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Role of 14-3-3σ and 14-3-3γ in regulating cell-cell adhesion 

SYNOPSIS: 

1. Introduction:  

The 14-3-3 family is a group of highly conserved proteins that are expressed in all 

eukaryotic cells and regulate multiple cellular pathways (1, 2). Seven 14-3-3 isoforms 

namely, β, γ, ɛ, η, σ, τ, and ζ, have been identified in mammals (3). They generally bind 

to proteins containing one of two motifs [R(S/X)Xp(S/T)XP and RXXXp(S/T)XP (where 

‘X’ denotes ‘any amino acid residue’ and p(S/T) denotes phosphorylated serine or 

threonine)] (4). Previous work from our lab suggested that 14-3-3γ and 14-3-3σ regulate 

cell- cell adhesion (5). Loss of cell-cell adhesion is a hallmark of the Epithelial 

Mesenchymal Transition (EMT), which is a key process encountered during progression 

of several epithelial cancers (6). During EMT, cells exhibit increased migration, increased 

invasive potential, loss of epithelial markers and gain of mesenchymal markers (7). EMT 

specific transcription factors e.g. Snail, Slug, Zeb and Twist are known to regulate 

expression of epithelial and mesenchymal markers during EMT (6). 14-3-3σ loss has 

been associated with progression of ovarian cancer, breast cancer, malignant 

transformation and epithelial mesenchymal transition (8-10). However, the mechanisms 

by which 14-3-3σ could regulate cell-cell adhesion and possibly EMT are not completely 

understood.  

Loss of cell to extracellular matrix (ECM) adhesion is another important event during 

EMT and cancer progression (11). Focal adhesions (FA) which mediate cell to ECM 

adhesions are multi-protein complexes composed of transmembrane integrins and actin 

binding proteins (e.g. paxillin, zyxin, vinculin, α actinin etc.) which connects actin 

filaments to focal complexes (12). Turnover, number and strength of focal adhesions are 

important regulators of cell to ECM adhesion and cell migration (12). Focal adhesion 
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kinase (FAK) is a non-receptor tyrosine kinase, which localizes to FA and plays a major 

role in regulating FA turnover and signalling from FA (13). 

Previous results from our lab have shown deregulation of desmosomal proteins can also 

lead to increased cell migration and neoplastic progression (5, 14). Desmosomes are 

calcium dependent cell-cell junctions that anchor intermediate filaments (IF) to the cell 

membrane resulting in the formation of a tissue wide IF network and provide mechanical 

strength and rigidity to tissues (15).  Desmosomes are composed of the plasma membrane 

spanning cadherins (desmogleins [DSGs] and desmocollins [DSCs]), the ARM family 

proteins (plakoglobin [PG] and plakophilins [PKPs]) and a Plakin family member such as 

desmoplakin (DP) (16). However, the mechanisms by which 14-3-3 proteins regulate 

desmosome assembly are not yet understood.  

2. Aims and objectives: 

1. To determine if 14-3-3σ loss leads to deregulation of cell-cell adhesion and to 

neoplastic transformation. 

2. To determine the role of 14-3-3 proteins in regulating transport of plakophilin3 and 

desmoplakin during desmosome assembly. 

3. Results:  

1. To determine if 14-3-3σ loss leads to deregulation of cell-cell adhesion and to 

neoplastic transformation. Previous results from our laboratory have shown depletion of 

desmosomal proteins from the cell border on 14-3-3γ loss (5). Immunofluorescence (IF) 

and Western blotting performed on 14-3-3σ+/+ and 14-3-3σ-/- cells for several junctional 

and cytoskeletal proteins showed that 14-3-3σ loss leads to a decrease in the levels of the 

junctional proteins e.g. PKP3, PG, DP, DSC2, DSG2, tight junction protein 1 (ZO1), β-

catenin, E cadherin, P cadherin and a decrease in keratin levels. In contrast, 14-3-3σ-/- 
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cells showed an increase in the expression of mesenchymal markers such as vimentin and 

N cadherin. These results suggested that an EMT program (7) was induced upon loss of 

14-3-3σ. 

During EMT along with changes in expression of epithelial and mesenchymal markers, 

cells also exhibit functional changes such as the acquisition of migratory phenotype, 

decrease in cell to ECM adhesion, decrease in cell to cell adhesion, increase in invasion 

potential etc. (17). Wound healing assays showed that 14-3-3σ-/- cells are more migratory 

than 14-3-3σ+/+ cells, dispase assays demonstrated that cell-cell adhesion was 

compromised in 14-3-3σ-/- cells as compared to 14-3-3σ+/+ cells. 14-3-3σ-/- cells were 

more invasive and less adherent to ECM substrates (fibronectin, collagen IV laminin V 

and matrigel) as determined by Boyden chamber matrigel invasion assays and cell to 

ECM assays respectively. However, we did not observe a difference in the ability of 14-3-

3σ-/- cells to form colonies in soft agar colony formation assays and to form tumors in 

mice when compared to the 14-3-3σ+/+ cells.  

To identify which EMT specific transcription factor is responsible for the EMT like 

phenotype observed in 14-3-3σ-/- cells, real-time PCR and Western blots were performed 

to compare the expression levels of different EMT specific transcription factors between 

14-3-3σ+/+ and 14-3-3σ-/- cells. We found that Slug and it’s downstream target effector 

Zeb1 (18) expression were upregulated in 14-3-3σ-/- cells. To determine how 14-3-3σ 

loss leads to up regulation of Slug we investigated different upstream regulators of Slug. 

We observed that c-Jun, which is reported to activate Slug expression (19), was increased 

at protein levels in 14-3-3σ-/- cells as compared to 14-3-3σ+/+ cells. It was observed that 

treatment of 14-3-3σ+/+ cells with MG132 (proteasomal inhibitor) lead to stabilization of 

c-Jun levels. 
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To determine how loss of 14-3-3σ leads to stabilization of c-Jun we asked if 14-3-3σ 

forms a complex with c-Jun. Bacterially produced GST-14-3-3σ formed a complex with 

c-Jun. Co-immunoprecipitation experiments were able to detect a complex between c-Jun 

and 14-3-3σ in cells treated with the proteasome inhibitor MG132, but not in cells treated 

with the vehicle control. These results suggested that c-Jun is degraded by the proteasome 

in 14-3-3σ+/+ cells. A motif scan search identified the region around S267 in c-Jun as a 

potential 14-3-3σ binding site. Alteration of S267 to Alanine in c-Jun resulted in the 

generation of a mutant that does not form a complex with 14-3-3σ. Experiments 

performed in the laboratory of our collaborator Dr. Maddika Subba Reddy identified 

FBW7 as a potential E3 ligase for c-Jun in these cells and demonstrated that 14-3-3σ was 

required for the ubiquitination of c-Jun by FBW7. 

To confirm that the changes in expression of epithelial and mesenchymal markers and 

EMT specific phenotypes in 14-3-3σ-/- cells are indeed due to loss of 14-3-3σ, we stably 

expressed 14-3-3σ in 14-3-3σ-/- cells. Western blotting and IF results confirmed that 

ectopic expression of 14-3-3σ in 14-3-3σ-/- cells resulted in an increase in E cadherin, 

plakoglobin protein levels while vimentin and N cadherin levels decreased. Notably, c-

Jun and Slug protein levels decreased after ectopic expression of 14-3-3σ as compared to 

vector control cells in 14-3-3σ-/- cell. In addition, shRNA mediated knockdown of Slug 

and c-Jun also lead to increase in expression of epithelial markers and decrease in 

expression of mesenchymal markers in 14-3-3σ-/- cells. Interestingly, knockdown of c-

Jun lead to decrease in Slug and Zeb1 protein levels. This corroborates our hypothesis 

that increase in c-Jun protein level is responsible for increase in transcription of Slug and 

Zeb1. We observed a decrease in Zeb1 upon knockdown of Slug. This suggests that 

increase in Zeb1 was a downstream effect of upregulation of Slug and could be reversed 

by down regulation of Slug. Would healing assays and hanging drop assays suggested 
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that cell migration and cell to adhesion respectively were decreased in 14-3-3σ-/- cells 

expressing 14-3-3σ in comparison to cells expressing the vector control.  

14-3-3σ-/- cells showed decreased cell to ECM adhesion and increased cell migration. 

Focal adhesions (FA) mediate cell to ECM adhesion and during cell migration FA 

turnover is increased (12). Autophosphorylation of FAK at Y397 leads to increased FA 

turnover, cell spreading and cell movement (20). 14-3-3σ-/- cells showed increased levels 

of FAK pY397 in as compared to 14-3-3σ+/+ cells, whereas no appreciable difference 

was observed in total FAK. As FAK pY397 is known to promote cell spreading which 

also often associated with higher filopodia density, we performed cell spreading assays on 

matrigel and determined filopodia density in Phalloidin-FITC stained cells. Increased cell 

spreading and higher filopodia density were observed in 14-3-3σ-/- cells in comparison to 

14-3-3σ+/+ cells. To determine the mechanism for changes in actin organization which 

could lead to more filopodia formation in 14-3-3σ-/- cells we performed immunoblotting 

for proteins known to regulate actin dynamics. We observed a decrease in phospho cofilin 

levels in 14-3-3σ-/- cells as compared to 14-3-3σ+/+ cells suggesting increased actin 

turnover in 14-3-3σ-/- cells (21). RhoA regulates cofilin phosphorylation through ROCK 

and LIMK (21). Decreased levels of active RhoA were observed in 14-3-3σ-/- cells as 

compared to 14-3-3σ+/+ cells suggesting a possible mechanism of regulation of actin 

dynamics through cofilin in 14-3-3σ-/- cells. Fluorescence recovery after photobleaching 

(FRAP) performed on  nascent (paxillin) and mature (zyxin) FA markers (22) showed 

that paxillin turnover was faster with shorter half-life in 14-3-3σ+/+ cells in comparison 

to 14-3-3σ-/- cells whereas inversed turnover and half-life was observed for zyxin. 14-3-

3σ-/- cells showed a decrease in focal adhesion strength as observed in our trypsin 

deadhesion assays (22). These results are consistent with the increase in cell migration 

observed in the 14-3-3σ -/- cells.  
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To determine how 14-3-3σ regulates FAK phosphorylation at Y397 we asked if 14-3-3σ 

interacts with FAK. In vitro GST pull down and in vivo endogenous IP data suggests that 

14-3-3σ forms a complex with FAK, paxillin and α-actinin. This suggests that 14-3-3σ 

forms a complex with multiple FA proteins raising a possibility of 14-3-3σ to localize at 

the FA. This interaction of 14-3-3σ and FAK might inhibit autophosphorylation of FAK 

at Y397. 

2. To determine the role of 14-3-3 proteins in regulating transport of plakophilin3 

and desmoplakin during desmosome assembly.  

During cell migration, wound healing and tissue remodeling the desmosome goes through 

cycles of assembly and disassembly. Desmosome assembly requires the localization of 

two armadillo (ARM) repeat containing proteins, plakophilin3 (PKP3) and plakoglobin 

(PG), at the cell border. Our results demonstrate that microtubule dependent anterograde 

transport is required for the localization of PKP3 and PG to the cell border. However, 

during desmosome disassembly, retrograde transport of PKP3 but not PG, was dependent 

on an intact microtubule network. PKP3 is retained at the cell border, unlike other 

desmosomal proteins, when microtubule organization was disrupted. These results 

suggest that PKP3 transport from the cell border to the cytoplasm occurs via a mechanism 

that is distinct from other desmosomal proteins and might reflect functions of PKP3 that 

are independent of its role in desmosome formation and maintenance.   

4. Discussion: 

This study demonstrates that 14-3-3σ can interact with c-Jun and target it for degradation 

by the proteasome. c-Jun is an upstream regulator of Slug and elevated protein levels of c-

Jun promote increased Slug transcription (19), which in turn  can initiate an EMT 

program. c-Jun is known as an oncoprotein whose levels are kept low by different 
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mechanisms. Fbw7, Itch and Cop1 are three E3 ligases known to target c-Jun to 

proteasomal degradation (23-25). In our study it was observed that Fbw7 promoted c-Jun 

degradation in presence of 14-3-3σ. However, the role of other E3 ligases in regulation of 

c-Jun protein stability remains to be investigated. Fbw7 is known to be tumor suppressor 

and has been found to be deregulated in multiple cancer types (26). More interestingly, 

loss of Fbw7 has also been shown to initiate EMT like phenotype in HCC cells (27). 

