulate cell motility, invasion and tumorigenicity possibly through NDRG1 in
OSCC derived cells.

1. Introduction

Hemidesmosomes (HDs) are located at the basal side of epithelial
cells where they link the extracellular matrix (ECM) to the intermediate
filament (IF) network in the cell. The complex epithelia like skin as-
semble type I HDs, which consist of the α6β4 integrin, plectin, CD151,
bullous pemphigoid antigens BPAG1e (BP230) and BPAG2 (BP180).
α6β4 integrin connects the cells to laminin-5 of the basement mem-
brane, whereas plectin and BPAG1e connect the keratin filaments to
hemidesmosomal junction through α6β4 integrin [1,2].

BPAG1e and Plectin belong to the plakin family of cytoskeletal
linker proteins. Ablation of HD linker proteins in mouse keratinocytes
results in the formation of blisters [3,4]. This illustrates the importance
of plakins in regulating dermal-epidermal adhesion. Further, these
proteins have a functional role in various cellular processes apart from
their known anchoring function [5–8]. BPAG1e null animals display
impaired wound healing in vivo, indicating that BPAG1e possibly acts as
a potential regulator of keratinocyte migration [4]. Upregulation of

BPAG1e expression has been reported in squamous cell carcinomas [9].
Furthermore, BPAG1e regulates keratinocyte migration by acting as a
scaffold for β4 integrin mediated signaling to Rac1 [5]. Recently, we
have shown that BPAG1e positively regulates cell motility of OSCC
derived cells [10]. Contrary to this, human keratinocytes carrying
homozygous nonsense mutations in BPAG1e encoding gene displayed
reduced adhesion but increased spreading and migration [8]. The other
linker protein, Plectin, promotes the migration and invasion of head
and neck squamous cell carcinoma (HNSCC) cells through activation of
Erk 1/2 [11]. It has been also reported that plectin regulates inva-
siveness in colon carcinoma cells and is targeted to podosomes [6]. On
the other hand, loss of plectin in liver cancer cells promotes cell motility
[12,13]. These reports together suggest that the role of HD linker
proteins in cell motility is context dependent. Overall, the available
information regarding molecular mechanisms underlying BPAG1e and
Plectin associated phenotype in cancer is inconsistent.

Keratins (K) are the largest subgroup of intermediate filament pro-
teins expressed in a tissue specific and differentiation dependent
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manner [14]. Aberrant expression of keratin8/18 (K8/18) pair has been
consistently shown in OSCC [15–17]. Subsequent work from our la-
boratory revealed that knockdown of K8 in OSCC derived cell line
(AW13516) resulted in alterations in α6β4 integrin levels and its
mediated signaling, actin reorganization, reduction in cell motility,
invasion, tumorigenicity and cell motility associated protein fascin
[18].

As HD linker proteins anchor keratins to the cell surface via β4 in-
tegrin, we hypothesized that these linker proteins may have a role in
regulating cell motility and neoplastic progression of OSCC. In the
present communication, we show that the HD linker proteins play a role
in regulating cell motility, invasion, tumorigenicity and actin organi-
zation in OSCC derived cells possibly through NDRG1.

2. Materials and methods

2.1. Antibodies, qRT-PCR primers and shRNA sequences

List of antibodies, qRT-PCR primers and shRNA sequences have
been given in the Supplementary File 1 (table 1–3).

2.2. Cell lines and plasmids

The human tongue SCC derived cell lines AW13516 and AW8507
were previously established at Cancer Research Institute (CRI),
Mumbai, India [19]. These cell lines were cultured in Iscove's Modified
Dulbecco's Medium (IMDM) supplemented with 10% fetal bovine
serum (FBS) and antibiotics under 5% CO2 atmosphere at 37 °C. HEK
293FT cells, used for lentivirus production, were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% FBS and
antibiotics under 5% CO2 atmosphere at 37 °C.

The pLKO1.puro (plasmid #10878), pLKO1.neo (plasmid #13425)
and pLKO1.hygro (plasmid #24150) plasmids were purchased from
Addgene, USA. The pLKO1.puro plasmid containing shRNA sequence
against BPAG1e was a kind gift from Dr. Jonathan Jones, Washington
State University, USA. shRNA sequences against Plectin and NDRG1
were designed and cloned in pLKO1.neo and pLKO1.hygro plasmids
respectively. BPAG1e-Plectin double knockdown was generated by
transducing lentivirus encoding shRNA against BPAG1e in Plectin
knockdown cells. The empty vector backbone was used to generate the
respective vector control clones.

2.3. Lentivirus production and lentiviral mediated transduction

HEK 293FT cells were cultured till 50% confluency in DMEM
complete medium. Co-transfection of lentiviral transfer and packaging
vectors was performed by calcium phosphate precipitation method. The
lentiviral transfer vector (6 μg), packaging plasmid psPAX2 (4.5 μg) and
envelope plasmid pMD2. G (1.5 μg) were diluted to 250 μl of sterile
distilled water. An equal volume of 0.5 M CaCl2 was then added fol-
lowed by dropwise addition of 500 μl of BES Buffered Saline (BBS). The
mixture was incubated at room temperature (RT) for 20 min and then
added to the culture dishes. After 16 h of incubation, the medium was
replaced with fresh complete DMEM. After 48–60 h of transfection,
viral supernatant was collected and centrifuged for 10 min at 2000 rpm
at 4 °C to remove traces of HEK 293FT cells. The supernatant was col-
lected and stored at −80 °C or used for transduction. For transduction,
the viral supernatant along with polybrene (8 μg/ml) was added to 50%
confluent OSCC derived cells. After 24 h, the supernatant was replaced
with complete media. Further, the stable clones were selected in pur-
omycin (0.5 μg/ml) or G418 (500 μg/ml) or hygromycin (30 μg/ml).

2.4. Quantitative real time-polymerase chain reaction (qRT-PCR)

RNA was isolated with the TRI reagent (Sigma, USA) and cDNA was
prepared using Revert Aid First Strand cDNA synthesis Kit (Thermo

Scientific, USA) according to the manufacturer's protocol. SYBR green
based qRT-PCR was performed on the ABI 7900HT Fast Real Time PCR
System (Applied Biosystems, Foster, CA, USA) as described previously
[20]. qRT-PCR analysis was carried out to determine the BPAG1e,
Plectin and NDRG1 levels in HD linker proteins knockdown and vector
control cells. 10 ng of cDNA was used to perform qRT-PCR analysis
using gene specific primers for BPAG1e, Plectin and NDRG1
(Supplementary File 1, table 3). The relative gene expression was
quantified by comparative Ct method using Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) as the loading control.

2.5. Western blotting

Western blotting was performed as described earlier [21]. Whole
cell lysates were prepared in SDS lysis buffer (2% SDS, 50 mM Tris-HCl;
pH 6.8, 0.1% β-mercaptoethanol and 10% glycerol). A protease in-
hibitor cocktail (Calbiochem, San Diego, USA) was added to lysis
buffer. An equal amount of protein was loaded and resolved on SDS-
PAGE gels followed by Western blotting. The signals were detected
using WesternBright™ ECL western blotting detection kit (Advansta,
USA) according to the manufacturer's protocol.

2.6. Immunofluorescence

For immunofluorescence, cells were grown on coverslips for 48 h
and treated with 0.03% Triton X-100 in chilled methanol for 90 s.
Permeabilized cells were then fixed in chilled methanol for 5 min at
−20 °C. Further, the procedure followed is as described previously
[21]. All confocal images were acquired using Zeiss LSM 780 micro-
scope (Magnification: 63x, Numerical Aperture: 1.4).

2.7. Actin organization

The wounds were scratched in confluent cells with the help of a
sterile 2 μl pipette tip. The cells surrounding the scratch were allowed
to migrate into the wounded region for 8 h. Subsequently, the cells
were fixed using 4% Paraformaldehyde. Further, the cells were sub-
jected to Phalloidin (Sigma, USA) staining for 1 h and actin organiza-
tion was visualized at wound front under Zeiss LSM 780 microscope
[10].

2.8. Phenotypic assays for cell transformation

2.8.1. In vitro wound healing assay for migration
Wound healing assay was performed as described previously [10].

Briefly, the cells were grown up to 95% confluency. Cells were replaced
with fresh IMDM with 0.2% FBS for 24 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 containing 0.2% FBS
and observed under an Axiovert 200 M Inverted Carl Zeiss microscope
fitted with a stage maintained at 37 °C and 5% CO2 atmosphere. Cells
were observed by time lapse microscopy and the images were taken
every 20 min for 20 h using an AxioCam MRm camera with phase 1
objective. The rate of migration was measured using the manual
tracking plugin of ImageJ (NIH) software.

2.8.2. Transwell migration assay and boyden chamber cell invasion assay
The transwell migration assay was performed as described pre-

viously with some modifications [20]. In brief, 2 × 105 cells were
seeded in the upper chamber in serum-free medium and the bottom
chamber was filled with 0.6 ml of complete IMDM. The cells were in-
cubated for 16 h at 37 °C. At the 15th hour, 4 μg/ml Calcein AM (Life
technologies, USA) was added to the lower chamber and incubated for
1 h at 37 °C. The cells on the upper surface were carefully removed with
a cotton swab at the 16th hour. Fluorescence of the invaded cells was
read at wavelengths of 488/535 nm (Ex/Em) on a bottom-reading
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fluorescent plate reader (Berthold, Germany). The boyden chamber
invasion assay was performed similar to transwell migration assay [10].
Additionally, 8 µm pore sized polycarbonate membrane filters in upper
chamber were coated with 40 μl Matrigel (1 mg/ml) with 140 μl in-
complete IMDM.