Though, 14-3-3σ-/- cell showed higher invasion and cell migration they did not show 

appreciable difference in their ability to form tumors or metastasis in mice in comparison 

to 14-3-3σ+/+ cells. This could be because of increased susceptibility of 14-3-3σ -/- cells 

to DNA damage, which ultimately results to apoptosis (28).  

Reports correlate EMT with increased cell migration and decreased cell to ECM adhesion 

which involve alteration in regulation of actin cytoskeleton and focal adhesions (17). Our 

data suggests that 14-3-3σ can directly interact with FAK which is involved in regulation 

of FA dynamics and thus can directly regulate cell migration and ECM adhesion (20). 

Increase in FAKpY397 in 14-3-3σ-/- cells further supports the hypothesis that 14-3-3σ 

and FAK interaction might inhibit phosphorylation of FAK. In concert with increased 

FAKpY397, 14-3-3σ-/- cell also showed increase in turnover of mature FA and 

compromised FA strength in comparison to 14-3-3σ+/+ cells. Active RhoA and 

subsequent decrease in phospho cofilin levels in 14-3-3σ-/- as compared to 14-3-3σ+/+ 

cells alludes to a signaling cascade through ROCK and LIMK which explains altered 

actin dynamics and increased filopodia density in 14-3-3σ-/- cells (21).  

The role of kinesin motor proteins in transport of desmosomal proteins to the cell border 

is well established (29). Results from our laboratory suggest that 14-3-3γ might a play a 

role of an adapter protein between desmosomal proteins and kinesin motor proteins (5). 
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Studies carried out in this project further demonstrate that PKP3 binds to KIF5B and 14-

3-3γ. We also observed that DP specifically binds to KLC2 and not KCL1. 

Our work done on transport of PKP3 and PG during desmosome assembly and 

disassembly suggest that anterograde transport of PG and PKP3 is similarly regulated and 

depend on intact MT. However, retrograde transport of PG is not dependent on intact MT 

while transport of PKP3 requires MT. It is interesting to note that border retention of 

PKP3 post calcium chelation was not sufficient to retain DP and DSC2/3 at the cell 

border during retrograde transport (30). 
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Introduction 

Multi-cellularity can be considered as one of the most significant advancements in the 

evolution of life. Unlike acellular organisms, multicellular organisms are obligated to 

develop various cellular processes required for maintenance of cell - cell communication. 

Cell - cell adhesion is one such process, which allows neighboring cells to adhere to, 

communicate with, and to exchange solutes with each other [1-3]. An assembly of cells 

that are connected to each other and dedicated to perform a specific function in a 

multicellular organism is a tissue. A number of tissues can be grouped together into a 

system performing a specific physiological function called an organ. The integrity of an 

organ or a tissue is primarily dependent on cell - cell adhesion (reviewed in [4]). 

However, cell - cell junctions should not be considered as static and rigid structures. On 

the contrary, cell - cell junctions are very dynamic in nature and undergo continuous 

reorganization and biogenesis. Such dynamic regulation of cell - cell junctions is 

particularly evident during embryonic development, morphogenesis and wound healing 

(reviewed in [5]). All these cellular and developmental processes require extensive cell 

migration and reshuffling of cell positioning which takes place in conjunction with 

dramatic reorganization of cell - cell adhesion junctions [6, 7].  

It is easy to apprehend that abrogation of cell - cell adhesion could lead to various 

abnormalities and diseases. Indeed, it has been reported that loss of cell - cell junction 

proteins in many instances gives rise to embryonic lethality due to failure of different 

cellular or organ functions [8-15]. During metastasis cell - cell adhesions are 

compromised which facilitates migration and dissemination of cancer cells to other 

organs [16, 17]. In addition to the vast amount of literature which suggest important role 

of cell - cell adhesion in various cellular processes and cancer progression, results from 

our lab has also shown that compromised cell - cell adhesion junction like desmosome 

leads to cancer progression and metastasis [17].  
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Figure 1.1. Different cell - cell junctions present in epithelial cells. Adapted and 

modified from [18]  (A) A cartoon depicting different cell - cell junctions present in 

intestinal epithelial cells. (B) An electron micrograph of two mouse intestinal epithelial 

cells apposed to each other. The electron dense junctional complexes between the two 

cells are circled. (Mv, microvilli; TJ, tight junction; AJ, adherens junction; DS, 

desmosome). Scale bar, 200nm. 

1.1. Cell - cell adhesion junctions in epithelial cells 

Epithelial tissues form the lining of all organs and their primary role is to function as a 

barrier to insulate the interior of the organ from toxic compounds present either in the 

environment or the luminal space.  Epithelial tissues contain cells that are closely packed 

in a single or multiple layers. Epithelial cells exhibit extremely specialized cell - cell 

communication and cell - cell junction systems. Epithelial tissues undergo continuous cell 

reshuffling and self-renewal (reviewed in [19]). To support all these functions epithelial 
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cells have developed a variety of specialized cell - cell junctions each of which have 

unique biological functions (0).  

The different cell - cell junctions that will be discussed here are 

1. Tight junctions  

2. Gap junctions 

3. Hemidesmosomes 

4. Adherens junctions 

5. Desmosomes  

1.2. Types of cell - cell junctions:  

1.2.1. Tight junctions: 

Farquhar and Palade in 1963 first described the fine structure of Tight Junctions (TJ) at 

the most luminal side of the lateral plasma membrane [20]. Scanning electron 

microscopic studies followed by freeze fracture reveals TJ as electron dense flat band 

encircling the entire cell at the uppermost region of the lateral intercellular space. This 

electron dense band is composed of many anastomosing meshwork of fibrils called 

“strands” [21]. TJ, also known as zonula occludens, are mostly found in epithelial cells, 

however, they are also present in myelin sheaths formed by oligodendrocytes and 

Schwann cells [22, 23] and reviewed in [21]. TJ are prevalent in cells of blood brain 

barrier and blood testis barrier (reviewed in [24, 25]).  

Over a 100 proteins have been identified to be associated with TJ, which are broadly 

divided into four classes (0). These include multi-pass trans-membrane proteins - 

occludin, claudin and tricellulin; single-pass transmembrane proteins e.g. coxsackie and 

adenovirus receptor (CAR) and junctional adhesion molecule (JAM); cytoplasmic 
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scaffolding proteins e.g. zonula occludens 1 (ZO1), membrane associated guanylate 

kinase (MAGI-1) and multi-PDZ (post-synaptic density protein, Drosophila disc large 

tumor suppressor and zona occludens-1 protein) domain protein 1 (MUPP1); signaling 

molecules e.g. protein kinase C-α (PKC-α), protein associated with lin-7 (PALS1), focal 

adhesion kinase (FAK) and several transcription factors associated with TJ e.g. Jun, Fos 

and CCAAT/enhancer binding protein (C/EBP) (reviewed in [24]). 

 

Figure 1.2. Schematic representation of different components of Tight Junction 

(Reproduced from [26]). See text for details. Transmembrane proteins e.g. JAM, claudin 
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and occludin cross the lipid bilayer. Major PDZ containing proteins shown here are ZO 

proteins, PAR proteins, MUPP, MAGI and AF6. Kinases associated with cellular 

signaling e.g. FAK aPKC and c-YES are in red. GEFs are represented by pink stars. 

Membrane traffic regulators e.g. Rab3 and Rab13 are represented as circles. Functional 

regulation and structural interaction of tight junction proteins and signaling proteins are 

indicated by dotted arrows between them. Arrows directed to nucleus from few tight 

junction proteins indicate their dual localization i.e. both junctional and nuclear (See 

text for further details). 

1.2.1.1. Components of Tight junctions: 

1.2.1.1.1. Claudin:  

There are approximately 24 distinct members identified in claudin family of proteins in 

mammals. Claudin 1-10, 14,15,17 and 19 share a considerable sequence homology and 

are defined as classical claudins whereas, the rest of the members in claudin family are 

known as non-classical claudins (reviewed in [27]). They are 21-28 kDa tetraspan 

membrane proteins with two extracellular loops and cytoplasmic N- terminal and C 

terminal ends. Claudins from neighboring cells engage in homophilic and heterophilic 

interactions and these are termed as trans interactions. in However, claudins on the same 

cell membrane also exhibit homophilic and heterophilic cis interactions leading to 

thickening of TJ stands [28, 29]. Most of the claudin family members share a conserved 

motif (GLWxxC[8-10 aa]C) in the first extracellular loop (reviewed in [30]). The first 

extracellular loop of claudins is believed to be involved with charge selective barrier 

function of TJ [31], whereas the 2nd extracellular loop mediates cell - cell adhesion [29]. 

The C terminal domain of claudins contain a PDZ domain binding motif which is 
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essential for association of claudin with PDZ domain containing plaque proteins e.g. ZO 

proteins, MUPP1, PATJ etc. [32-34].  

1.2.1.1.2. Occludin: 

Occludin is a tetraspan membrane protein with two extracellular loops, an intracellular 

turn, and N-terminal and C-terminal cytoplasmic domains. Almost 60% of the amino 

acids in the N-terminus of occludin are glycine and tyrosine residues, however no 

function has been associated with this stretch of amino acids (reviewed in [21]). Occludin 

contains multiple serine and threonine residues in the C-terminal end, which are 

phosphorylated when occludin is concentrated at the TJ, suggesting a possible role of 

these phosphorylation events in recruitment of occludin to the TJ. Occludin is shown to 

be associated with multiple protein kinases e.g. Src, FAK, c-YES etc. and protein 

phosphatases e.g. PP2A and PP1, which might regulate the phosphorylation status of the 

C-terminus of occludin [24, 35-39]. The C-terminus of occludin is also responsible for the 

association between occludin and ZO proteins. Therefore, occludin plays an important 

role in maintaining interactions between different TJ proteins [32].  

1.2.1.1.3. Tricellulin: 

Tricellulin is a multi-pass transmembrane protein with four integral membrane domains. 

There is considerable sequence similarity between tricellulin and the claudins in the C-

terminal domain, which is required for the interaction of these transmembrane proteins of 

TJ with the ZO proteins. In L cells expressing TJ components, tricellulin co-localized 

with claudin 1 and induced crosslinking of claudin 1 leading to an increase in the length 

of the TJ [40]. Down-regulation of expression of tricellulin leads to compromised barrier 

function of TJ and abnormal organization of TJ present in tricellular and bicellular 

contacts [21, 41]. Expression of tricellulin was found to be regulated by Snail 
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transcription repressor, which is known to promote epithelial to mesenchymal transition 

[41]. 

1.2.1.1.4. JAM: 

JAM and CAR are single pass transmembrane proteins. There are five members in the 

JAM family of immunoglobulin like proteins, namely JAM-A, JAM-B, JAM-C, JAM4 

and JAM like proteins. JAMs are known to form both homotypic and heterotypic 

complexes and interact with integrins, (reviewed in [24]). are required for the 

internalization of integrins during cell migration and regulate cell morphology [42, 43]. 

Down-regulation of JAMs results in the mis-localization of TJ proteins such as occludin, 

claudin 1 and ZO-1. Reports have suggested that loss of JAMs leads to loss of cell 

polarity and disruption of junction assembly [44].  

Recent reports suggest that TJ associated proteins are also involved in regulation of other 

cellular pathways as well such as cell motility, cell proliferation and regulation of gene 

expression. TJ also play a crucial role in regulation of cell polarity (reviewed in [24, 45]). 

Disruption of TJ formation has been associated with numerous diseased conditions like 

cancer, diabetic retinopathy, pulmonary disorders, and inflammatory bowel disease 

(reviewed in [46-48]). 

All these TJ associated proteins play very important role in maintaining TJ function. Loss 

of TJ function has been shown to cause multiple diseases as well including cancer 

progression (reviewed in[26, 46]).  

1.2.2. Gap junctions 

Gap junctions are communicating junctions and are expressed in most metazoan cell 

types (reviewed in [49]). They play a major role in tissue homeostasis, regulation of 
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developmental processes, propagation of electrical signals, and transport of ions and 

exchange of metabolites [50-52] (also reviewed in [49, 53]). There are three types of gap 

junctions reported i.e. connexin, innexin, and pannexin protein family based gap junctions 

[54-56]. The connexin based gap junctions have been extensively studied. Connexins 

(Cx) are the basic structural constituent of gap junctions and participate in homotypic and 

heterotypic interactions across the junction (reviewed in [49]. There are >20 connexin 

members that are expressed in a tissue and cell type specific manner [57, 58]. Connexins 

are tetraspan trans membrane proteins with four α helical domains, two extracellular 

loops and one cytoplasmic loop [59]. Six connexin molecules on adjacent cells 

communicate to give rise to a cylindrical structure called the connexon [60]. Docking of 

connexons during formation of gap junctions requires close apposition of the plasma 

membranes with a very narrow extracellular gap of about 2-3 nm in-between the two 

membranes (figure 1.3) reviewed in [49]). A connexon can be thought of having 3 

domains: an extracellular domain where two connexons dock, a trans-membrane domain 

that forms the channel and a cytoplasmic domain that regulates the gating of the channel 

[61]. Passage of ions, solutes and metabolites through gap junctions is stringently 

regulated. Multiple connexins are expressed by majority of cell types and they can 

oligomerize in homomeric or heteromeric manner to form functional hemichannels 

between adjacent communicating cells [62, 63]. A rapid regulation of transport of solutes 

or ions is achieved by changing the voltage dependent conductance of connexons, 

whereas, a slower mode of regulation exists which involves alteration of number of 

channels in the plasma membrane, synthesis and degradation rate of connexins and even 

post translational medication of connexins (reviewed in [49]).  Mutations in connexin 

genes have been associated with several disease conditions like X-linked Charcot–Marie–
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Tooth syndrome [64], skin disease [65], cataracts [66], ODDD (Oculodentodigital or 

oculodentoosseous dysplasia) [67]. 

 

Figure 1.3. Multiple levels of structure of gap junction (reproduced from [49]. 

Individual connexins assemble into hexameric complex called connexon. Two connexons 

from neighboring cells can dock on each other to form an axial membrane channel. 

1.2.3. Hemidesmosomes:  

Hemidesmosomes are specialized junctions which mediate cell to extracellular matrix and 

basement membrane attachment in stratified and other complex epithelia such as skin, 

cornea, respiratory tract (reviewed in [68]). Hemidesmosomes are found in the ventral 

surface of basal epithelial cells where they associate with sub basal dense plate of lamina 

lucida and are connected via thread like filaments to the lamina densa. In electron 

micrographs they appear as electron dense areas of less than 0.5µm (reviewed in [68]). 

Hemidesmosomes have been classified into two types. Type I or the classical 
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hemidesmosomes are found in stratified or pseudo-stratified epithelium and contain 

multiple proteins including α6β4 integrins, plectins, tetraspanin CD15, Bullous 

Pemphigoid Antigen 180 and 230 (BPAG 180 and 230 respectively). α6β4 integrin and 

BPAG 180 are strong and weak receptors respectively for laminin 332 in the extracellular 

matrix [69-71]. On the intracellular face, hemidesmosomes connect to keratin 

intermediate filaments through the plectin family members and BP 180, thus stabilizing 

the adhesion complex [72]. Type II hemidesmosomes are found in simple epithelia like 

the inner lining of the intestine and are composed of α6β4 integrin and plectins (reviewed 

in [68]). Signaling from hemidesmosome associated integrins have been shown to 

regulate various cellular processes and their aberrant regulation has been shown to 

promote cell migration and cancer progression (reviewed in [73, 74]). Mutation or loss of 

other hemidesmosomal proteins also lead to various pathophysiological conditions e.g. 

hand BP230 null mice manifests severe blistering and plectin knockout mice show 

phenotypes of epidermolysis bullosa [75, 76]. 

1.2.4. Adherens Junctions: 

Adherens junctions also known as zonula adherens are calcium dependent cell - cell 

junctions that mediate homotypic cell - cell adhesion [4, 77]. In polarized epithelial cells 

adherens junctions are found at the luminal side of the lateral plasma membrane [20]. 

They are found in a variety of cell types and can be identified in electron micrograph 

images as electron dense structures where the plasma membranes from neighboring cells 

are apposed at a distance of 10-20 nm and the intercellular space is bridged by rod shaped 

electron dense molecules (reviewed in [78]). Adherens junctions are composed of 

transmembrane cadherins which associate with cytoplasmic plaque proteins which in turn 

anchor actin filaments (reviewed in [79]). There are two kinds of adhesion cores observed 
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in adhesion junction, the calcium independent nectin-afadin complex and calcium 

dependent cadherin catenin complex [80]. 

1.2.4.1. Cadherin Catenin complex:  

Twenty members are there in classical cadherin family all of which share a similar 

domain organization [81]. The classical cadherins have a short N terminal domain, five 

extracellular EC domains which contain Ca2+ binding sequences; a single trans membrane 

domain and a cytoplasmic domain (figure 1.4) [82]. Cadherins are expressed in tissue 

specific manner e.g. epithelial cells express E cadherin (Cdh1), neuronal cells express N 

cadherin (Cdh2) and P cadherin is predominantly found in placental tissue (reviewed in 

[83]).  

The cytoplasmic domain of the cadherins associate with the armadillo repeat family of 

proteins such as p120 catenin, α catenin, β catenin and γ catenin (also known as 

plakoglobin) (figure 1.4)  [84-90]. These catenins in turn associate with actin cytoskeletal 

components and other associated components such as vinculin and EPLIN [91, 92]. 

Adherens junctions can also interact with microtubules via the PLEKHA-Nezha complex 

(figure 1.4). The PLEKHA -Nehza complex interacts with signaling molecules such as 

aPKC and also regulates other cellular processes such as morphogenesis [93-95]. The 

adherens junction is also associated with polarity determining proteins such as PATJ, 

Pals1, CRB3, PAR3, PAR6 etc. thus linking AJ to polarity determination and 

morphogenesis [96-98].  

1.2.4.2. Nectin Afadin complex 

Nectins belong to the immunoglobulin super-family of adhesion molecules and there are 

four members in the family, Nectin 1-4, which are encoded by the pvrl 1-4 genes 
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respectively (reviewed in [99, 100]). Nectins contain an extracellular domain comprising 

of three IgG loops, a single transmembrane domain and a C-terminal domain, which also 

contains a PDZ binding motif (reviewed in [101]). During AJ assembly Nectins 

accumulate first at the cell - cell contacts and subsequently cadherins colocalize with 

nectin afadin complex (figure 1.4) (reviewed in [102]).  They accumulate at the AJ and 

bind to afadin on their cytoplasmic side [103]. Nectins and afadins are calcium 

independent adhesion molecules show both heterophilic and homophilic interactions with 

each other. However, there is preference for heterotypic interactions, which are  
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Figure 1.4. Molecular architecture of adherens junction (adapted from [79]). A. A 

cartoon representing cadherin catenin complex based on the crystal structure of strand 

swapped trans dimer of E cadherin (light pink and blue), p120 catenin (orange) bound to 

juxtamembrane domain of E cadherin. β-catenin (dark pink) in complex with catenin 

binding domain of E cadherin (blue) and αE catenin (green) in complex with β-catenin. 

Ca2+ ions (green spheres) and O-linked glycans (brown sphere) are shown bound to 

extracellular domains (EC) of E cadherin. B. Cytoplasmic components of adherens 

junction. Dashed line represents interaction of cadherin catenin complex and nectin 

afadin complex.  

comparatively stronger than homophilic interactions (reviewed in [78]). The cytoplasmic 

domain of Afadin interacts with α catenin, Ras/Rap family of GTPase and ZO1 [104]. 

Loss of AJ function as well as mutations in different AJ component proteins has been 

shown to cause multiple human diseases (discussed in detail in the following sections). 

Reports from literature suggest a strong correlation of cancer progression and loss of AJ 

proteins (also discussed in the following sections). 

1.2.4.3. Physiological relevance of adherens junctions:  

The primary function associated with adherens junction is to provide adhesive contacts 

between neighboring cells. However, apart from cell - cell adhesion there is a growing list 

of other cellular functions that has been linked to adherens junction proteins such as cell 

proliferation, regulation of cell polarity, morphogenesis, cell sorting during embryonic 

development, regulation of cell signaling pathways [4, 77, 78, 105, 106].  Other reports 

suggest that adherens junctions regulate desmosome formation [107].  Deregulation of 

expression and localization of different adherens junction proteins have also been 

associated with cancer progression and metastasis (reviewed in [78]). A decrease in E 
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cadherin expression has been observed in multiple caner types (reviewed in [106]). E 

cadherin is considered as a tumor suppressor gene and loss of heterozygocity and 

mutation in E cadherin gene is observed in multiple different cancer types such as cancers 

of the breast, ovary, thyroid, endometrium and stomach [108, 109]. Aberrant expression 

and localization of other adherens junction proteins like β catenin, α catenin and p120 

catenin is also reported to be associated with multiple human cancers (reviewed in [106]). 

These catenin family of proteins also regulation WNT signaling by interacting with TCF-

LEF transcription factors (reviewed in [110]. The role of adherens junctions and 

particularly the role of catenin family of proteins in regulation of cellular signaling 

pathways and cancer progression have been described in detail later in the introduction. 

1.2.5. Desmosomes  

Desmosomes are also known as ‘maculae adhaerentes’ and were first identified as small 

dense nodules in the spinous layer of epidermis by Italian pathologist Giulio Bizzozero. 

They are adherens like calcium dependent junctions present in the basolateral membrane 

domains between adjacent cells of tissues that experience mechanical stress such as 

myocardial cells, dendritic cells of lymph nodes, meningeal cells and Purkinje cells 

(reviewed in [111, 112]). Desmosomes link intermediate filaments to the site of 

intercellular junctions and help to distribute and withstand mechanical stress [113]. 

Desmosomes are composed of three different families of proteins and appear as a 

tripartite electron dense zipper like appearance in electron micrographs. Desmosomal 

cadherins are trans membrane proteins, which are required for Ca2+ dependent adhesive 

interactions in the extracellular region between two adjacent cells to bring about the 

adhesion and this interaction results in the formation of the electron dense region called 

the dense midline (DM) [114, 115]. On the cytoplasmic side of the plasma membrane 

desmosomal cadherins interact with another family of proteins called the armadillo repeat 
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containing proteins (e.g. plakophilins and plakoglobin) forming an electron dense plaque 

known as outer dense plaque (ODP) [116, 117]. This complex of junctional proteins 

associates with the plakin family member, desmoplakin, which tethers intermediate 

filaments to the desmosomal junction. The region where DP associates with the Ifs is 

electron dense and is called the inner dense plaque (IDP) (figure 1.5.) [111, 118].  

 

Figure 1.5. Molecular architecture of desmosome (reproduced from [119]). Electron 

micrograph of desmosome superimposed with a cartoon representing the molecular 

architecture of desmosome. Desmosomal cadherins (DSG and DSC) interact in 

homophilic and heterophilic manner in intercellular space. This region forms an 

electron dense midline (DM) which can be seen in the electron micrograph. On the 

cytoplasmic face of the plasma membrane these desmosomal cadherins interact with 

armadillo repeat containing proteins (PKP and PG). PKP and PG again associates with 

plakin family protein desmoplakin (DP). This region can be seen as an electron dense 

layer which forms the outer dense plaque (ODP) and lastly another electron dense 
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region can be seen, the inner dense plaque (IDP), where desmoplakin links the 

desmosome to intermediate filaments (IF) 

Though desmosomes are known to be Ca2+ dependent structures, they become Ca2+ 

independent in confluent cultured cells and in intact tissue. Ca2+ dependency of 

desmosome is regulated by Protein Kinase C α (PKCα) [120].  

1.2.5.1. Desmosomal cadherins 

The genes encoding the single pass trans membrane desmosomal cadherins namely 

desmogleins and the desmocollins are clustered on chromosome number 18 in human 

cells [121]. Four isoforms of desmoglein (DSG 1-4) and three isoforms of desmocollin 

(DSC 1-3) are present in mammalian cells. The DSCs are often expressed as two splice 

variants “a” and “b” (figure 1.6.). DSG2 and DSC2 are ubiquitously expressed in all 

tissues and all epithelial cell layers [122, 123], however the other cadherins show variable 

expression in different tissues and are differentially expressed in the different layers of 

stratified epithelium.  

 

Figure 1.6. Domain organization and splice variants of desmosomal cadherins 

(reproduced from [119]). Pro = pro domain, EC = extracellular domain, TM = 
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transmembrane domain, ICS = internal catenin binding site, RUD = repeat unit domain, 

DTD = distal terminal domain. 