2.8.3. Soft agar colony forming assay
The soft agar colony forming assay was performed as described by

Chaudhari et al. [10]. As a first step, 1 ml of the basal layer was made
by adding equal volumes of 2X complete IMDM 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
IMDM on every alternate day and incubated at 37 °C in a 5% CO2 at-
mosphere for 15 days. Opaque and dense colonies were observed and
counted microscopically on day 15.

2.8.4. In vivo Tumorigenicity assay
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: 04/2015). The tumorigenic potential of cells was
determined by subcutaneous injections in NOD-SCID mice as described
previously [22]. The cells were suspended in plain IMDM medium
without serum and 6 × 106 cells were injected subcutaneously in the
dorsal flank of 6–8 weeks old mice. 5 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
(Advance, India) and volume was calculated by the modified ellipsoidal
formula, [Tumor volume = 1/2(length x width2)].

2.8.5. MTT (3-(4, 5-Dimethylthiazol-2-yl)−2, 5-Diphenyltetrazolium
Bromide) cell viability assay

MTT Cell viability assay was performed as explained earlier [10].
1000 cells were seeded per well in a 96-well microtitre plate. Pro-
liferation was studied every 24 h up to a period of 4 days. At the desired
time points, 20 μl MTT (5 mg/ml) 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 in a CO2 incubator. Next day, the absorbance was
measured on an ELISA plate reader at 540 nm against a reference wa-
velength of 690 nm. Growth curve was plotted from three independent
experiments.

2.8.6. Colony forming (Clonogenic) assay
The clonogenic assay was carried out as described earlier [23].

Briefly, 200 cells were plated in 60 mm tissue culture plates in tripli-
cates. The cells were grown in complete medium for 10 days, with
medium changes every 2–3 days. The cells were first fixed with me-
thanol for 5 min at room temperature (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 min at RT. After washes with
distilled water, the plates were allowed to dry.

Fig. 1. Loss of hemidesmosomal linker proteins does not affect expression of associated proteins. (A) qRT-PCR of Plectin and (D) western blot analysis of Plectin, β4 integrin,
Fascin, K8 and K5 in vector control clone (PVC) and Plectin knockdown clones (C1, C2). (B, C) qRT-PCR of BPAG1e, Plectin and (E) western blot analysis of BPAG1e, Plectin, β4 integrin,
Fascin, K8 and K5 in vector control clone (DVC) and BPAG1e-Plectin knockdown clones (C1, C4) (F) Immunofluorescence analysis showing K5 and K8 filament organization (stained in
green) in vector control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). The nucleus is stained with DAPI. Note: the numbers below the blot indicate relative intensity of the
bands using densitometric analysis.
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2.8.7. Gelatin zymography
To determine the Matrix Metalloproteinase 2 (MMP2) and MMP9

activity in conditioned culture medium, gelatin zymography was car-
ried out as described by Ranjan et al. (2015) with some modifications
[24]. 5 × 105 cells were seeded in 35 mm tissue culture plates con-
taining complete IMDM and grown for 24 h in 5% CO2 atmosphere at
37 °C. The cells were then washed thrice with 1X PBS and grown in
serum free medium for 24 h. After 24 h, culture medium was recovered
and centrifuged at 2000 rpm for 5 min at 4 °C. Simultaneously, SDS
lysis buffer was added to culture plate containing cells to extract pro-
teins. Then, equal volume of lysates were loaded on SDS PAGE and
transferred on PVDF membrane. Subsequently, the blot was probed
with antibody against β-actin, which was used as a loading control. The
supernatant was dried using refrigerated CentriVap Concentrator,
Labconco at 4 °C. After complete drying, pellet was dissolved in non-
reducing Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8, 4% SDS,
20% glycerol, 0.01% bromophenol blue) and applied to 10% SDS-PAGE
gels polymerized with 1% gelatin. After electrophoresis, the gels were
rinsed three times in a solution containing 2.5% Triton X-100 to elim-
inate the SDS and to allow reconstitution of the proteins. MMP activity
was stimulated by incubating the gels at 37 °C waterbath for at least

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 visua-
lized by staining the gels in Coomassie Brilliant Blue G-250 solution
followed by destaining with destaining solution (45% methanol, 45%
water and 10% glacial acetic acid).

2.9. RhoA/Rac1/Cdc42 activation assay

RhoA, Rac1 and Cdc42 activation assays were performed using
RhoA/Rac1/Cdc42 Activation Assay Combo Biochem Kit (BK030,
Cytoskeleton Inc, USA) as per manufacturer's instructions. In brief, the
cells were treated with 40 ng/ml epidermal growth factor (EGF;
Invitrogen, USA) for 10 min to activate Cdc42. Similarly, the cells were
treated with 10 ng/ml EGF for 4 min and 100 μg/ml Calpeptin
(Calbiochem, USA) for 10 min to activate Rac1 and RhoA respectively.
The cells were lysed using lysis buffer (provided in the kit) on ice. For
activation assays, 500 μg protein lysate was incubated with PAK-PBD or
Rhotekin RBD beads at 4 °C for 1 h on rocker. After centrifugation, the
supernatant was decanted and the pellet was washed thrice with wash
buffer (provided in the kit). Further, the pellet was resuspended in la-
melli buffer. The lysates prepared from cells, which were not treated

Fig. 2. Loss of Plectin leads to reduced cell migration, cell invasion and alterations in actin organization. (A) Representative time lapse microscopy images show wound healing
for vector control clone (PVC) and Plectin knockdown clone (C1). (B) The graph shows rate of cell migration for vector control clone (PVC) and Plectin knockdown clones (C1, C2). (C)
The graph shows fluorescence of invaded vector control cells (PVC) and Plectin knockdown cells (C1, C2) which is read at wavelengths of 488/535 nm (Ex/Em). (D) Immunofluorescence
analysis of actin organization (stained in green) at the wound edge in vector control clone (PVC) and Plectin knockdown clone (C1). The nucleus is stained with DAPI. The arrow indicates
direction of migration. The inset shows filopodia formed at migratory front. (E) The graph shows length of filopodia in vector control clone (PVC) and Plectin knockdown clone (C1). For
each clone, 30 cells at the wound front were used for quantification. Note: the numbers below the blot indicate relative intensity of the bands using densitometric analysis.
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Fig. 3. Loss of Plectin leads to reduced invasive and tumorigenic potential. (A) The representative images of colonies formed on soft agar and graphical representation of the (B)
number of colonies and (C) size of colonies formed on soft agar in vector control clone (PVC) and Plectin knockdown clones (C1, C2). (D) Representative images of NOD-SCID mice
bearing tumors formed from vector control cells (PVC) and Plectin knockdown cells (C1) after 8 weeks of injection. The tumors are indicated by dotted circles. (E) The graph shows tumor
volume plotted against time for vector control clone (PVC) and Plectin knockdown clone (C1). It represents mean ± SEM for 5 animals injected for each clone.

Fig. 4. Loss of BPAG1e-Plectin leads to reduced cell migration and alterations in actin organization. (A) Representative time lapse microscopy images show wound healing for
vector control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). (B) The graph shows rate of cell migration for vector control clone (DVC) and BPAG1e-Plectin knockdown clones
(C1, C4). (C) Immunofluorescence analysis of actin organization (stained in green) at the wound edge in vector control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). The
nucleus is stained with DAPI. The arrow indicates direction of migration. The inset shows filopodia formed at migratory front. (D) The graph shows length of filopodia in vector control
clone (DVC) and BPAG1e-Plectin knockdown clone (C4). For each clone, 40 cells at the wound front were used for quantification. (E) Western blot analysis and (F) graph represents Cdc42
activity in vector control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). (G) Western blot analysis shows F-actin levels in vector control clone (DVC) and BPAG1e-Plectin
knockdown clone (C4). (H) Western blotting of Arp2, Arp3 in vector control clone (DVC) and BPAG1e-Plectin knockdown clones (C1, C4). Note: the numbers below the blot indicate
relative intensity of the bands using densitometric analysis.
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with EGF or Calpeptin, were used as a control. The samples were sub-
jected to SDS-PAGE and western blotting. The amount of activated
RhoA/Rac1/Cdc42 was determined by western blotting using a Rho/
Rac/Cdc42 specific antibody (provided in the kit).

2.10. Fractionation and quantification of F-Actin

Fractionation and quantification of F-Actin was performed as de-
scribed earlier [25]. Briefly, the cells were harvested and homogenized
using 27-gauge syringes in 500 ml of lysis and F-actin stabilization
buffer (50 mM 1,4-piperazinediethanesulfonic acid, 50 mM NaCl, 5 mM
MgCl2, 5 mM EGTA, 5% glycerol, 0.1% NP-40, 0.1% Triton X-100, 0.1%
Tween 20 and 0.1% BME) at 37 °C. Further, the F-actin was separated
by ultracentrifugation at 100,000 g for 1 h at 37 °C. The pellet was then
resuspended in 500 ml ice-cold G-buffer (2 mM Tris-HCl; pH 8.0,
0.2 mM CaCl2, 0.2 mM ATP and 0.5 mM DTT) and incubated for 1 h on
ice. The dissociated F-actin was centrifuged at 14,000 g for 10 min at
4 °C. The F-actin levels were determined by western blotting using a
monoclonal anti-β-actin antibody. GAPDH was used as a loading con-
trol.

2.11. SWATH (sequential window acquisition of all theoretical fragment
ion spectra) analysis

SWATH analysis was performed at National Chemical Laboratory
(NCL), Pune, India [26].

LC Separation: Peptide digest (3 µg) was separated by using
Eksigent MicroLC 200 system (Eksigent, Dublin, CA) equipped with
Eksigent C18-reverse phase column (100*0.3 mm, 3 µm, 120 Å). The
sample was loaded onto the column with 97% of mobile phase A (100%
water, 0.1% Formic acid) and 3% of mobile phase B (100% Acetonitrile,
0.1% Formic acid) at 7 μl/min flow rate. Peptides were eluted with a
120 min linear gradient of 3–50% mobile phase B. The column tem-
perature was set to 40 °C and auto sampler at 4 °C. The same chroma-
tographic conditions were used for both information-dependent ac-
quisition (IDA) and SWATH acquisition.

Full MS/MS2 acquisition (IDA for creating library): All samples
were analyzed on AB-Sciex 5600 Triple TOF mass-spectrometer in po-
sitive and high-sensitivity mode. The dual source parameters were op-
timized for better results: ion source gases GS1, GS2, curtain gas at
25 psi, temperature 200 °C and ion spray voltage floating (ISVF) at
5500 V. The accumulation time in full scan was 250 ms for a mass range
of 350–1800 m/z. The parent ions are selected based on the following
criteria: ions in the MS scan with intensities more than 120 counts per
second, charge stage between +2 to +5 and mass tolerance 50 mDa.
Ions were fragmented in the collision cell using rolling collision energy
(CE) with an additional CE spread of ± 15 eV.

Samples were acquired in technical triplicate using above men-
tioned IDA method. IDA mass spectrometric files were searched using
ProteinPilot software, Version 4.0.8085 (AB SCIEX, MA, USA) with the
Paragon algorithm against human serum albumin protein database
(P02768-UniProt) at 1% FDR. The ProteinPilot output file (.group) was

Fig. 5. Loss of BPAG1e-Plectin leads to reduced invasive and tumorigenic potential. (A) The graph shows fluorescence of invaded vector control cells (DVC) and BPAG1e-Plectin
knockdown cells (C1, C4) which is read at wavelengths of 488/535 nm (Ex/Em). (B) The gelatin zymography shows MMP2 and MMP9 activity in vector control clone (DVC) and BPAG1e-
Plectin knockdown clone (C4). β actin is used as a loading control. (C) The representative images of colonies formed on soft agar and graphical representation of the (D) number of
colonies and (E) size of colonies formed on soft agar in vector control clone (DVC) and BPAG1e-Plectin knockdown clones (C1, C4). (F) Representative images of NOD-SCID mice bearing
tumors formed from vector control cells (DVC) and BPAG1e-Plectin knockdown cells (C4) after 8 weeks of injection. The tumors are indicated by dotted circles. (G) The graph shows
tumor volume plotted against time for vector control clone (DVC) and BPAG1e-Plectin knockdown clone (C4). It represents mean ± SEM for 5 animals injected for each clone.
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used as a standard peptide spectral library. SWATH MS- In SWATH-MS
mode, the instrument was specifically tuned to optimize the quadrupole
settings for the selection of precursor ion selection window 25 m/z
wide. Using an isolation width of 26 m/z (containing 1 m/z for the
window overlap), a set of 34 overlapping windows was constructed
covering the precursor mass range of 400–1250 m/z. SWATH MS/MS
spectra were collected from 100 to 2000 m/z. Ions were fragmented in
the collision cell using rolling collision energy with an additional CE
spread of ± 15 eV. An accumulation time (dwell time) of 96 ms was
used for all fragmentation scans in high-sensitivity mode, and for each
SWATH-MS cycle a survey scan in high-resolution mode 9 was acquired
for 100 ms resulting in a duty cycle of 3.33 s. The source parameters
were similar to that of IDA acquisition.

SWATH analysis was performed for two technical replicates for each
sample. The spectral alignment and targeted data extraction of SWATH-
MS data was performed using Peakview software, Version 1.2.03 (AB
SCIEX, MA, USA). The peptide data (.MRKVW) files were used for
quantification of glycated peptides of HSA using Markerview software,
Version 1.2.1.1 (AB SCIEX, MA, USA). Normalization was performed
using total area sum. The peptides with a p value less than 0.05 were
considered for quantification.

2.12. Densitometric quantification and statistical analysis

Densitometric quantification of scanned images was performed by
ImageJ software (NIH, USA). Band intensities were normalized to re-
spective loading controls. All the statistical analyses were performed
using GraphPad Prism software (version 6.01). Two groups of data were
statistically analyzed by Student's t-test.

3. Results and discussion

3.1. Loss of hemidesmosomal linker proteins does not affect expression of
associated proteins

The single knockdown of Plectin and double knockdown of Plectin-
BPAG1e in OSCC derived AW13516 cell line was carried out using
shRNA technology. Downregulation of HD linker proteins was con-
firmed at mRNA and protein level. Plectin knockdown clones C1 and C2
showed ~6.7 and ~5.9 fold decrease in Plectin mRNA (Fig. 1A),
whereas BPAG1e-Plectin double knockdown clones C1 and C4 dis-
played ~2.9 and ~6.5 fold decrease in BPAG1e and Plectin mRNA
respectively (Fig. 1B and C). Plectin knockdown clones C1 and C2
showed ~94% reduction at protein level compared to vector control

Fig. 6. NDRG1 downregulation in BPAG1e-Plectin knockdown background rescues cell migration and actin organization A) Western blot analysis of NDRG1 in DVC, C1 and C4
clones. (B) qRT-PCR and (C) western blot analysis of NDRG1 in vector control clone (TVC) and NDRG1-BPAG1e-Plectin knockdown clones (C1, C7). (E) Representative time lapse
microscopy images show wound healing for vector control clone (TVC) and NDRG1-BPAG1e-Plectin knockdown clone (C1). (D) Graph shows rate of cell migration for vector control clone
(TVC) and NDRG1-BPAG1e-Plectin knockdown clones (C1, C7). (F) Immunofluorescence analysis of actin organization (stained in green) at the wound edge in vector control clone (TVC)
and NDRG1-BPAG1e-Plectin knockdown clone (C1). The nucleus is stained with DAPI. The arrow indicates direction of migration. The inset shows filopodia formed at migratory front. (I)
Western blot analysis and (J) graph represents Cdc42 activity in vector control clone (TVC) and NDRG1-BPAG1e-Plectin knockdown clone (C1). (G) Western blot analysis shows F-actin
levels in vector control clone (TVC) and NDRG1-BPAG1e-Plectin knockdown clone (C1). (H) Western blot analysis for Arp2, Arp3 in vector control clone (TVC) and NDRG1-BPAG1e-
Plectin knockdown clones (C1, C7). Note: the numbers below the blot indicate relative intensity of the bands using densitometric analysis.
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clone PVC (Fig. 1D). Further, decrease in Plectin (~93%) and BPAG1e
(~81%) protein levels was observed in double knockdown clones C1
and C4 as compared to vector control clone DVC (Fig. 1E).

Plectin and BPAG1e act as linker proteins between β4 integrin and
keratins at HD sites [1]. In our earlier study, we have shown that β4
integrin and Fascin were downregulated in response to K8 knockdown
in OSCC derived cells [18]. In the present study, upon knockdown of
HD linker protein(s), no changes were observed in expression of β4
integrin, K8, K5 and Fascin at protein level (Fig. 1D and E). Further,
immunofluorescence analyses demonstrated sparse filament organiza-
tion for K8 and K5 upon loss of both HD linker proteins in AW13516
cells (Fig. 1F). It has been previously reported that Plectin null mice
showed unaltered keratin filament formation, whereas BPAG1e null
mice displayed severing of connections between keratin filaments and
HDs [3,4]. Recently, we have shown that BPAG1e loss did not alter K8
filament organization in OSCC derived cells [10]. Similarly, Plectin
knockdown in AW13516 cells did not show any alterations in K8 fila-
ment organization (Supplementary Fig. 1). These results indicated that
at least one linker protein, if not both, is required to anchor keratin
proteins to the cell surface at HD sites.

In a previous study from our laboratory, it was shown that loss of K8
in AW13516 cells led to reduction in cell migration, cell invasion, tu-
morigenicity and alterations in actin organization [18]. Therefore, to
understand whether knockdown of HD linker proteins leads to similar
phenotypic changes as seen in response to K8 knockdown, we per-
formed phenotypic assays using HD linker proteins knockdown cells.

3.2. Phenotypic assays for cell transformation

3.2.1. Loss of HD linker proteins leads to reduced cell migration, cell
invasion and alterations in actin organization

Scratch wound healing assay demonstrated a decrease in cell mi-
gration in HD linker proteins knockdown clones as compared to re-
spective vector control clone (Figs. 2A and 4A). The rate of cell mi-
gration was reduced by ~33% and ~36% in Plectin and BPAG1e-
Plectin knockdown cells respectively (p < 0.001) (Figs. 2B and 4B).
These results are consistent with previous studies from our laboratory,
where cell motility was reduced upon K8 as well as BPAG1e single
knockdown in AW13516 cells [10,18]. Available literature indicates
that the role of Plectin in cancer cell motility is context dependent.
Cheng et al. have demonstrated that loss of plectin in liver cancer cells
promotes cell motility [12,13]. On the other hand, transient knockdown
of plectin resulted in decreased proliferation, migration and invasion of
HNSCC cells. In these cells, phosphorylated Erk levels were decreased.
Authors have argued that a decrease in cell migration and invasion may
be attributed to decreased Erk activity [11]. The exact mechanism by
which these phenotypic changes occurred is unclear. To our knowledge,
ours is the first study demonstrating the role of HD linker proteins
(either singly or in combination) in regulating cell migration of OSCC
derived cells.