Genes encoding desmosomal cadherins are differentially expressed in keratinocytes and 

in cells that undergo terminal differentiation (reviewed in [124]). DSG1 is expression is 

higher in upper layers of epidermis, while DSG4 is mostly expressed in the hair follicle 

and granular layers. DSC2 and 3 are expressed primarily in the basal and spinous layers 

while, DSC1 expression is restricted to the granular layer only (reviewed in [111]). The 

desmosomal cadherins interact in homophilic and heterophilic manner via their 

extracellular domains [125-127]. All the members of desmosomal cadherin family of 

proteins contain four extracellular repeat domains (EC 1-4) of 110 amino acids, which 

also contain a Ca2+ binding motif. The Ca2+ binding site when bound to Ca2+ promotes 

conformational changes, which trigger cadherin oligomerization [128]. They also contain 

extracellular anchoring region (EA), a single trans-membrane domain (TM), Intracellular 

anchoring region (IA) and internal catenin binding site (ICS). DSG have additional 

domain like distal terminal domain (DTD), intracellular prolin rich linker domain (IPL) 

and repeat unit domain (RUD) (figure 1.6.) (reviewed in [129, 130]). The ICS region is 

essential for their association with the armadillo repeat containing proteins like 

plakophilins and plakoglobin on the cytoplasmic face of the plasma membrane. The EC1 

domain mediates heterophilic interaction of cadherins through cell adhesion region (CAR 

domain) (reviewed in [111]).   

Loss of expression and deregulate expression of desmosomal cadherins can lead to 

multiple cellular defects. Mis-expression of DSG3 in in suprabasal epidermal layer 

resulted in hyperproliferation and abnormal differentiation [131]. Ectopic expression of 

DSG2 in the differentiated layers of epidermis results in hyperproliferation. This leads to 

vulnerability to chemically induced carcinogenesis [132]. Ablation of DSG3 in mice 
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causes decreased cell - cell adhesion, separation of keratinocytes and compromised cell - 

cell adhesion. Loss of DSG2 leads to embryonic lethality shortly after implantation [133, 

134]. Similarly loss of DSC1 and DSC3 in mice have led to epidermal fragility, decreased 

cell - cell adhesion, hyperproliferation, abnormal differentiation and embryonic lethality 

due to miss-implantation [11, 12, 135].  

1.2.5.2. Armadillo repeat proteins 

Four plakophilin family members (plakophilin 1-4) and plakoglobin represent the 

armadillo family of proteins in the desmosome. They all contain the characteristic 42 

amino acid ARM repeats originally identified in Drosophila armadillo protein [136]. 

They associate with desmoplakin which links the intermediate filaments to the 

desmosome (reviewed in [137]).  Apart from their role in forming cell junctions these 

proteins play important roles in gene regulation, signal transduction and their deregulation 

is associated with various disease conditions such as cancer (reviewed in [111, 137]). 

 

Figure 1.7. Domain organization and splice variants of desmosomal armadillo repeat 

containing proteins (reproduced from [119]). See text for details.  

1.2.5.2.1. Plakophilins 

 Plakophilins belong to the p120CTN family of armadillo proteins. They share common 

domain organization, which has a non-homologous N-terminal domain; a variable 

number of ARM repeats which share 50-80% homology followed by a C terminal 
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domain. The N terminus also contains a homology region 2 (HR2) which show 

considerable sequence similarity between PKP family members (reviewed in [138]). 

There is a short flexible stretch of linker sequence present between repeat 4 and 5, which 

could produce a bend in the molecular structure of plakophilins. There are splice variants 

reported for plakophilin 1 and 2 among the four family members. Plakophilins show 

considerable variation in their expression pattern. However, plakophilin 2 and 3 are the 

most ubiquitously expressed proteins in this family and have different functions with 

respect to desmosome formation and cell-cell adhesion (reviewed in [111]). 

1.2.5.2.1.1. Plakophilin 1 

The plakophilin1 (PKP1) gene has been mapped to chromosome 1q32 [139]. There are 

two splice variants reported ‘a’ and ‘b’. The ‘a’ isoform contains an insertion of 21 amino 

acids (aa) between ARM repeat 3 and 4. The isoform ‘a’ is a 747 amino acid long protein 

and comprises a 275 aa long N terminal domain, a short C terminal domain and 10 arm 

repeats (figure 1.7.)  [139, 140]. The ‘b’ isoforms is localized exclusively in the nucleus 

whereas the ‘a’ isoform is present in both nucleus and desmosome [140, 141]. It is mostly 

expressed in the suprabasal layer of stratified and complex epithelia [142]. The N 

terminal domain of PKP1 recruits DSG1, DSC1, and desmoplakin to the desmosome and 

helps to tether intermediate filaments. The C-terminal domain of PKP1 is responsible for 

its targeting to the desmosome [143-145]. PKP1 over-expression leads to transition of 

desmosomes from Ca2+ dependent to Ca2+ independent state [146]. Mutation in PKP1 

gene leads to ectodermal dysplasia and skin fragility syndrome [147]. PKP1 is also 

known to bind to mRNA binding proteins and thus could regulate mRNA stability and 

translation and other functions [148].  
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1.2.5.2.1.2. Plakophilin 2 

The gene encoding paklophilin2 (PKP2) is located in chromosome 12p13 [149]. It is quite 

similar to PKP1 in domain organization and only differs in the N terminal region. There 

are two splice variants ‘a’ and ‘b’ reported for PKP2 which differ by 44 amino acids 

insertion between repeat 3 and 4 (figure 1.7. [150]). It is ubiquitously expressed in all 

layers of epithelial cells with strong expression in basal layers of stratified and complex 

epithelia [150]. PKP2 interacts with wide range of desmosomal proteins such as DSG1/2, 

DSC1/2, DP, keratin filaments and other plakophilin family members (reviewed in [138]. 

PKP2 can regulate recruitment of other desmosomal proteins to the desmosome e.g. 

PKP2 recruits DP to the desmosome in a PKCα dependent manner. Plakophilin 2 is 

speculated to play a role in regulation of transcription as PKP2 is reported to interact with 

RPC115 (largest subunit of RNA PolII) and β catenin [151, 152]. It interacts with β 

catenin and thus can regulate WNT signaling pathway [153]. Ablation of PKP2 results in 

mid gestational embryonic lethality due to cardiac patterning defects and fragility in 

myocardium. Epidermal cells of mice lacking PKP2 show retraction of intermediate 

filaments (IF) from the plasma membrane indicating its role in tethering DP-IF complex 

to the desmosome [14].  

1.2.5.2.1.3. Plakophilin 3 

The gene expressing plakophilin 3 (PKP3) is located on chromosome 11p15 [141]. It is 

ubiquitously expressed in simple and stratified epithelia [141]. PKP3 interacts with DP, 

DSG1-3, DSC 1, PG, keratin 18 and other plakophilin members as well. Mostly it 

interacts with the N terminal and arm repeat domain [154] and reviewed in [111, 119]. 

PKP3 may compete with β catenin and regulate WNT pathway.  PKP3 has been also 

shown to interact with ETV1 transcription factor to regulate gene expression [155] and 
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reviewed in [138]. PKP3 associates with stress granules and bind to stalled translation 

initiation complex proteins viz. Poly (A) binding protein (PABPC1), fragile-X-related 

protein (FXR1), ras-GAP-SH3-binding protein (G3BP), eIF-4E and the ribosomal protein 

S6 kinase [156, 157]. Conditional ablation of PKP3 in mouse epidermis resulted in 

defective hair follicle morphogenesis and hyperproliferation. Reports from our laboratory 

as well as other laboratory have shown that loss of PKP3 leads to mis-localization of 

other desmosomal proteins [158, 159]. Down-regulation of PKP3 results in acquisition of 

neoplastic properties both in vitro and in vivo [17]. 

1.2.5.2.1.4. Plakophilin 4 

Plakophilin4 (PKP4) is the most recently identified member of PKP family and the gene 

encoding this protein is located on chromosome 2q24 [160]. A 135 kDa protein consisting 

of a 509 amino acid long N- terminal domain, 10 ARM repeats and 170 amino acid long 

C terminal domain [160]. PKP4 is expressed in all epithelial tissues and colocalize with 

classical cadherins and adherens junction (reviewed in [86]). It interacts with PG and 

PKP2 through its ARM domains and associates with DP through its N-terminal domain 

[161]. Its overexpression leads to desmosomal instability [162].  

1.2.5.2.2. Plakoglobin 

Plakoglobin (PG) is expressed in all cell types containing desmosomes. Plakoglobin 

interacts with desmosomal cadherins and classical cadherins as well so is a part of both 

desmosomes and adherens junctions [163]. It is a 746 amino acid, 87kDa molecule with a 

short N terminus and C terminus which flank the 12 arm repeats (figure 1.7.). There is 

spacer sequence between ARM 9 and 10. Plakoglobin associates with desmosomal 

cadherins and classical cadherins through its ARM domain while the N terminal domain 

is important for its interaction with desmoplakin [164]. Truncation of the C terminal 
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domain of PG leads to formation of extremely long desmosomes [165]. There are reports 

of various posttranslational modifications of plakoglobin, which contribute to its different 

functions. Phosphorylation of Tyr133 and Tyr643 leads to decreased interaction of 

plakoglobin with E cadherin and α catenin with subsequent increase in its association 

with DP, however, phosphorylation of Tyr 693, 724, 729 as a consequence of activation 

of EGFR leads to decrease in interaction of plakoglobin with DP [166, 167]. Knockout of 

plakoglobin is embryonic lethal due to failure in cardiac function [168]. Mutations of 

plakoglobin results in Naxos disease with arrhythmogenic right ventricular 

cardiomyopathy, palmoplantar keratoderma, and woolly hair [169].  

Plakoglobin share significant homology with β catenin and can functionally replace the 

later from AJ and also compete it for degradation. That leads to increased accumulation 

of β catenin in nucleus leading LEF/TCF mediated gene transcription. However, it is 

reported that PG can also activate WNT signalling by directly binding and recruiting 

LEF/TCF transcription factors [170-172].  

1.2.5.3. Desmoplakin 

Desmoplakin is ubiquitously expressed plakin family protein found in epithelial tissue 

and has two splice variants. Desmoplakin is a dumbbell shaped molecule with three 

distinct domains, an N terminal domain which mediates its association with desmosomal 

cadherins and armadillo proteins, a central rod domain which is essential for dimerization 

and a C terminal domain containing three plakin domain repeats i.e. A, B and C (PDRs).  

The B and C PDRs contain an intermediate filament binding site (figure 1.8.). 

Desmoplakin associates with intermediate filament proteins such as vimentin, keratin and 

desmin and tethers desmosome to the cytoskeletal elements [111, 173]. Desmoplakin is 

also reported recruit centrosomal proteins to desmosome and may contribute to MT 
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assembly at the cortex [174]. Knockout of desmoplakin is embryonic lethal whereas, 

haploinsufficency and mutations of desmoplakin lead to different diseased conditions like 

striate palmoplantar keratoderma, skin fragility and woolly hair, acantholytic 

epidermolysis bullosa [175-178].  

 

Figure 1.8. Domain organization and splice variants of desmoplakin (reproduced from 

[119]). See text for details. 

1.2.5.4. Role of Desmosomal proteins in cancer 

One of prerequisites for metastasis in epithelial tumors is dissolution of cell - cell 

adhesion. This process is associated with dynamic regulation of cell - cell junctions. 

Deregulation of desmosome function has been associated with myriad types of cancers. 

However, more and more reports are suggesting role of desmosomal proteins in other 

cellular functions like signaling, regulation of gene expression, cytoskeletal dynamics, 

cell migration and cell proliferation and programmed cell death [111, 119, 138, 152, 174, 

179-181].  

Deregulation of desmosomal cadherins have been reported in many cancers. Loss of 

heterozygosity (LOH) has been reported for the locus of chromosome 18 harboring the 

genes of desmosomal cadherins in esophageal and head and neck cancers (reviewed in 

[181]). DSG3 loss is associated with poor prognosis in lung cancer patients [182]. DSC3 

expression has been shown to be repressed in breast cancer by hyper methylation of its 
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promoter at chromosome 18. siRNA mediated knockdown of DSG3 in human head and 

neck cancer (HNC) cell lines leads to a decrease in cell proliferation and significant 

reduction of colony formation potential and reduced tumor volumes when injected in 

mouse models [183]. Loss of desmosomal cadherin expression often leads to an increase 

in the cytoplasmic pool of PG which in turn leads to increased nuclear translocation of β-

catenin thereby activating the WNT signaling pathway and expression of genes like bcl2, 

c-myc and cyclin D1 thus leading to cell proliferation and cell survival (reviewed in 

[184]). DSG3 down regulation and upregulation of DSG2 has been recently reported for 

head and neck squamous cell carcinoma [185]. Several studies have shown loss of DP to 

be associated with uterine adenocarcinoma, oral squamous cell carcinoma and increased 

metastasis and poor prognosis [186, 187].  