Cell migration is known to be regulated by changes in the actin
organization [27]. Therefore, actin organization was analyzed using
phalloidin staining followed by confocal microscopy. The filopodia in

Fig. 7. NDRG1 downregulation in BPAG1e-Plectin knockdown background rescues cell invasion and tumorigenicity (A) The graph shows fluorescence of invaded vector control
cells (TVC) and NDRG1-BPAG1e-Plectin knockdown cells (C1, C7) which is read at wavelengths of 488/535 nm (Ex/Em) (B) The gelatin zymography shows MMP2 and MMP9 activity in
vector control clone (TVC) and NDRG1-BPAG1e-Plectin knockdown clone (C1). β actin is used as a loading control. (C) The representative images of colonies formed on soft agar and
graphical representation of (D) the number of colonies and (E) size of colonies formed on soft agar in vector control clone (TVC) and NDRG1-BPAG1e-Plectin knockdown clones (C1, C7).
(F) Representative images of NOD-SCID mice bearing tumors formed from vector control cells (TVC) and NDRG1-BPAG1e-Plectin knockdown cells (C1) after 8 weeks of injection. The
tumors are indicated by dotted circles. (G) The graph shows tumor volume plotted against time for vector control cells (TVC) and NDRG1-BPAG1e-Plectin knockdown cells (C1). It
represents mean ± SEM for 5 animals injected for each clone.
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vector control cells were uniformly present on the cell membrane,
whereas in HD linker protein(s) downregulated cells, filopodia were
non-uniformly organized (Figs. 2D and 4C). Moreover, the average
length of filopodia was significantly reduced in Plectin knockdown cells
(6.81 µm) as compared to PVC (11.67 µm) (p < 0.001) (Fig. 2E). Si-
milarly, the average length of filopodia was significantly reduced in
BPAG1e-Plectin knockdown cells (6.49 µm) as compared to DVC
(11.63 µm) (p < 0.001) (Fig. 4D). Previously, we have shown that
BPAG1e knockdown in OSCC derived cells resulted in changes in actin
organization and decrease in length of filopodia [10].

Rho GTPases family proteins like RhoA, Rac1, Cdc42 play a crucial
role in the actin cytoskeleton organization. RhoA, Rac1 and Cdc42
regulate cellular motility by formation of stress fibres, lamelipodia and
filopodia respectively [28]. The activity of Cdc42 was significantly re-
duced upon BPAG1e, Plectin and BPAG1e-Plectin knockdown as com-
pared to respective vector control cells (Fig. 4E and F, Supplementary
Fig. 2A and B). On the other hand, no significant difference was ob-
served in Rac1 and RhoA activity of Linker proteins knockdown cells as
compared to DVC (Supplementary Fig. 2C and D). Further, the ap-
pearance of shorter and fewer filopodia upon loss of linker protein(s)
prompted us to investigate whether there is any defect in actin poly-
merization. Indeed, actin polymerization assay revealed reduced levels
of F-actin in BPAG1e, Plectin and BPAG1e-Plectin knockdown cells as
compared to respective vector control cells (Fig. 4G, Supplementary

Fig. 2E). Actin related proteins (Arp) 2/3 complexes are one of the
important actin regulators, which participate in nucleation and
branching of actin filaments. The Arp2/3 complex is activated by the
Wiskott–Aldrich syndrome family protein (WASP) family of proteins
which are in turn activated by Cdc42 [29]. In BPAG1e, Plectin and
BPAG1e-Plectin knockdown cells, we observed decrease in levels of
Arp2 and Arp3 (Fig. 4H, Supplementary Fig. 2F). Altogether, these re-
sults indicated that reduced Cdc42 activity in linker protein(s) knock-
down cells led to decreased expression of Arp2/3 proteins, resulting in
shorter and fewer filopodia. This explains the reduced cell migration
observed in linker protein(s) knockdown cells.

Furthermore, Plectin and BPAG1e-Plectin knockdown cells were less
invasive as compared to respective vector control cells (Figs. 2C and
5A). The invasion was reduced by ~34% and ~38% in Plectin and
Plectin-BPAG1e knockdown cells respectively (p < 0.001) (Figs. 2C and
5A). Cancer cell invasion and metastasis require the crossing of several
physical barriers such as the basement membrane. Matrix Metallopro-
teinases (MMPs) play a major role in breaking these barriers, thus fa-
cilitating invasion [30]. Further, it has been demonstrated that in-
creased activity of MMPs (MMP2 and MMP9) correlates with invasive
potential of OSCC [31]. To find out whether activity of MMP2 and/or
MMP9 has altered in linker proteins knockdown cells, we carried out
gelatin zymography. Our experiment revealed that MMP9 activity was
significantly reduced in double knockdown cells as compared to DVC,

Fig. 8. Loss of NDRG1 in AW13516 leads to increased cell migration, cell invasion and actin polymerization. (A) qRT-PCR and (B) western blot analysis of NDRG1 in vector control
clone (NVC) and NDRG1 knockdown clones (C2, C3). (C) Representative time lapse microscopy images show wound healing for vector control clone (NVC) and NDRG1 knockdown clone
(C2). (D) The graph shows rate of cell migration for vector control clone (NVC) and NDRG1 knockdown clones (C2, C3). (E) The graph shows fluorescence of invaded vector control cells
(NVC) and NDRG1 knockdown cells (C2, C3) which is read at wavelengths of 488/535 nm (Ex/Em). (F) Western blot analysis represents Cdc42 activity in vector control clone (NVC) and
NDRG1 knockdown clone (C2). (G) Western blot analysis shows F-actin levels in vector control clone (NVC) and NDRG1 knockdown clone (C2). (H) Western blot analysis for Arp2, Arp3
in vector control clone (NVC) and NDRG1 knockdown clones (C2, C3). Note: the numbers below the blot indicate relative intensity of the bands using densitometric analysis.
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whereas MMP2 activity remained unaltered (Fig. 5B). Thus, decreased
MMP9 activity seems to be responsible for reduced cell invasion in the
linker proteins knockdown cells.

3.2.2. Downregulation of HD linker proteins leads to reduction in the
tumorigenic potential of AW13516 cells

Plectin and Plectin-BPAG1e knockdown clones showed a significant
reduction in number of colonies on soft agar by ~27% and ~29% re-
spectively (p < 0.001) (Figs. 3A and B, 5C and D). Moreover, the soft

agar colony size was reduced by ~60% and ~63% in Plectin and
Plectin-BPAG1e knockdown clones as compared to respective vector
control clones (p < 0.001) (Figs. 3C and 5E). Previously, we have de-
monstrated that BPAG1e loss in OSCC derived cells also results in re-
duction in number and size of colonies formed on soft agar [10]. The
clonogenic assay demonstrated no significant difference in clonogenic
potential of Plectin and Plectin-BPAG1e downregulated and respective
vector control cells (Supplementary Fig. 3B and D). Similarly, no sig-
nificant changes were observed in cell viability of Plectin (p = 0.12)

Fig. 9. Loss of NDRG1 in AW13516 leads to increased tumorigenic potential (A) Representative images of colonies formed on soft agar in vector control clone (NVC) and NDRG1
knockdown clone (C2). (B) Graphical representation of number of colonies formed on soft agar in vector control clone (NVC) and NDRG1 knockdown clones (C2, C3). (C) Graphical
representation of size of colonies formed on soft agar in vector control clone (NVC) and NDRG1 knockdown clone (C2). (D) Representative images of NOD-SCID mice bearing tumors
formed from vector control cells (NVC) and NDRG1 knockdown cells (C2) after 8 weeks of injection. The tumors are indicated by dotted circles. (E) The graph shows tumor volume
plotted against time for vector control cells (NVC) and NDRG1 knockdown cells (C2). It represents mean ± SEM for 5 animals injected for each clone.

Fig. 10. Loss of BPAG1e-Plectin in AW8507 cells leads to decrease in cell migration, invasion and tumorigenicity (A) Western blot analysis shows Plectin, BPAG1e, NDRG1 levels
in vector control clone (GDVC) and BPAG1e-Plectin knockdown clone (GDC3) (B) The graph shows fluorescence of migrated vector control cells (GDVC) and BPAG1e-Plectin knockdown
cells (GDC3) which is read at wavelengths of 488/535 nm (Ex/Em) (C) The graph shows fluorescence of invaded vector control cells (GDVC) and BPAG1e-Plectin knockdown cells (GDC3)
which is read at wavelengths of 488/535 nm (Ex/Em) (D) The graphical representation of the number of colonies formed on soft agar by vector control cells (GDVC) and BPAG1e-Plectin
knockdown cells (GDC3) (E) The graph shows tumor volume plotted against time for vector control cells (GDVC) and BPAG1e-Plectin knockdown cells (GDC3). It represents mean ± SEM
for 5 animals injected for each clone. Note: the numbers below the blot indicate relative intensity of the bands using densitometric analysis.
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and Plectin-BPAG1e (p = 0.15) downregulated cells as compared to
respective vector control cells (Supplementary Fig. 3A and C). These
results indicated that the decrease in soft agar colony size can be at-
tributed to reduced transformation potential of the cells.

Furthermore, the in vivo tumorigenicity of linker proteins knock-
down cells was assessed by subcutaneous injection into NOD-SCID mice
(n = 5). At the end of 8 weeks, the mean tumor volume of the mice
bearing Plectin knockdown cells was significantly reduced as compared
with the average volume of tumors formed by PVC (p < 0.001) (Fig. 3D
and E). Likewise, the mean tumor volume of the mice bearing Plectin-
BPAG1e knockdown cells was significantly reduced as compared with
the average volume of tumors formed by DVC (p < 0.001) (Fig. 5F and
G). Previously, we have demonstrated that BPAG1e loss in OSCC de-
rived cells results in reduced tumorigenic potential [10]. Altogether,
these results indicated that HD linker proteins play an important role in
governing transformation potential.

We observed reduction in cell migration, cell invasion, tumor-
igenicity and alterations in actin organization upon knockdown of
BPAG1e and/or plectin in OSCC derived cells (Figs. 2–5) [10]. How-
ever, unaltered levels of β4 integrin and Fascin in linker proteins
knockdown cells indicated that linker proteins may not have role in K8
mediated effects observed in OSCC derived cells. Therefore, to decipher
the key molecules which may have a role in phenotypic changes ob-
served upon HD linker proteins downregulation, global protein pro-
filing was performed using SWATH.

3.3. SWATH analysis demonstrated NDRG1 upregulation in HD linker
proteins knockdown cells

SWATH analysis was performed for BPAG1e-Plectin knockdown
clone C4 and DVC. Some of the differentially expressed proteins were
Vimentin, LIMA1, NDRG1, Galectin, 14-3-3 protein epsilon, Ubiquitin-
40S ribosomal protein, S100-A6 etc (Supplementary File 2). Out of
these proteins, NDRG1 was upregulated by 1.84 fold (Supplementary
File 2). We selected NDRG1 for further analysis as it functions as a
metastasis suppressor in number of cancers including oral cancer

[32,33]. Furthermore, it plays an important role in cell migration, actin
organization, invasion and tumorigenesis [25,32,34]. NDRG1 over-
expression in human prostate and colon cancer cells inhibited cell mi-
gration by preventing actin filament polymerization [25]. Further,
NDRG1 reduced cell invasiveness and tumorigenesis of OSCC derived
cells [32]. Moreover, NDRG1 regulates gastric cancer cell invasion
through decreased MMP9 activity [34]. Upregulation of NDRG1 (~2.1
fold) in BPAG1e-Plectin knockdown clones was validated using western
blotting (Fig. 6A). NDRG1 protein expression was also found to be
upregulated in BPAG1e (~1.6 fold), Plectin (~1.75 fold) single
knockdown clones as compared to respective vector control clones
(Supplementary Fig. 4A and B).

3.4. NDRG1 downregulation in HD linker proteins knockdown cells rescues
the phenotype

To verify whether the phenotype associated with cell transformation
in HD linker proteins knockdown cells was due to higher NDRG1 levels,
it was stably downregulated in Plectin-BPAG1e double knockdown
clone C4. NDRG1-BPAG1e-Plectin triple knockdown clones C1 and C7
displayed 2.5 and 2.3 fold decrease in NDRG1 mRNA level respectively
(Fig. 6B). Further, NDRG1-BPAG1e-Plectin triple knockdown clones
showed ~80% reduction in NDRG1 protein expression as compared to
vector control clone TVC (Fig. 6C).

We also carried out single knockdown of NDRG1 in AW13516 cells
to investigate the role of NDRG1 alone. NDRG1 knockdown clones (C2,
C3) showed ~2.3 fold decrease at mRNA level (Fig. 8A) and ~82%
reduction at protein level as compared to vector control clone NVC
(Fig. 8B).

The NDRG1-BPAG1e-Plectin triple knockdown clones displayed
only ~10% decrease in the rate of cell migration as compared to TVC (p
= 0.006) (Fig. 6D and E). It is noteworthy that BPAG1e-Plectin double
knockdown clones showed ~36% decrease in cell migration (p <
0.001) (Fig. 4B). On the other hand, NDRG1 single knockdown clones
showed ~20% increase in cell migration as compared to NVC (p <
0.001) (Fig. 8C and D). These results indicated that NDRG1 plays an

Fig. 11. NDRG1 downregulation in BPAG1e-Plectin knockdown background rescues the phenotype in AW8507 cells (A) Western blot analysis shows Plectin, BPAG1e, NDRG1
levels in vector control clone (GTVC) and NDRG1-BPAG1e-Plectin knockdown clone (GTC2) (B) The graph shows fluorescence of migrated vector control cells (GTVC) and NDRG1-
BPAG1e-Plectin knockdown cells (GTC2) which is read at wavelengths of 488/535 nm (Ex/Em) (C) The graph shows fluorescence of invaded vector control cells (GTVC) and NDRG1-
BPAG1e-Plectin knockdown cells (GTC2) which is read at wavelengths of 488/535 nm (Ex/Em) (D) The graphical representation of the number of colonies formed on soft agar by vector
control cells (GTVC) and NDRG1-BPAG1e-Plectin knockdown cells (GTC2) (E) The graph shows tumor volume plotted against time for vector control cells (GTVC) and NDRG1-BPAG1e-
Plectin knockdown cells (GTC2). It represents mean ± SEM for 5 animals injected for each clone. Note: the numbers below the blot indicate relative intensity of the bands using
densitometric analysis.
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important role in regulating cell migration of linker proteins deficient
OSCC derived cells.

The filopodia in NDRG1-BPAG1e-Plectin triple knockdown cells
were uniformly present which was similar to TVC (Fig. 6F). As men-
tioned earlier, Plectin-BPAG1e double knockdown cells displayed non-
uniformly arranged filopodia (Fig. 4C). Further, Cdc42 activity was
partially restored in NDRG1-BPAG1e-Plectin triple knockdown cells
(Fig. 6I and J) as compared to BPAG1e-Plectin double knockdown cells
(Fig. 4E and F). Moreover, Cdc42 activity was substantially increased
upon NDRG1 single knockdown as compared to NVC (Fig. 8F). Fur-
thermore, filamentous actin and Arp2/3 levels were restored in NDRG1-
BPAG1e-Plectin triple knockdown cells (Fig. 6G and H) as compared to
BPAG1e-Plectin double knockdown cells (Fig. 4G and H). Likewise, fi-
lamentous actin and Arp2/3 levels were elevated in NDRG1 single
knockdown cells as compared to NVC (Fig. 8G and H).

Similarly, in vitro invasion was reduced by ~10–15% in triple
knockdown cells (p = 0.18) as compared to ~38% reduction in
BPAG1e-Plectin double knockdown cells (p < 0.001) (Figs. 5A and 7A).
In case of only NDRG1 knockdown, the in vitro invasion was increased
by ~23% (p = 0.022) (Fig. 8E). Furthermore, NDRG1-BPAG1e-Plectin
triple knockdown cells demonstrated partial restoration of MMP9 ac-
tivity as compared to BPAG1e-Plectin double knockdown cells (Figs. 5B
and 7B).

Further, NDRG1-BPAG1e-Plectin triple knockdown cells showed
~10% decrease in number of colonies formed on soft agar (p = 0.10)
(Fig. 7C and D) as compared to ~29% reduction in colony number in
double knockdown cells (Fig. 5C and D). No significant difference in
soft agar colony size was observed in NDRG1-BPAG1e-Plectin triple
knockdown cells as compared to TVC (p = 0.43) (Fig. 7E). Moreover,
NDRG1 single knockdown cells displayed ~14% increase in number of
colonies on soft agar (p = 0.024) (Fig. 9A and B). Furthermore, ~25%
increase in size of colonies formed on soft agar was observed in NDRG1
single knockdown cells as compared NVC (p = 0.011) (Fig. 9C).

Additionally, in vivo experiments suggested that there was no sig-
nificant difference in mean tumor volume of mice bearing NDRG1-
BPAG1e-Plectin triple knockdown and TVC cells (p = 0.068) (Fig. 7F
and G), whereas only NDRG1 knockdown resulted in increase in tu-
morigenicity as compared to NVC (p = 0.049) (Fig. 9D and E). Taken
together, these results indicated that NDRG1 plays a defining role in
phenotype associated with cell transformation in linker proteins ablated
OSCC cells.

Next, to find out whether the effects observed in AW13516 cells
were cell line specific, we carried out similar experiments in another
tongue SCC derived cell line AW8507, which was derived from poorly
differentiated epidermoid carcinoma of tongue [19].

3.5. The phenotypic changes observed upon HD linker proteins are not cell
line specific

The HD linker proteins knockdown AW8507 cells (GDC3) also
showed increased NDRG1 protein levels as compared to vector control
cells (GDVC). Further, to verify whether the phenotype associated with
cell transformation in HD linker proteins knockdown AW8507 cells was
due to higher NDRG1 levels, it was stably downregulated in BPAG1e-
Plectin knockdown clone GDC3.

The results of phenotypic assays for cell transformation like Boyden
chamber transwell assay, in vitro invasion assay, soft agar assay and in
vivo tumorigenicity assay for AW8507 knockdown systems were similar
to those found in AW13516 knockdown systems (Figs. 10 and 11). In
short, loss of HD linker proteins in AW8507 cells led to reduced cell
migration, invasion and tumorigenicity (Fig. 10A-E). Moreover, the
partial rescue of phenotype was observed in NDRG1-Plectin-BPAG1e
triple knockdown clone GTC2 (Fig. 11A-E). These results were also si-
milar to results observed in AW13516 knockdown systems. Thus, these
results indicated that alterations observed upon loss of BPAG1e and
Plectin are not cell line specific.