LOH of PG and suppression of PG expression through various mechanisms like 

deacetylation and hyper-methylation of its promoter have been found to be associated 

with progression of different types of cancers in vivo. These results have later been 

recapitulated in in-vitro model systems [188-190]. LOH and promoter methylation of PG 

has been reported to be associated with human prostate carcinoma, ovarian carcinoma, 

breast cancer and renal carcinoma [191, 192]. Reduced expression of plakoglobin has 

been observed in poorly differentiated tumors. Several types of cancers such as bladder 

cancer, lung cancer, kidney cancer and neuroblastomas show loss of expression of PG 

[193, 194]. PG has been reported to be associated with decreased cell-cell adhesion, 

increased invasion and dissemination of breast cancer cells in vivo [195]. Repression of 

PG leads to alteration in cell-cell adhesion and motility in triple negative breast cancer 

and prostate cancer cells [196, 197]. 

Expression PKP1-3 has been found to be inversely correlated with tumor differentiation 

and poor prognosis. A reduced level of expression has been reported for PKP3, PKP2 and 
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PKP1 in several types of cancers such as oropharyngeal carcinoma, colorectal 

adenocarcinoma, pancreatic, prostate and hepatocellular carcinoma [198]. Also their loss 

has been correlated with acquisition of neoplastic properties in vitro and in vivo. 

However, a contradicting report shows that in lung cancer PKP3 levels increases 

[199].Reports from our laboratory have shown that loss of PKP3 leads to abrogation of 

desmosome assembly which leads to decreased cell - cell adhesion and increased cell 

migration in vitro. Loss of PKP3 has also been shown to result in tumor progression and 

metastasis in vivo [17, 159] 

1.3. Cytoskeleton 

All this junctional complexes described above connect to one or the other cytoskeletal 

components. Dynamic regulation of these cytoskeletal components also affects various 

aspects of cell behavior like migration, motility, proliferation, signaling etc. In animal 

cells majorly three types of cytoskeletal components are found, these are microfilaments 

(actin filaments), intermediate filaments and microtubules.  

1.3.1. Microfilaments/ actin filaments 

Actin filaments connect to adherens junctions and focal adhesions. They also form tracks 

for myosin motors and thus play a role in cell motility and cytokinesis (reviewed in 

[200]). Globular monomers of G actin polymerize to form linear single stranded polymers 

with distinct polarity, which are known as F actin. Actin filaments are dynamic polymers 

that exhibit tread milling activity i.e. actin filaments polymerize at one end and 

depolymerization occurs at the other end [201].  

At the initial E cadherin contacts Arp2/3, Ena/ VSAP and cortactin mediated actin 

polymerization link adherens junctions to actin filaments [202]. However, N-WASP 
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antagonizes this polymerization [203]. The adherens junction component, α-catenin can 

associate with different actin binding proteins viz. vinculin, eplin, ZO-1, FMN1, or AF6 

which in turn can associate with actin filaments thus linking the actin cables to the AJ 

[204, 205].  

1.3.2. Intermediate filaments 

Intermediate filaments connect (IF) desmosomes and tight junctions. They are more rigid 

and the fibers are about 10 nm in width. Vimentin and keratin filaments are most common 

IF (reviewed in [206]). In desmosomes plakin family protein desmoplakin connects the 

intermediate filaments to the desmosomal plaque [207] whereas, in hemidesmosomes 

plectins and BP180 link the junctional complex to intermediate filaments (reviewed in 

[71]). Keratin 5 and keratin 14 bind to type I hemidesmosomes and keratin 8 & 18 bind 

type II hemidesmosomes (reviewed in [71]).  

1.3.3. Microtubules 

Microtubules (MT) are bundles of protofilaments and are hollow cylindrical structure 

with outer diameter of 25 nm and inner diameter of 12 nm. Thirteen protofilaments 

formed by polymerization of α tubulin and β tubulin associate laterally to give rise to an 

imperfect helix (reviewed in [208]). MT polymerization generally is nucleated from a 

microtubule organizing center such as centrosome or basal body in cilia and flagella 

(reviewed in [209]). Polymerization of α tubulin and β tubulin is a dynamic process and 

requires optimal concentration of the monomers and this process is positively powered by 

GTP hydrolysis [210]. MT filaments can grow as long as 25 micrometers in length and 

they form tracks for the transport of proteins, vesicles and organelles in the cell [211]. 

MT have distinct polarity and dedicated + end & - end motor proteins (kinesin and dynein 
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respectively) can transport cargo in the respective polarity in MT track (reviewed in [212-

214]). 

1.4. Focal adhesions 

Focal adhesions are sites of cell to ECM junctions, which contain multiple proteins such 

as trans-membrane proteins, actin binding proteins, linker proteins and signaling 

molecules. Integrins and proteoglycans are transmembrane proteins at the focal adhesion, 

which mediate cell to ECM adhesion. Attachment of cells to ECM induces integrin 

clustering.  

 

Figure 1.9. Molecular components of cell to extracellular matrix adhesion (reproduced 

from [215] . see text for details. 

Integrins are presented at the cell surface as heterodimers of non-covalently associated α 

and β subunits. There are 18 different α and 8 different β subunits reported in mammals. 

A particular heterodimer of integrins associates with a specific ECM substrate thus 

allowing cells to sense the ECM environment (reviewed in [216, 217]. On the 
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cytoplasmic domain of these integrin molecules a large number of actin binding 

scaffolding proteins such as talin, paxillin, zyxin, vinculin, and α-actinin are assembled. 

These actin-binding proteins link actin filaments to focal adhesion complexes. A large 

number of signaling molecules also have been reported to localize to focal adhesions such 

as the Ras family GTPases Rho, Rac and Cdc42, Focal adhesion kinase, Src, calpain and 

the phosphatase PTP-PEST (figure 1.9.). Signaling from focal adhesion is known to 

regulate different cellular behavior such as cell proliferation, cell migration, cell 

morphology, survival and differentiation (reviewed in [215, 218]). 

1.4.1. Focal adhesion biogenesis during cell migration 

Focal adhesions play a crucial role during cell migration. Focal adhesions provide 

anchorage and necessary traction forces to enable the leading edge of the cell to crawl 

over ECM as the cell moves forward. These adhesions are rapidly turned over at the 

posterior trailing edge of the cell. New focal adhesions continuously keep emerging at the 

anterior tip of the lamellipodia and as the lamella moves forward these junctions also 

turnover at the posterior part of the lamella (figure 1.10.) [219, 220]. Such anterior flow 

of focal adhesions coincides with the forward movement of a lamellipodia in a migrating 

cell (reviewed in [221]).  

 

Figure 1.10. Formation and turnover of focal adhesion during cell migration 

(reproduced from [215]). See text for details.  
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The rate of focal adhesion turnover is a limiting factor for rate of cell migration. Focal 

adhesion kinase associated with focal adhesions has been found to be a regulator of focal 

adhesion turnover [222]. Focal adhesions go through different phases of maturation 

during cell migration. Initially at the leading edge of migrating cell, integrin engagement 

is induced upon contact of the lamellipodia with the ECM substrate [223]. These are 

known as adhesive foci or focal points that contain paxillin. These focal points are 

nascent focal adhesions, which are not connected to actin stress fibers. These nascent 

focal adhesions are localized just posterior to the actin network continue to recruit other 

focal adhesion proteins e.g. α-actinin, zyxin etc. to grow into mature focal adhesions or 

focal complexes and establish attachment to actin stress fibers to provide the necessary 

traction force as the cell extends its protrusion leading to cell migration (figure 1.11.) 

[215, 218, 224, 225].  

 

Figure 1.11. Molecular components associated with formation and turnover for focal 

adhesion (reproduced from [215]). A. At the early phase of focal adhesion formation 
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integrin clustering is seen. As the focal adhesion mature actin binding proteins such as 

talin, α-actinin, and vinculin, are recruited and tethers the focal adhesion to actin 

filaments. B. During focal adhesion disassembly FAK is phosphorylated at Y397 (shown 

in red sphere). This lead to recruitment of SH2 homology containing proteins such as 

Grb2. Subsequently dynamin which is a microtubule associate protein involved in 

endocytosis is recruited. At this step microtubules can be seen extending to focal 

adhesion. Grb2 and dynamin complex is believed to cause dissolution of focal adhesion 

by some yet unidentified mechanism. Integrins are internalized in endosomal vesicles 

and are transported along the microtubule track to the cytoplasm.  

Paxillin is localized to the focal contacts very early during maturation of focal adhesions. 

Paxillin is considered as a nascent focal adhesion marker whereas zyxin, which is 

associated mature focal adhesion, connected with actin stress fibers are considered as a 

late or mature focal adhesion marker [226, 227]. 

1.4.2. Focal adhesion kinase 

Focal adhesion kinase (FAK) is a focal adhesion associated non-receptor tyrosine kinase 

of about 125kDa molecular weight. It was first identified as a protein phosphorylated in 

response to Src mediated transformation recruitment to focal adhesions through [226]. 

FAK contains a short N-terminus a FERM (4.1 protein Ezrin Radixin Moesin) domain, a 

kinase domain, three prolin rich motifs, a FAT (focal adhesion targeting) domain which is 

responsible for targeting it focal adhesion, and a short C-terminal domain (figure 1.12). 

The FERM domain acts as an auto-inhibitory domain and this inhibition is relieved on 

interaction with cytoplasmic tail of β1 integrin [227]. The proline rich motifs have been 

shown to be important for interaction of FAK and other signaling proteins e.g. p130Cas, 

paxillin etc. [218, 228]. FAK is well established as a major signaling protein in the focal 
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adhesion, which could regulate cell proliferation, mechanosensing, turnover of focal 

adhesions and integrin activity [218, 229, 230].  

 

Figure 1.12. Domain structure of focal adhesion kinase (Reproduced from [215]). 

FERM (protein 4.1, ezrin, radixin, and moesin homology), PR (proline-rich motif), FAT 

(focal adhesion targeting), pY (phosphorylated tyrosine).  

FAK contains multiple phosphorylation sites, which are important determinants of cell 

function (figure 1.12). Phosphorylation of Tyrosine 397 (Y397) results in activation of 

FAK and this phosphorylation event is induced upon integrin engagement [231]. Further 

clustering of FAK at focal adhesion enhances Y397 phosphorylation generating a binding 

site for Src. Src phosphorylates FAK at Y576 and Y577 in the kinase domain leading to 

the activation of FAK kinase activity [232]. Additional phosphorylation of FAK at Y861 

and Y925 by Src creates docking sites for SH2 domain containing proteins such as Grb2, 

which leads to activation of Ras and MAPK pathway [233, 234]. Interaction of FAK with 

talin and paxillin is induced upon phosphorylation of FAK at Y861 (reviewed in [235]). 

Phosphorylation of FAK at Y925 at the FAK domain by Src is known to induce depletion 

of FAK from focal adhesions [236]. These reports suggest presence of a negative 

feedback loop, which limits the half-life of a focal adhesion complex. Phosphorylation of 

FAK at Y397 is known to induce focal adhesion turnover by mechanisms that are 

currently not understood. During focal adhesion disassembly microtubules extend to the 

focal adhesion followed by internalization of integrin by endosomes. This coincides with 
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the recruitment of Grb2 followed by dynamin (reviewed in [215, 218]).  Dynamin is a 

microtubule binding protein and is assumed to mediate transport of endocytic vesicles 

containing internalized integrin from the disassembled focal adhesion (reviewed in 

[215]). 

1.4.3. Paxillin 

Paxillin is one of the important scaffolding proteins at the focal adhesion. Paxillin can be 

recruited to the early adhesive contacts through its interaction with the cytoplasmic tails 

of α4 β1 integrin and is associated with early steps in the formation of focal adhesions 

[218, 237, 238]. Phosphorylation of Y31 and Y118 in paxillin by FAK/Src complex 

promotes interaction between paxillin and Crk, which is important for localization of 

paxillin at focal adhesion (reviewed in [218]). Y118 phosphorylation of paxillin is also 

considered as marker for mature focal adhesion complexes as paxillin associated with 

mature adhesions only exhibit this phosphorylation [239, 240].  Crk can also recruit a 

complex of proteins including β-PIX, GIT2/PKLto paxillin and this multiprotein complex 

can lead to activation of small GTPases such as Rac thereby promoting cell migration 

[241]. Paxillin has five LD motifs which are responsible for its interaction with FAK and 

PKL, a proline rich motif which enables mediates its interaction with the SH3 domain in 

Src and four C-terminal LIM domains which are essential for the interaction of paxillin 

with the phosphatase PTP-PEST. The LIM domains of paxillin are also important for its 

attachment to the cell membrane (reviewed in [218]).  