4. Conclusions

The available literature regarding the role of HD linker proteins in
human cancers is scanty and inconsistent. In the current study, we have
attempted to unravel the role of hemidesmosomal linker proteins in
neoplastic progression of OSCC. This study demonstrated that hemi-
desmosomal linker proteins play a vital role in cell motility, cell inva-
sion, actin organization and tumorigenicity in OSCC derived cells pos-
sibly through NDRG1. The link between hemidesmosomal linker
proteins and NDRG1 is still not known. Therefore, in future, it will be
interesting to decipher how hemidesmosomal linker proteins regulate
NDRG1 expression in OSCC derived cells.

Thus, the current study is a step forward in our quest to understand
functional significance of aberrant expression of intermediate filaments
and their associated proteins (like BPAG1e, Plectin) and further their
use as a battery of biomarkers for management of human oral cancer.
Furthermore, these molecules may prove useful as therapeutic targets
for human oral cancer.
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Summary. Hemidesmosomes are anchoring junctions
which connect basal epidermal cells to the extracellular
matrix. In complex epithelia like skin, hemidesmosomes
are composed of transmembrane proteins like α6β4
integrin, BP180, CD151 and cytoplasmic proteins like
BPAG1e and plectin. BPAG1e and plectin are plakin
family cytolinker proteins which anchor intermediate
filament proteins i.e. keratins to the hemidesmosomal
transmembrane proteins. Mutations in BPAG1e and
plectin lead to severe skin blistering disorders. Recent
reports indicate that these hemidesmosomal linker
proteins play a role in various cellular processes like cell
motility and cytoskeleton dynamics apart from their
known anchoring function. In this review, we will
discuss their role in structural and signaling functions. 
Key words: BPAG1e, Cancer, Cytoskeletal proteins,
Hemidesmosome, Plectin

Introduction

Anchoring junctions connect the cytoskeletal
elements of a cell to those of its neighboring cell or to
the extracellular matrix. Desmosomes (DSs) are cell-cell
anchoring junctions, whereas hemidesmosomes (HDs)
are a type of anchoring junctions which connect the
basal surface of epithelial cells to the underlying basal

lamina. Ultrastructurally, HDs are composed of an
electron dense structure whose cytoplasmic plaque
anchors keratins (intermediate filament proteins) to the
cell surface (Jones et al., 1998; Borradori and
Sonnenberg, 1999). Depending upon the protein
composition there are two types of HDs, type 1 HDs and
type 2 HDs. Type 1 HDs, present in complex epithelia
like skin, are comprised of α6β4 integrin, BP180
(BPAG2; XVII collagen), tetraspanin CD151 and
cytoplasmic linker proteins: plectin and BP230
(BPAG1e: Bullous pemphigoid antigen 1e). Type 2 HDs
which are majorly found in simple epithelia consist of
α6β4 integrin, plectin and CD151 (Jones et al., 1998;
Nievers et al., 1999; Sterk et al., 2000; de Pereda et al.,
2009a). Mutations in hemidesmosomal proteins lead to
severe skin blistering disorders. Apart from their
anchoring function, HDs play a role in both inside-out
and outside-in signal transduction mediated by α6β4
integrin component (Jones et al., 1998). In the case of
type 1 HDs, BPAG1e and plectin anchor keratin proteins
to the cell surface via β4 integrin (Jones et al., 1998;
Borradori and Sonnenberg, 1999). Ablation of these
linker proteins in mice resulted in severe skin blistering
(Guo et al., 1995; Andra et al., 1997). A few reports
suggest that plectin and BPAG1e play a role in various
cellular processes (Andra et al., 1998, 2003; Hamill et
al., 2009, 2011; McInroy and Maatta, 2011; Katada et
al., 2012; Valencia et al., 2013; Michael et al., 2014;
Sutoh Yoneyama et al., 2014). However, not much
literature is available related to the functions of these
proteins. In this review, we will focus on
hemidesmosomal linker proteins namely plectin and
BPAG1e which are part of the plakin family of
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cytolinker proteins. Further, we will discuss structural
and functional details along with cellular interactions of
these proteins. Additionally, we will briefly describe the
existing literature regarding involvement of
hemidesmosomal linker proteins in blistering diseases of
skin and other diseases like cancer. 
Structure of HDs

HDs are located at the basal side of epithelial cells
where they connect the extracellular matrix to the
intermediate filament proteins. In complex epithelia like
skin, type 1 HDs are present which are comprised of the
transmembrane proteins like α6β4 integrin, BP180 and
CD151 which form the outer plaque of HD. The inner
plaque of HDs is formed by cytoplasmic linker proteins
called BPAG1e and plectin (Stepp et al., 1990;
Sawamura et al., 1991; Hieda et al., 1992; Jones et al.,

1998; Nievers et al., 1999; Sterk et al., 2000; de Pereda
et al., 2009a). These linker proteins connect intermediate
filament proteins to the transmembrane proteins, which
in turn interact with extracellular matrix protein laminin
5 (Fig. 1).
Plakin family proteins

Plakins are cytolinker proteins that connect
cytoskeletal elements to junctional complexes such as
desmosomes and hemidesmosomes. To date seven
plakin family members have been identified:
desmoplakin, plectin, bullous pemphigoid antigen 1,
envoplakin, periplakin, epiplakin and microtubule actin
crosslinking factor (reviewed in Leung et al., 2002). The
N-terminal plakin domain is a defining feature of plakin
family proteins (except epiplakin). The plakin domain is
composed of a number of subdomains designated as NN,
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Fig. 1. Structure of Hemidesmosome. a. Junctional complexes and cytoskeletal elements present in basal epidermal cells; b. schematic representation
of hemidesmosomal components. α6β4 integrin, BP180 and CD151 form the outer plaque while BPAG1e and plectin form inner plaque of
hemidesmosomes. Hemidesmosomes link the extracellular matrix protein laminin 5 to the intermediate filament network.



Z, Y, X, W and V which are rich in α-helical structures.
The plakin domain is thought to be important in
targeting plakins to specific cell junctions (Koster et al.,
2003). The central coiled-coil rod domain, which has
heptad repeats, is important for dimerization of plakins.
The C-terminus of plakins varies as per plakin type and
is composed of either plakin repeat domains (PRD) or
spectrin repeats. The PRD consists of one or many A, B,
C subdomains which can associate with intermediate
filament proteins (Green et al., 1992; Fontao et al., 2003)
(Fig. 2).
Hemidesmosomal linker proteins

BPAG1e

BP230 protein, which is encoded by the DST gene,
has several isoforms, namely BPAG1n, BPAG1e,
BPAG1a, BPAG1b based on alternative splicing of the
gene. These alternatively spliced products show tissue
specific distribution. BPAG1e (306kDa) is a major
isoform expressed in epidermis. BPAG1n (344 kDa),
also known as dystonin, is present in neurons. BPAG1a
(615 kDa) is produced mostly in pituitary primordia and
the dorsal root ganglia (DRG). Muscle specific isoform
BPAG1b is the largest isoform of BP230 which is about
824 kDa. BPAG1e consists of a coiled-coil rod domain
flanked by a plakin domain and a PRD comprising of B
and C subdomains. BPAG1e, unlike BPAG1n, lacks N-
terminal actin binding domain (ABD) and therefore
cannot interact with actin filaments. The B and C
subdomains of PRD, including the intervening linker
region, are required for the interaction with intermediate
filament proteins (Leung et al., 2001; Fontao et al.,
2003) (Fig. 2).

Plectin

Plectin is a versatile plakin family member which
can associate with all three forms of cytoskeletal
proteins. It is expressed in various tissues except for
certain neurons (Errante et al., 1994; Elliott et al., 1997).
Plectin is encoded by the PLEC1 gene. Due to
alternative splicing of the 5’ end of PLEC1 gene, there
are several isoforms of plectin having molecular weight
more than 500 kDa. These isoforms show tissue specific
expression pattern. For example, 1, 1a and 1c isoforms
of plectin are expressed in epidermis. Amongst these
plectin 1a is predominant in HDs (Fuchs et al., 1999;
Andra et al., 2003; Walko et al., 2011). The N-terminus
of plectin has actin binding domain (ABD) by virtue of
which it interacts with actin filaments. It has been shown
that ABD of plectin preferentially interacts with β4
integrin rather than actin (Geerts et al., 1999). Plectin
comprises of 6 PRDs (5 B subdomains and 1 C
subdomain). C-terminal Glycine-Serine-Arginine (GSR)
domain is required for interacting with microtubules
(Sun et al., 2001) (Fig. 2).
Interactions mediated by hemidesmosomal linker
proteins

The C-terminal plakin repeat domain of BPAG1e
and plectin interacts with intermediate filaments whereas
the N-terminal plakin domain of these linker proteins
interacts with the fibronectin domain of β4 integrin
(Fontao et al., 2003; Koster et al., 2003; de Pereda et al.,
2009b). However, the β4 integrin binding site for plectin
and BPAG1e is different (Koster et al., 2003). A stretch
of 85 amino acids located in N terminus of BP180 is
crucial for its binding to plakin domain (Y subdomain)

427
Hemidesmosomal linker proteins

Fig. 2. Structural domains of
hemidesmosomal linker
proteins. Coiled coil rod
domain is required for
dimerization of linker proteins;
N-terminal plakin domain is
important for the interaction
with transmembrane proteins
like β4 integrin, BP180; C-
terminal plakin repeat domain
and linker domain interacts
with intermediate filaments;
Actin binding domain of plectin
associates with actin
filaments; GSR domain of
plectin is interacts with
microtubules.



of BPAG1e and plectin. The binding sites on BP180 for
BPAG1e and plectin are different from those involved in
the binding to β4 integrin (Hopkinson and Jones, 2000;
Koster et al., 2003). There are reports stating the
importance of phosphorylation status of plectin in
plectin-cytoskeletal protein association. Site specific
phosphorylation of serine/ threonine residues of plectin
by kinases results in weakening of plectin-cytoskeletal
protein association (Skalli et al., 1992; Foisner et al.,
1996; Bouameur et al., 2013). 
Events involved in HD assembly

Several studies have reported that α6β4 integrin and
its ligand laminin 5 play important a role in the assembly
of hemidesmosomes (Aberdam et al., 1994; Brown et al.,
1996; Dowling et al., 1996; Georges-Labouesse et al.,
1996; van der Neut et al., 1996). The large cytoplasmic
domain of the β4 integrin (over 1000 residues) harbors
two pairs of fibronectin type III (FNIII) repeats
separated by a connecting segment (CS) and it is
essential for the formation of HDs (Murgia et al., 1998;
Nievers et al., 1998). The first pair of FNIII repeat and
the first 35 residues (1321-1355) of the CS of the β4
integrin interact with ABD of plectin, which marks the
primary interaction between plectin and β4 integrin
(Niessen et al., 1997a,b; Schaapveld et al., 1998; Nievers
et al., 2000). Furthermore, the plakin domain of plectin
also interacts with the C-terminal part of connecting
segment and region following fourth the FNIII repeat of
β4 integrin (Rezniczek et al., 1998). In another study,
Nievers et al have shown that plectin is involved in
localization of chimeric β4 integrin lacking extracellular
domain into HDs, suggesting that HD formation can take
place in absence of α6β4 integrin-laminin 5 interaction
(Nievers et al., 1998). Whether the β4 integrin regulates
the distribution of plectin to HDs or the plectin is key
molecule for localization of β4 integrin into HDs is not
yet clear. Nevertheless, it is well appreciated from in
vitro studies that the association of the β4 integrin with
plectin is crucial for the formation of HDs (Geerts et al.,
1999; Koster et al., 2001; Nakano et al., 2001).
Interestingly, neither of the BP antigens, BP180 and
BPAG1e, gets recruited efficiently into HDs when β4
integrin-plectin interaction did not occur (Koster et al.,
2003, 2004). These reports confirmed that interaction of
the β4 integrin with plectin is of prime importance for
HD formation to take place and occurs before
recruitment of BP180 and BPAG1e. 

Sterk et al have reported colocalization of CD151
with α3β1 integrin in pre-hemidesmosomal structures in
β4 integrin deficient PAJEB cells. On the other hand, β4
integrin transfected PAJEB cells showed enhanced
surface expression of CD151 along with recruitment of
CD151 into HDs (Sterk et al., 2000). This process only
occurs when the α6 subunit is associated with the β4
subunit. It is possible that incorporation of CD151 into
HDs occurs after α6β4 integrin and plectin interaction
takes place. 

BP180, a type II transmembrane protein, can interact
with laminin 5 amd α6 integrin by virtue of its
extracellular domain while it interacts with β4 integrin,
plectin and BPAG1e by means of large collagenous
cytoplasmic domain (Giudice et al., 1992; Hopkinson et
al., 1995, 1998; Borradori et al., 1997; Aho and Uitto,
1998; Borradori et al., 1998; Schaapveld et al., 1998).
Reports have demonstrated that efficient localization of
BP180 into hemidesmosomes may be dependent on its
interaction with both β4 integrin and plectin, suggesting
that co-operative binding of β4 integrin and plectin to
BP180 is needed to stabilize HDs (Aho and Uitto, 1998;
Schaapveld et al., 1998). 

The last step in hemidesmosome assembly is the
recruitment of BPAG1e. A stretch of 85 amino acid
residues in the cytoplasmic domain of BP180 is crucial
for its binding with BPAG1e. The plakin domain (Z-Y
domain) contains sequences important for the
localization of BPAG1e into HDs most likely via
binding to BP180. Further, BPAG1e interacts with the
β4 integrin to get stabilized into HDs (Koster et al.,
2003). There are conflicting reports regarding
incorporation of two BP antigens into HDs. One of the
studies indicates that BP180 plays important a role in
associating BPAG1e in HD plaque. BP180 lacking
GABEB keratinocytes form HDs devoid of BPAG1e,
indicating that BP180 may play a critical role in
coordinating the subcellular distribution of BPAG1e
(Borradori et al., 1998). Conversely, transfection studies
have shown that BPAG1e can associate with α6β4
integrin even in the case of altered BP180 polarization
(Hopkinson and Jones, 2000). Likewise, few other
studies have demonstrated that most GABEB patients
show BPAG1e distribution at the site of HD inner plaque
(Jonkman et al., 1995; McGrath et al., 1995; Chavanas et
al., 1997). 
Mutational disorders of hemidesmosomal linker
proteins

Hereditary skin diseases

HDs provide stable adhesion of epithelia to the
basement membrane. Mutations in PLEC1 and DST
gene result in a skin blistering disease called
epidermolysis bullosa simplex (EBS). Epidermolysis
bullosa (EB) is a heterogeneous group of hereditary
blistering disorders of skin and mucous membranes. The
inheritance of these conditions can be either autosomal
dominant or autosomal recessive. EB is divided into
three categories: 1. simplex, non-scarring forms of EB
(EBS), 2. junctional forms of EB (JEB), 3. dystrophic,
severely scarring forms of EB (DEB) (Pearson, 1962).
Diseases resulting from mutations in PLEC1 and DST
are detailed in Table 1. 

Groves et al identified a homozygous truncating
mutation in the DST gene encoding the rod domain of
BPAG1e which resulted in autosomal recessive
epidermolysis bullosa simplex-2 (EBSB2) (Groves et al.,
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2010). Another homozygous mutation which affects
BPAG1a and BPAG1b but not BPAG1e results in
hereditary sensory autonomic neuropathy type 6
(HSAN6) (Edvardson et al., 2012). Several EBS
subtypes are reported to be due to mutations in the
PLEC1 gene. Amongst these, EBS with muscular
dystrophy (EBS-MD) is an autosomal recessive disorder
characterized by early childhood onset of progressive
muscular dystrophy and blistering skin changes (Niemi
et al., 1988; Fine et al., 1991). EBS-Olga is an autosomal
dominant disease that is characterized by skin blistering
predominantly on the hands and feet. It is caused by a
single amino acid substitution in the rod domain of
plectin which makes it sensitive to epidermal specific
proteases (Koss-Harnes et al., 2002; Walko et al., 2011). 
Acquired skin diseases

Bullous pemphigoid (BP) is an acquired skin disease
of the dermal-epidermal anchoring junction which is
prevalent in elderly individuals. BP is characterized by
tense blisters and is usually associated with severe
itching (Zillikens, 1999). Jordon et al. demonstrated that
BP patients produce circulating autoantibodies directed
against antigens located in the cutaneous basement
membrane zone. In BP patients, circulating
immunoglobulin G antibodies to BPAG1 and BPAG2 are
found (Jordon et al., 1967). Using immunoprecipitation
and immunoblotting techniques, Stanley et al identified
BPAG1e as a major antigenic target of BP
autoantibodies (Stanley et al., 1981, 1984; Mueller et al.,
1989). Further, 180 kDa protein now termed as BP180
was identified in high percentages of BP sera (Labib et
al., 1986) which was further characterized by Nishizawa
et al. (1993). Antibodies raised against human BPAG1
and BPAG2 cause skin blistering when injected in
neonatal mice (Liu et al., 1993). In summary, BP is
caused by autoantibodies and inflammation abnormally
accumulating in the basement membrane of the skin.
These antibodies bind to hemidesmosomal BP antigens

attracting inflammatory cells. There are reports available
demonstrating plectin autoantibodies found in a few
cases of blistering diseases (Fujiwara et al., 1996;
Ohnishi et al., 2000). 

Paraneoplastic pemphigus (PNP) is another
autoimmune disorder characterized by severe mucosal
erosions and various cutaneous lesions associated with
lymphoproliferative neoplasms (Anhalt et al., 1990; Zhu
and Zhang, 2007). PNP patients exhibit various
autoantibodies to the plakin family proteins, namely
envoplakin, periplakin, desmoplakin I-II, BPAG1 and
plectin (Anhalt et al., 1990; Kim et al., 1997; Borradori
et al., 1998; Mahoney et al., 1998; Nguyen et al., 
2001). 
Animal models

BPAG1e null mouse

Guo et al. targeted the removal of the BPAG1
encoding gene DST in mice to explore its protein
function. They reported that HDs appeared normal but
hemidesmosomal inner plate was absent. Furthermore,
IF proteins were not attached to HDs due to which these
BPAG1 null mice showed skin blistering. The BPAG1
null mice survived for 4-5 weeks. The localization of
other hemidesmosomal proteins seemed unaffected by
BPAG1 ablation. The mice also developed severe
dystonia, myopathy and sensory nerve degeneration
(Guo et al., 1995). This phenotype was observed due to
inactivation of BPAG1a and BPAG1b, which act as
linker proteins in neurons and skeletal muscles,
respectively (Leung et al., 2001).
Plectin null mouse

Andra et al studied ablation of plectin in mice.
Plectin knockout in mice resulted in cell degeneration.
The skin was most severely affected in plectin knockout
mice in which the dermis was separated from the
epidermis and hence severe blistering was observed. The
plectin null mice died 2-3 days after birth due to severe
skin blistering. The DSs and HDs were found to be
normal ultrastructurally. However, the number of HDs
was found to be significantly reduced. β4 integrin levels
were also reduced in plectin null mice. The reduction in
number of HDs and β4 integrin expression upon ablation
of plectin indicated that plectin has role in a HD
formation. Plectin null mice, unlike BPAG1e null mice,
showed unaltered keratin filament formation indicating
that absence of one linker protein is dispensable for
other to anchor keratin proteins. Moreover, plectin null
mice developed myopathy in skeletal muscle and
disintegration of intercalated discs in the heart (Andra et
al., 1997). 