1.4.4. Zyxin 

Zyxin exhibits considerable domain similarity with paxillin and also belongs to the LIM 

domain containing family of proteins. It has an N-terminal domain, which contains 

proline rich sequences. These prolin rich sequences are important for its interaction with 
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SH3 domain containing proteins such as Src. The C-terminus contains the LIM domains 

which function as scaffolding sites for other focal adhesion proteins and direct the 

attachment of Zyxin to the cell membrane (reviewed in [242]). Zyxin is a mature focal 

adhesion marker as it is targeted to focal adhesions during the later phase of focal 

adhesion assembly when actin stress fibers are attached to the focal adhesion leading to 

formation of focal complexes which provide traction forces during cell migration [215, 

218, 243]. Zyxin is required for the thickening of actin stress fibers associated with focal 

adhesions as loss of zyxin results in disruption of this process. Zyxin interacts with stretch 

sensitive proteins such as p130Cas suggesting that zyxin has a role in mechanosensing 

through focal adhesions [244, 245]. Other reports also suggest that zyxin is required for 

actin polymerization at the focal adhesion and also regulates actin fiber reorganization 

[246-248]. The N-terminus of zyxin interacts with other focal adhesion proteins and actin 

dynamics associated proteins such as α-actinin and VSAP [248, 249]. 

1.5. Regulation of actin turnover during cell migration 

Cell migration is an important process during embryogenesis, morphogenesis, and wound 

healing. [250-252]. Deregulation of cell migration is often observed during the process of 

metastasis (reviewed in [253]). Cell migration is a complicated cellular process which 

requires stringent regulation of actin dynamics and focal adhesion complexes (reviewed 

in [221]). During cell migration, cell shape is continuously altered to support formation of 

different structures such as filopodia, lamellipodia and invadopodia in invasive cancer 

cells. These morphological changes are accompanied by a drastic remodeling of the actin 

cytoskeleton [254, 255]. In addition, actomyosin based contractile forces are required to 

regulate the rate of cell migration and provide the mechanical force required for cell 

migration [255]. Such dynamic regulation of actin cytoskeleton, polymerization and 

depolymerization of actin filaments at the leading edge cell during cell migration, and 
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modulation of actomyosin based traction forces are regulated by RhoGTPases such as 

RhoA/B/C, Rac1/2/3 and Cdc42. These small RhoGTPases regulate the activity of a 

number of actin related proteins, kinases and phophastases which are involved in actin 

filament nucleation, actin filament severing function and actin bundling. The activity 

these actin regulatory protein such as WASP, VASP, Arp2/3, Cofilin, Profilin, Myosin II, 

ROCK, LIMK are PAK (p21 activated kinase) are regulated by a number of activating 

and inhibitory phosphorylation events (figure 1.13) (reviewed in [254, 256, 257]). These 

are described in detail in the following sections. 

1.5.1. Rho GTPases 

The Rho family of small GTPases belongs to Ras superfamily of proteins and is known to 

regulate a variety of cellular functions such as cell motility, cell proliferation, apoptosis 

(reviewed in [258-260]). They are about 20-30 kDa proteins and contain an effector 

domain that changes conformation between GTP and GDP bound states. This effector 

domain is responsible for binding to its downstream targets. There is a hypervariable 

region and CAAX box in the C-terminus of RhoGTPases which are sites for 

palmitoylation and fanesylation which are required for the sub-cellular localization of 

RhoGTPases (reviewed in [257]). Like other GTPases, they act as molecular switches and 

are active in GTP bound state and inactive in GDP bound state. Transition between these 

active and inactive states are regulated by GTPases activating protein (GAP) which 

mediates switch from GTP to GDP bound state and guanine nucleotide exchange factor 

(GEF) which mediate switch from GDP to GTP bound state [261, 262]. Rho guanine 

nucleotide dissociation inhibitors (RhoGDIs) can interact with a number of RhoGTPases 

and can regulate their localization and function by masking the prenyl group in the 

GTPases and also by inhibiting GTPases from interacting with their effector proteins 

(reviewed in [263]). GDIs can also target RhoGTPases to specific compartment or to 
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specific protein complexes in the cell e.g. RhoGDIα is required for targeting Cdc42 to the 

plasma membrane [263, 264].  

The Rho family of GTPases includes Rho, Rac and Cdc42. These Rho GTPases have 

different and overlapping roles in regulating actin filament organization during cell 

migration. Rac induces lamellipodia formation and extension, whereas as Cdc42 is 

involved in filopodia formation [256, 265]. RhoA is associated with formation of stress 

fibers, regulation of adhesion complex and contractile phenotype (reviewed in [260]). 

Rac1 and Cdc42 function are mediated by Wiskott-Aldrich Syndrome family of proteins 

which include WASP, N-WASP and WAVE. They can interact with Rac1 and Cdc42 

GTPases through their CRIB (Cdc42-Rac-unteractive binding) domains, which are 

recognized by Cdc42 and Rac1. Both WASP and WAVE proteins are known to drive 

actin polymerization through Arp2/3 complex (figure 1.13.) (reviewed in [266]). 

1.5.2. RhoA 

Rho subgroup of RhoGTPases contains three RhoGTPases namely RhoA, RhoB and 

RhoC. They share about 85% amino acid sequence similarity, however, there is a 

hypervariable region found at the C-terminal end of these proteins (reviewed in [267]. 

RhoA is required for reorganization of the actin cytoskeleton and focal adhesion turnover 

in migrating cells. Their expression and activation has also been associated with multiple 

types of human cancer such as breast cancer, head and neck cancer, lung cancer, prostate 

cancer etc. (reviewed in [260]). Recent reports with FRET biosensors suggest that RhoA 

activation precedes activation of Rac and Cdc42 at the leading edge of migrating cells 

[268]. RhoA is implicated in stress fiber formation, actin polymerization, actomyosin 

contractility and membrane ruffling at the leading edge of migrating cells (reviewed in 

[260]). RhoA has been shown to stimulate membrane ruffling and lamellae formation in 
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carcinoma cells through α6β4 integrin signaling [269, 270]. ROCK and mDia are the 

downstream mediators of RhoA function. ROCK phosphorylates myosin-binding subunit 

of myosin phosphatases thus inactivating their inhibitory function. ROCK can also 

directly activate myosin by phosphorylating its light chain and thus positively regulating 

actomyosin contractility. Activation of ROCK further leads to bundling of actin fibers 

and integrin clustering at focal adhesions [270]. Activated ROCK can also phosphorylate 

and activate LIMK, which in turn inhibits cofilin (actin severing protein) leading to 

stabilization of actin filament [271] (figure 1.13.) (reviewed in [260]).   

 

Figure 1.13. Regulation of actin dynamics by RhoGTPases and its downstream 

effectors.  See text for details.  

1.5.3. Cofilin 

Cofilin is a small ubiquitous protein of around 19kDa, which can bind to both monomeric 

and filamentous actin. It functions as an actin severing protein and is regulated by a 

number of upstream effectors as reviewed in [272]. Cofilin activity can be observed very 
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early during extension of lamellipodia. Its actin severing activity depolymerizes existing 

actin filament and generates new barbed ends that can be used by Arp2/3 complex to 

construct an actin network which leads to extension of lamellipodia. [273, 274]. Recent 

studies have shown that cofilin induces lamellipodia formation and is important for 

defining the direction of cell migration [275]. One of the most commonly observed mode 

of regulation of cofilin function in migratory cells is mediated by LIM kinase proteins. 

LIMK can phosphorylate cofilin at a Serine (S) residue at position 3 (S3) which inhibits 

cofilin binding to actin filaments and thus negatively regulates the actin severing function 

of cofilin [260, 276]. Down regulation of cofilin expression or expression of 

constitutively active LIMK negatively regulates cell motility [277, 278].  Cofilin 

promotes in vivo invasion by inducing invadopodial membrane recycling and also has 

been associated with invasion and metastasis in human cancer [279, 280].  

1.6. 14-3-3 proteins 

14-3-3 proteins are acidic, small (~30 kDa) and ubiquitously expressed proteins present in 

all eukaryotic cells. Each species has a varying number of isoforms ranging from two in 

budding yeast to seven in mammals. They are highly conserved group of proteins and 

share similar tertiary structure, however the N-terminal domain which is required for 

dimerization and the C-terminal hypervariable region show less sequence homology 

across different 14-3-3 isoforms [281, 282].They generally bind to proteins containing 

one of two motifs [R(S/X)Xp(S/T)XP and RXXXp(S/T)XP (where ‘X’ denotes ‘any 

amino acid residue’ and p(S/T) denotes phosphorylated serine or threonine)] [283, 284]. 

However a considerable number of ligands for 14-3-3 have been identified which can 

interact with 14-3-3 proteins in a phosphorylation dependent manner but do not contain a 

sequence that closely matches with the above mentioned conserved motifs [285].  
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In mammals seven different 14-3-3 isoforms have been identified 14-3-3β, γ, ɛ, η, σ, τ, 

and ζ [286]. As many as 300 binding partners of 14-3-3 proteins have been identified and 

current models suggest that 14-3-3 proteins act as adapter proteins by binding to their 

target motifs thereby, causing allosteric change in proteins shape. Thus they may facilitate 

or block protein-protein interactions by steric interference [287]. 14-3-3 proteins affect 

diverse cellular functions such as cell cycle progression, gene expression, signal 

transduction, programmed cell death, cellular transport and trafficking and are dis-

regulated in various disease conditions such as cancer [288-293].  

1.6.1. 14-3-3 protein structure 

Crystal structure of 14-3-3τ and 14-3-3ζ isoforms revealed important information about 

the mode of functions of 14-3-3 proteins. 14-3-3 proteins function as a homodimer or 

heterodimer and distinct isoforms also show preferential homodimerization or 

heterodimerization. E.g. 14-3-3γ forms heterodimer with 14-3-3ε isoforms whereas, 14-3-

3ε does not form homodimers [294, 295] unlike 14-3-3σ, which preferentially forms 

homodimers [296, 297] (also reviewed in [298, 299]). Each monomer in the U shaped 

dimer contains nine α helices of which four directly participate in dimer formation. 14-3-

3 binding to conserved phosphoserine / phosphothreonine containing motifs is mediated 

by direct interactions of L49 and R56 in helixαC, and R127 and Y128 in helix αE with 

phosphate of group of the ligand (figure 1.14.) [300].  
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Figure 1.14. Structure of 14-3-3 dimer (Reproduced from [282]). Each monomer is 

shown is different color (green and purple). All α helices are indicated. Ligand binding 

occurs in the central cavity. S58 and S185 phosphorylation positions have also been 

indicated. S58 regulates dimerization, whereas, S158 is responsible for ligand binding.  

Multiple post translational modifications e.g. phosphorylation have been reported for 

multiple 14-3-3 isoforms such as 14-3-3β and 14-3-3ζ, Phosphorylation of 14-3-3 

proteins can lead to conformational changes which can inhibit dimerization or ligand 

binding affinity of 14-3-3 proteins. Phosphorylation of Serine 58 (S58) inhibits 

dimerization in 14-3-3ζ and phosphorylation of Serine 185 (S185) is required for ligand 

binding as demonstrated with 14-3-3ζ, α and β isoforms (figure 1.14.) [301-303] (also 

reviewed in [282]).The S185 and T233 sites on 14-3-3ζ have been identified as target of 

prolin targeted kinases or other kinases respectively [301]. It was observed that 

phosphorylation of 14-3-3ζ on T233 by casein kinase 1 leads to conformational change 

which resulted in compromised phosphorylation dependent ligand binding [304].   
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1.6.2. Role of 14-3-3σ in regulating cell - cell adhesion and cancer 

4-3-3σ is also known as stratifin because was first discovered in human stratified epithelia 

and is expressed in all epithelial cells [282, 305]. An Aberrant expression of 14-3-3σ has 

perhaps shown the strongest association with cancer progression among the other 14-3-3 

isoforms. Initially MALDI-TOF and MS/MS after trypsin digestion showed that 14-3-3σ 

was lost in breast cancer patient samples whereas, 2D analysis showed that breast 

epithelial cells expressed 14-3-3σ [306]. Later SAGE analysis revealed that mRNA levels 

of 14-3-3σ were undetectable in more than 90% of primary breast carcinomas that were 

tested. High frequency of hypermethylation at the promoter region and CpG islands at the 

14-3-3σ gene locus was identified as the prevalent mechanism of down-regulation of 14-

3-3σ in breast cancer [307, 308]. 14-3-3σ expression has been found to down-regulated in 

multiple other human cancers as well such as oral squamous cell carcinoma, urinary and 

bladder carcinoma, lung carcinoma, vulva squamous neoplasia, head and neck squamous 

cell carcinoma, hepatocellular carcinoma etc. [309-315]. Other mechanisms might also 

exist which could lead to compromised 14-3-3σ expression during cancer progression 

such as upregulation of Epf which is an ubiquitin ligase enzyme targets 14-3-3σ to 

ubiquitin mediated degradation. Indeed down-regulation of Epf has reduced tumor burden 

in vivo [316]. However, there is also large number of reports which suggests that 

increased expression of 14-3-3σ can be correlated with multiple human cancer types such 

as ovarian cancer metastasis, oral squamous cell carcinoma, human scirrhous-type gastric 

carcinoma cells, endometrial carcinoma etc. [317-320]. Such contradicting reports raise 

the possibility of variable function of 14-3-3σ at different stages of cancer progression 

and would require more controlled experiments to delineate the mechanism of 14-3-3σ 

function during cancer progression. 
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14-3-3σ was shown to be a p53 responsive gene and is required to enforce the G2/M 

DNA damage checkpoint in epithelial cell lines. Loss of 14-3-3σ in HCT116 cells 

resulted in failure of G2/M checkpoint following DNA damage induced by Adriamycin 

and subsequently cells undergone mitotic catastrophe and cell death. It was observed that 

14-3-3σ-/- HCT116 cells failed to requester Cdc2/ CyclinB1 complex to the cytoplasm 

after DNA damage leading to G2/M checkpoint override [321]. DNA damage dependent 

interaction between 14-3-3σ and p53 has also been observed which may result in 

stabilization and optimal transcriptional activity of p53. Serine 378 residue in p53 was 

found to be important for its interaction with 14-3-3σ. Mutant p53 unable to interact with 

14-3-3σ had a lower transcriptional activity [322].  