Altogether, these in vivo studies suggest that
hemidesmosomal linker proteins are important for
mechanical strengthening of the cell. 
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Table 1. Hereditary skin diseases of hemidesmosomal linker proteins.
Gene/
Protein OMIM Phenotype Phenotype

MIM
Mode of
inheritence

PLEC1/
Plectin 113810

Epidermolysis bullosa simplex
with pyloric atresia 612138 autosomal

recessive
Epidermolysis bullosa simplex,
Ogna type 131950 autosomal

dominant
Epidermolysis bullosa simplex
with muscular dystrophy 226670 autosomal

recessive
Muscular dystrophy, limb-girdle,
type 2Q 613723 autosomal

recessive

DST/
BPAG1 601282

Neuropathy, hereditary sensory
and autonomic, type VI 614653 autosomal

recessive
Epidermolysis bullosa simplex,
sutosomal recessive 2 615425 autosomal

recessive
Information adapted from http://omim.org/



Hemidesmosomal linker proteins and signaling

For the last two decades, there has been growing
evidence which demonstrates that hemidesmosomal
linker proteins play a role in cellular processes other
than maintenance of tissue integrity. 
BPAG1e

Apart from its known anchoring function, BPAG1e
has been involved in various cellular processes.
BPAG1e and cell motility

In 1995, Guo et al. reported that BPAG1e null
animals display impaired wound healing in vivo. The
keratinocytes of BPAG1e null mice were not flattened,
unlike those of normal migrating keratinocytes. The
authors concluded that defects in migration may be
attributed to retardation of initiation of migration of
epidermal keratinocytes (Guo et al., 1995). This study
indirectly implicates the role of BPAG1e in keratinocyte
migration. One of the recent reports has shown that
BPAG1e regulates keratinocyte migration by acting as a
scaffold for β4 integrin mediated modulation of Rac1
and cofilin activities. Additionally, BPAG1e ablation in
keratinocytes resulted in aberrant motility and loss of
front to rear polarity. Further, immunofluorescence
studies have shown that BPAG1e and β4 integrin
colocalize at the leading edge of migrating keratinocytes
indicating that β4 integrin associated BPAG1e may have
a role in keratinocyte migration (Hamill et al., 2009). A
subsequent report from the same laboratory has
demonstrated that BP180 plays a role in cell motility and
lamellopodial stability by recruiting BPAG1e to α6β4
integrin at the leading edge of the migrating
keratinocytes (Hamill et al., 2011). On the other hand,
Michael et al have shown reduced adhesion but
increased spreading and migration in human
keratinocytes carrying homozygous nonsense mutations
in BPAG1e encoding gene. Altered levels of K14, β4
integrin and β1 integrin were also observed in these
keratinocytes. Michael et al failed to reproduce similar
findings in BPAG1e ablated normal keratinocytes
(Michael et al., 2014). Taken together, it is difficult to
conclude from these reports whether BPAG1e is a
positive or negative regulator of cell motility and further
research is necessary to resolve this issue. 
BPAG1e and cancer

There are very few reports available related to
altered BPAG1e expression in human cancers. A recent
study from Shimbo et al demonstrated that
autoantibodies against BPAG1e are found in higher
amounts in the serum of patients with advanced
melanoma. Thus, it can prove as potential biomarker for
melanomas (Shimbo et al., 2010). In another study, it has
been reported that upregulation of BPAG1e and α6β4

integrin expression is found in invasive squamous cell
carcinomas. Interestingly, these proteins were not
localized to HDs and their pericellular localization was
seen. Moreover, polarized localization of BPAG1e was
lost in highly invasive tumours (Herold-Mende et al.,
2001). Contrary, Lo et al have reported downregulated
levels of hemidesmosomal components, including
BPAG1e in nasopharangyal carcinoma as compared to
non-malignant nasopharyngeal epithelia (Lo et al.,
2001). Thus, BPAG1e shows tissue dependent
alterations during cancer development. 
Plectin

Plectin has been implicated in various cellular
processes. eg. dynamics of cytoskeletal proteins, cell
migration etc. 
Plectin and cytoskeletal stability

Plectin can interact with all three forms of
cytoskeletal proteins. This might be the reason why
destabilization of cellular integrity was more severe in
plectin null mice compared to BPAG1e null mice.
Plectin 1, 1a and 1c are expressed in human
keratinocytes, of which only 1a isoform localizes
specifically at the site of HDs. Moreover, only 1a
isoform was capable of rescuing hemidesmosomal
defects in plectin null keratinocytes (Andra et al., 2003).
In another study, Valencia et al have recently shown that
plectin 1c plays major role in a microtubule (MT)
destabilization and hence decreased microtubule
dynamics. Further, Enhanced MT stability due to
ablation in plectin 1c led to changes in cell shape,
nonpolarized cell migration, smaller sized focal adhesion
contacts, higher glucose uptake and mitotic spindle
aberrations combined with reduced growth rates of cells.
The plectin-MT interaction antagonizes functions of
microtubule associated proteins (MAPs), which are
involved in MT stability and assembly (Valencia et al.,
2013). Unlike plectin, other linker proteins like BPAG1
and ACF7 have been reported to have a role in
stabilization of microtubules (Yang et al., 1999; Kodama
et al., 2003). The role of plectin in regulation of actin
cytoskeleton dynamics has also been reported. The actin
cytoskeleton was found to be less extensive in plectin
ablated cells as compared to wild type cells (Andra et al.,
1998). These reports suggest that plectin is the first
cytolinker protein having a role in both microtubule and
microfilament destabilization. Together these
observations suggest that plectin destabilizes
microtubule and microfilament networks while other
linker proteins like BPAG1 and ACF7 stabilize these
networks.
Plectin, cancer and cell signaling

There are several studies indicating use of plectin as
a potential biomarker in various cancer conditions (Kelly
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et al., 2008; Bausch et al., 2009, 2011; Lee et al., 2009;
Pawar et al., 2011; Katada et al., 2012). The siRNA
mediated knockdown of plectin resulted in decreased
proliferation, migration and invasion of head and neck
squamous cell carcinoma (HNSCC) cells. Moreover, in
plectin knockdown cells phosphorylated ERK levels
were decreased. Authors have argued that a decrease in
cell migration and invasion may be attributed to a
decrease in activity of ERK kinase. The exact
mechanism by which these phenotypic changes took
place is unclear. In addition, an inverse relation between
expression of plectin in HNSCC and survival rate of
patients was shown (Katada et al., 2012). In another
study, plectin downregulation in colon carcinoma cells
resulted in impairment of cell migration and adhesion.
Plectin 1 and 1k were predominantly expressed in
invasive colon carcinoma cells. Plectin 1k was targeted
to actin rich podosome structures. Plectin knockdown
inhibited assembly of these actin rich structures. Upon
transfection of Plectin 1k N-terminus, actin rich
structures were formed, indicating that plectin 1k has a
role in podosome formation (McInroy and Maatta,
2011). In a recent study, gene expression profiling has
revealed upregulation of plectin and type III IF protein,
termed vimentin, in highly metastatic bladder cells as
compared to low metastatic bladder cells. A dissociation
of plectin-vimentin interaction in invasive bladder
cancer cells resulted in impairment of invadopodia
formation, reduced extracellular matrix degradation and
metastasis (Sutoh Yoneyama et al., 2014). Under normal
physiology, plectin is localized in the cytoplasm, while
in pancreatic ductal adenocarcinoma (PDAC) its cell
surface localization has been shown, which may be the
result of trafficking through exosomes. The presence of
plectin in exosomes from the serum of PDAC animals
indicated that plectin can act as a potential serum marker
(Shin et al., 2013). 
Conclusion and future perspectives

In the last two decades, there has been a large
increase in the understanding of the plakin family linker
proteins. Several studies have shown that plakin proteins
including BPAG1e and plectin are not present in the
cells only to anchor specific proteins, but that they have
functional a role in various cellular processes. The
consequences of BPAG1e or plectin ablation in animals
have given opportunities to explore insights related to
these linker proteins. The biggest hurdle in studying HD
dynamics in real time is the fact that true HDs are not
formed in the majority of cultured cells. Further, very
little is known about how HDs assemble and
disassemble in vivo. The challenge remains to elucidate
molecular mechanisms involved in HD stability. Recent
studies have shown the role of hemidesmosomal linker
proteins in various cellular processes other than their
known anchoring function. For example, these proteins
impact keratinocyte migration which is partly because
they connect keratins to α6β4 integrin, which in turn

regulate several signaling pathways which are related to
cell migration. In this connection, the challenge is to
understand how and why these proteins are mislocalized
in a cell to govern cellular migration. Moreover, it will
be pertinent to find out whether inside-out or outside-in
signaling mechanisms are responsible for this
phenotype. To understand the role of linker proteins in
various cellular processes we need to decipher
interacting partners of these proteins which may provide
clues regarding mechanism. Additionally, these plakin
proteins have been reported as potential biomarkers in
various cancer types. It would be interesting to
understand their functions in the process of
carcinogenesis. These studies would provide a platform
for future applications in diagnostics and therapeutics.
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