There is not much known about role of 14-3-3σ in regulation of cell - cell adhesion. 

However, few studies have shown that 14-3-3σ in regulation of desmosome and cell 

polarity. 14-3-3σ loss lead to compromised plakophilin3 exchange with the desmosomal 

plaque and increases cell migration [323]. In a recent report 14-3-3σ has been shown to 

stabilize a complex of soluble actin and intermediate filaments which can be used a pool 

for polarized assembly of cytoskeletal network during cell migration [324]. Ectopic 

expression of 14-3-3σ in ErbB2 transformed mammary tumor cells resulted in restoration 

of epithelial polarity whereas, loss of 14-3-3σ expression lead to loss of cell polarity in 

MCH10A cells [325].  

1.6.3. Role of 14-3-3γ in regulating cell - cell adhesion and cancer 

Results from our laboratory have shown that loss of 14-3-3γ results in compromised cell - 

cell adhesion. 14-3-3γ is required for transport of PG to the cell border during desmosome 

assembly in a KIF5B dependent manner and thus loss of 14-3-3γ leads to abrogation of 

desmosome function [326]. 14-3-3γ has been shown to form complex with multiple 
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desmosomal proteins such as PG, PKP3 and DP and might regulate their transport to the 

cell border [326]. Severe adhesion defects were observed in the testis of mice injected 

with 14-3-3γ shRNA suggesting its role in regulation of cell - cell adhesion [327]. 14-3-

3γ interacts with Cdc25C and is required for maintenance of S phase and G2/M 

checkpoint upon DNA damage [328, 329]. Unpublished data from our lab also suggest 

role of 14-3-3γ in regulation of centrosome duplication. Loss of 14-3-3γ resulted in 

multipolar spindle and multiple centrosome phenotypes resulting in aneuploidy and tumor 

formation in mice [330]. However, reports also suggest that 14-3-3γ over-expression can 

promote polyploidy in lung cancer cells and it can also inhibit transcriptional activity of 

p53 [331, 332].  

1.7. Role of Kinesin motors and 14-3-3 proteins in transport of cell - cell junction 

proteins  

Kinesins are molecular motors involved in directed transport of intracellular cargo on MT 

tracks. Kinesin superfamily proteins (also known as KIF) use ATP as energy source to 

generate motor force to pull cargo along MT track (reviewed in [333]). Forty five 

mammalian KIF genes have been identified and alternative splicing leads to the presence 

of twice as many proteins [334].  There are 15 families in KIF (kinesin 1 to 14B) which 

can be broadly classified in three groups i.e. N kinesin, M kinesin and C kinesin  (they 

contain the motor domain in N terminal, middle and C terminal region respectively) [334, 

335] (also reviewed in [336]). Kinesin family proteins share homology only at the motor 

domain responsible for ATP binding while other domains show considerable variation 

however, the position of the motor domain is again variable which has allowed 

categorisation of kinesin family proteins. Kinesin 1 motor proteins represent the 

conventional kinesin and are a heterotetrameric structure composed of homodimer of two 

kinesin heavy chains (120-kDa) and homodimer of two kinesin light chains (KLC) of 
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about 64 kDa which are responsible for motor activity and cargo binding respectively 

[335, 337, 338].  

There are reports, which have shown accumulation of minus end directed kinesin motor 

proteins KIFC3 at the AJ. AJ associated protein and Nezha, which interacts with 

PLEKHA, binds to MT minus end and tethers them to AJ. Depletion of any one of this 

complex has results to disorganization of AJ [339]. Kinesin driven MT based transport 

has also been shown to regulate N cadherin dependent cell-cell contact biogenesis [340]. 

AJ protein p120 catenin forms a complex with kinesin heavy chain with its N- terminal 

head and vesicles containing p120 catenin has been shown to be transported to the cell 

membrane along microtubule track [341]. Desmosomal cadherins, desmoglein2 (Dsg2) 

and desmocollin2 (Dsc2) are transported to the membrane through MT dependent kinesin 

1 and kinesin 2 dependent manner respectively [342]. Results from our lab have also 

shown that KIF5B mediates transport of PG to the cell border during desmosome 

assembly in a 14-3-3γ dependent manner [326].  

14-3-3 proteins have also been found to regulate kinesin motor based cell trafficking. In 

PC12 cultured cells 14-3-3 η has been found to interact with kinesin 1 in vivo by 

immunoprecipitation studies. KLC2 binds to 14-3-3 η in a phosphorylation dependent 

manner [343]. Other kinesin 1 superfamily proteins like KLC1C and KIF3 has also been 

reported to interact with 14-3-3 proteins [344, 345]. KLC1 has picked up 14-3-3 β, γ, ε 

and ζ isoforms when used as bait in a two-hybrid screen [344, 346]. 

1.8. Epithelial to mesenchymal transition (EMT) 

Epithelial and mesenchymal cells are the two major cell types that constitute most tissue 

types in multicellular organisms. These two cell types have unique characteristics and are 

specialized to perform different functions. Epithelial cells are mostly non migratory, 
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cohesive, show highly polarized distribution of cell - cell junctions and cytoskeletal 

elements, show apico basal polarity of membrane domains and forms continuous cell 

layers. On the contrary mesenchymal cells are highly motile, show very loose interaction 

with neighboring cells and do not form continuous cell layers, do not show any polarized 

distribution of membrane domain or cytoskeletal elements and junctions (reviewed in 

[347, 348]. Mesenchymal cells are invasive in nature and secrete a number of ECM 

degrading enzymes called matrix metallo proteases (MMPs). During development of 

higher multicellular animals epithelial cells often undergo transition to mesenchymal cells 

through a process which is stringently regulated by various inducers or growth factors 

such as TGFβ, EGF, HGF etc., EMT effectors such as E cadherin, β-catenin etc. and a 

number of transcriptional regulators such as Snail, Slug, Zeb and Twist family of 

transcription factors. The process of EMT involves loss of epithelial markers such as E 

cadherin, PG, keratin filaments etc. and gain of mesenchymal markers such as N cadherin 

and vimentin. Loss of cell - cell adhesion and cell to ECM adhesion is one of the 

hallmarks of EMT (reviewed in [349-354]). EMT is a normal biological process but often 

exhibited by neoplastic cell that has undergone genetic and epigenetic changes. During 

metastasis cancer cells of epithelial origin often acquire mesenchymal characteristics 

which enable them to invade through ECM and basement membrane to local blood 

vessels and lymphatic channels and disseminate to distant target organs (reviewed in 

[353]). In literature three different types of EMT has been characterized such as type 1, 

which includes EMT involved in embryo development, reorganization of germ layers, 

organ development etc.; type 2 EMT is associated with repair events such as wound 

healing, tissue regeneration and organ fibrosis which mostly follows trauma or 

inflammatory injury, type 3 EMT is exhibited by neoplastic cells which acquire invasive 

characteristics and leads metastasis (reviewed in [352]). EMT is not an irreversible 
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process. Epithelial cells that have undergone an EMT often go through a reverse program 

called MET to continue their epithelial differentiation path (reviewed in [347, 348]). The 

general scientific notion about metastasis is cancer cells undergo EMT during the process 

of metastasis. Indeed several studies indicate presence of EMT like features in clinical 

samples of human cancer and in in vivo models of EMT.  

There are multiple reports which suggest EMT like process during the progression of 

during multiple human cancers [355, 356] and reviewed in [354]. In another study 

injection of SCID mice with vimentin negative MDA-MB-468 breast cancer cells resulted 

in formation of primary tumors with regions of vimentin positivity. These vimentin 

positive cells also showed enrichment for other mesenchymal markers. In addition 

circulating tumor cells also showed enrichment of mesenchymal markers. These results 

suggest that spontaneous EMT events promote invasion and metastasis [357]. However, 

there are also reports which undermine the importance of EMT in cancer progression 

such as results from our laboratory have shown that loss of PKP3 leads to lung metastasis 

in vivo without initiating an EMT like program [17, 358, 359].  

1.8.1. EMT specific transcription factors and their regulation during EMT 

There are four classic EMT specific transcription factors Snail (SNAI1), Slug (SNAI2), 

ZEB1 and Twist. These transcription factors generally belong to zinc family such as Sail 

and Slug, zinc finger E box-binding homeobox family such as ZEB1 and basic helix-

loop-helix (bHLH) family of transcription factors such as Twist. They are involved in 

repressing expression of epithelial markers such as E cadherin where both Sail and Slug 

can bind to E boxes in E cadherin promoter to inhibit its transcription [360, 361]. At the 

same time EMT specific transcription factors upregulate expression of meshenchymal 

markers such as N cadherin, vimentin, MMPs, etc. (reviewed in [348]). Stable 
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transfection of Sail lead to gain of expression in mesenchymal markers such vimentin and 

fibronectin in MDCK cells [362].Down-regulation of E cadherin can lead to increase in 

the cytosolic pool of β-catenin which can shuttle to the nucleus and form complex with 

LEF-TCF family of transcription factor and initiate EMT through WNT signaling [363]. 

ZEB1 is also reported repress E cadherin expression by suppressing miRNA200. miR-141 

and miR-200c belongs to miRNA200 family and are negative regulators of TGFβ and 

ZEB1 [364, 365]. Expression of other cell - cell junction proteins such as ZO-1 and 

claudin is also regulated by Sail, Slug and ZEB family of proteins [366, 367]. These 

transcription factors are induced by upstream growth factors or transcription factors and 

perform overlapping and redundant functions. They also show positive regulation by each 

other such as Sail and Slug can bind to their own and each other’s E2 boxes in the 

promoter region to positively regulate gene expression [368] Sail and Slug is also known 

to promote ZEB1 expression [369] (also reviewed in [353]).  TGFβ has been shown to 

induce expression of Sail, SANI2, ZEB and Twist family of EMT specific transcription 

factors [348, 370]. Slug plays an important role during the initial phase of growth factor 

induced EMT where it promotes desmosome dissociation, cell spreading and initiation of 

cell separation [371]. AP1 transcription factor c-Jun is reported to activate Slug 

expression [372], c-Jun is known as an oncoprotein whose levels are kept low by different 

mechanisms of which proteasomal degradation is one of the prevalent mechanism. Fbw7, 

Itch and Cop1 are three E3 ligases known to target c-Jun to proteasomal degradation 

[373-375]. More interestingly, loss of Fbw7 has also been shown to initiate EMT like 

phenotype in HCC cells [376]. 

Though role of 14-3-3σ has been well established in regulation during cancer progression, 

there remains a considerable ambiguity in terms of its role in promotion or inhibition of 

neoplastic progression. Also there is not enough clarity about the role of 14-3-3σ in 
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regulation of cell - cell adhesion and processes like EMT. In this thesis work we have 

tried to delineate the role of 14-3-3σ in regulating cell - cell adhesion. During our course 

of study we observed that loss of 14-3-3σ is just not responsible for loss of cell - cell 

adhesion but also leads to a type 3 EMT. Role of 14-3-3γ in regulating cell - cell adhesion 

has been studied in great detail in our laboratory. Here in this study we have tried to 

extend our present findings to understand the role of 14-3-3γ in transport of desmosomal 

proteins to the cell border. 
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Aims and objectives: 

1. To determine if 14-3-3σ loss leads to deregulation of cell-cell adhesion and to 

neoplastic transformation. 

2. To determine the role of 14-3-3 proteins in regulating transport of plakophilin3 and 

desmoplakin during desmosome assembly. 
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3.1. Cell culture and transfections 

HCT116 (ATCC), HCT116 derived 14-3-3σ+/+ and 14-3-3σ-/- cells [321], HEK293, and 

HCT116 derived stable cell lines were cultured in Dulbecco’s modified Eagles medium 

(DMEM) (Gibco) supplemented with 10% Fetal Bovine Serum (Sigma/Gibco), 100U of 

penicillin (Nicholas Piramal), 100μg/ml of streptomycin (Nicholas Piramal) and 2 μg/ml 

of amphotericin B (Hi Media). HEK293FT cells were maintained in Dulbecco’s modified 

Eagles medium (DMEM) (Gibco) supplemented with 10% Fetal bovine Serum (Sigma/ 

Gibco), 100U of penicillin (Nicholas Piramal), 100μg/ml of streptomycin (Nicholas 

Piramal) and 2 μg/ml of amphotericin B (Hi Media and 5mg/ml G418 (Sigma). Stable 

clones expressing HA tagged 14-3-3σ namely SP4 and SP4 and the respective vector 

control (VP1) clones were generated in HCT116 14-3-3σ-/- cells and maintained in 

DMEM medium with 10% FBS containing 1μg/ml of puromycin (Sigma). Stable 

knockdown clones of Slug (S1 and S2) or c-Jun (J1 and J2) and the corresponding vector 

control cells (Vec) were generated in HCT116 derived 14-3-3σ-/- cells using published 

shRNA sequences to down regulate Slug and c-Jun expression [377-379] and were 

maintained in DMEM medium with 10% FBS containing 1μg/ml of puromycin (Sigma). 

 

Diameter of 

culture dish 

Amount 

of DNA 

Amount 

PEI 

Amount of 

DMEM 

Total 

Volume 

35mm 3μg 18μl 182μl 200μl 

60mm 5μg 30μl 470μl 500μl 

100mm 20μg 120μl 880μl 1000μl 

 

Table 3.1. Amount of reagents required for specific tissue culture dishes for 

transfection using PEI.  
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Transfections were performed by either of the following methods; calcium phosphate 

precipitation method as described in [380] or Lipofectamine LTX (Invitrogen; 15338-

100), PEI according to the manufacturer’s protocol (Polysciences Inc.) and Fugene 

xtremegene HP Transfection Reagent (Roche Applied Science) as per manufactures 

protocol.  The amount of DNA and corresponding reagents for specific culture dish area 

are tabulated below for calcium phosphate precipitation method of transfection. The 

reagents are described separately.  

Diameter of 

culture dish 

Amount 

of DNA 

Amount 

of distilled 

water (D/W) 

Amount of 

0.5 M 

CaCl2 

Amount of 

2X BBS 

Total 

Volume 

35mm 5μg 45μl 50μl 100 μl 200μl 

60mm 10μg 90μl 100μl 200 μl 400μl 

100mm 25μg 225μl 250μl 500 µl 1000μl 

 

Table 3.2. Amount of reagents required for specific tissue culture dishes for calcium 

phosphate method of transfection.  

Sterile D/W and a working aliquot of Calcium chloride for transfection were stored at 4oC 

and were used for not more than a month. BES buffered saline (BBS) was stored at-20oC. 

Calcium chloride and D/W were prewarmed to 37oC about half an hour prior to use, and 

BBS was thawed at room temperature just before use. 

3.2. Plasmids 

Published shRNA sequences for Slug and c-Jun were used to generate stable knock down 

clones derived from 14-3-3σ-/- cells [377, 378]. These shRNAs for Slug and c-Jun were 

cloned in pLKO.1 vector previously in the laboratory [379]. shRNAs were cloned in 

pLKO.1 vector as described in (http://www.addgene.org/tools/protocols/plko/). HA 14-3-
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3σ was cloned in pCDNA3 puro vector, HA c-Jun WT, HA c-JunS58A and HA c-Jun 

S267A were generated by site directed mutagenesis and cloned in pCDNA3 vector as 

described using BamHI and XhoI sites [379].  

FBW7α, c-Jun WT, c-Jun S267A and 14-3-3σ were cloned into a mammalian expression 

vector expressing an S-protein/Flag/streptavidin binding protein (SBP) triple-epitope tag 

(SFB) and a Myc-tagged destination vector described previously described in [381] using 

a Gateway cloning system (Invitrogen). Bacterially expressing glutathione S-transferase 

(GST)–c-Jun WT, GST-c-Jun S267A, and maltose binding protein (MBP)-FBW7α, 

MBP-14-3-3 sigma vectors were generated by transferring their coding sequences into 

destination vectors previously described in [381] in Dr. Maddika Subba Reddy’s 

laboratory by Neelam Chaudhary.  

GFP Paxillin and GFP Zyxin were kind gifts from Dr. Clare Waterman (NIH, USA.) and 

Dr. Steve Pronovost (University of Utah, USA.) pRL-TK was a kind gift from Dr. Shubha 

Tole (TIFR, India). FBW7 constructs were a kind gift from Dr. Sagar Sengupta (NII, 

India) and Dr. Markus Welcker (Fred Hutchinson Cancer Research Centre, USA). DPI 

GFP and V5 tagged deletion mutants of DP were kind gift from Dr. Terry Lechler (Duke 

University Medical Centre, Durham.) TOP Flash plasmid used to measure β catenin 

response promoter activity was a kind gift from Dr. Randall Moon’s laboratory 

(Washington University, USA.), GFP 14-3-3σ, HA 14-3-3σ, GST PKP3, GST 

PKP3∆ARM, GST PKP3 ∆NH3, GST 14-3-3γ, GST 14-3-3σ, GST KLC1, GST TPR, 

GST CC and GST KLC2 were previously described [326, 327, 382, 383].  

3.3. Generation of stable cell lines 

To generate 14-3-3σ-/- cells stably expressing 14-3-3σ, 3µg DNA of pCDNA3 puro 

containing HA 14-3-3σ was transfected in 14-3-3σ-/- cells. Forty-eight hour post 
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transfection cells were grown in presence of 1µg/ml puromycin (Sigma) selection. Two 

individual clones stably expressing 14-3-3σ, namely SP4 and SP4 were generated through 

selection in puromycin and screening for expression of 14-3-3σ using 14-3-3σ antibodies. 

Vector control cells (VP1) were generated by transfecting pCDNA3 puro in 14-3-3σ-/- 

cells followed by selection in puromycin under similar conditions. 

Stable knock down clones of Slug (S1 and S2) and c-Jun (J1 and J2) were generated by 

transducing 14-3-3σ-/- cells with viral particles containing pLKO.1 lentiviral vector with 

desired shRNAs.  Twenty-four hours post transduction cells were grown in presence of 

1µg/ml puromycin. Individual clones for knockdown of Slug (S1 and S2) and c-Jun (J1 

and J2) were generated by selection in puromycin followed by screening for knockdown 

of Slug and c-Jun respectively. Vector control cells (Vec) were generated by transducing 

14-3-3σ-/- cells with viral particles containing pLKO.1 lentiviral vector without shRNAs 

followed by selection in 1µg/ml puromycin containing media under similar conditions. 

3.4. Lentivirus production and transduction 

293FT cells were maintained and used as per guidelines lines provided by Invitrogen and 

were used as virus packaging cell line. These were transformed at a confluency of 60% by 

calcium phosphate precipitation method as described [380]. pLKO.1 lentiviral vectors 

were used and were transfected along with pPAX2 and pMD2.G packaging constructs 

(for 100mm culture dish 6µg +4.5 µg+ 1.5 µg respectively). Post transfection cells were 

kept in DMEM supplemented with 10% FBS and antibiotics, without any other 

supplement or selection. Virus supernatants were collected 60 hours post transfection and 

were filtered using filters with 0.45µ pore size (MDI). Filtered supernatants were 

collected in screw caped 50ml conical tubes (Tarson) and were kept in 4°C until further 

use.  
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HCT 116 derived 14-3-3σ-/- cells were used for transduction. 3000 cells were seeded in 

35mm culture dishes and 1ml of filtered supernatants were used for transduction and the 

final volume of media was made up to 2ml and supplemented with 8µg/ml polybrene in a 

35mm culture dish (Sigma). Two similar transductions were performed after removing 

the previous media from the 35mm culture dish after a 12-hour interval. Forty-eight hours 

post transduction cells were grown in presence of 1µg/ml puromycin for selecting clones 

with positive integration for lentivirus.  

3.5. Immunofluorescence and confocal microscopy:  

To determine the cellular localization of different proteins primary antibodies against the 

respective endogenous proteins or fluorophore tagged expression constructs were used to 

detect these proteins in their cellular locale after different fixation and staining procedure. 

Cells were cultured at the desired confluency (as per experimental requirement) on glass 

cover slips treated with chromic acid with or without poly L lysine coating. Cells were 

washed with 1X PBS twice before fixation. Cells were fixed in absolute methanol for 

10min at - 200C to detect N cadherin, Vimentin and 14-3-3σ cells. Immunofluorescence 

with antibodies against PG, DSC2/3, DSG2, HA antibody, PKP3, DP, ZO1, E cadherin, β 

catenin, α tubulin and CK8 were used as described previously [16, 17, 159, 326]. Cells 

were permeabilized using 0.3% triton-X100 in 1X PBS for 10 minutes at room 

temperature followed by two washes of 1X PBS. Primary antibodies were prepared in 3% 

BSA in 1X PBS + 0.1% NP-40 solution. The fixed and permeabilized cells were 

incubated with primary antibodies against either Vimentin (Sigma, dilution 1:500) or N 

cadherin (BD transduction laboratories, dilution 1:10) overnight at 4°C in a humidified 

chamber on a piece of parafilm. The coverslips were then transferred to a fresh parafilm 

with the help of beaked forceps. The coverslips were washed with thrice with 1X PBS + 

0.1% NP-40 and 1X PBS with the two solutions being used alternately. After completing 
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the washes the coverslips were incubated with secondary antibodies. The secondary 

antibodies, either Alexa 568 or Alexa 488 conjugated anti mouse IgG or anti rabbit IgG, 

(Molecular Probes) were prepared in 3% BSA in 1X PBS + 0.1% NP-40 solution and 

used at dilution of 1:100. After half an hour incubation cells were transferred to a fresh 

piece of parafilm followed by four alternate washes of 1X PBS and 1X PBS + 0.1% NP-

40. DAPI was used at a concentration of 5µg/ml to stain the nuclei. The coverslips were 

then mounted on chromic acid treated, clean glass slides using 10-20 μl of Vectashield 

(Vectastain) mounting agent. Images were obtained by using a LSM 510 Meta Carl Zeiss 

Confocal system with an Argon 488 nm and Helium/Neon 543 nm lasers at 40 X or 63 X 

magnifications with or without 2X optical zoom.  

3.6. Calcium Switch and calcium chelation experiments 

To determine the role of microtubule in desmosome disassembly and de novo desmosome 

assembly, HCT116 cells were grown on poly L-Lysine coated glass coverslips to a 

confluency of 90 %. EGTA was used at a concentration of 0.4mM to chelate Ca2+ in the 

media to promote desmosome disassembly and subsequently cells were washed and fed 

with normal calcium containing medium to promote desmosome assembly as described in 

[384]. Cells were fixed and immunofluorescence staining was performed to determine the 

localization of the different desmosomal proteins. 

3.7. SDS PAGE and Western blotting: 

EBC lysis buffer or 1X laemmli’s buffer or 3X laemmli’s buffers were used for making 

cell lysates as per experimental requirement. These protein samples were resolved on a 

SDS-PAGE gel and transferred onto a nitrocellulose membrane (Micro devices Inc.) at 55 

constant volts for 3 hrs. at 16 °C for proteins with a molecular weight < 100 KD or the 

transfer was set up at 160C for 60 minutes at 100 constant volts (Biorad transfer 
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apparatus) for smaller proteins. The membrane was stained with Ponceau stain (Sigma) 

with subsequent three washes of 1X PBS to destain the membrane. Membranes were 

blocked with 5% milk prepared in TBS-T for 1 hr. at room temperature followed by three 

washes of PBS, 3 minutes each to remove excess blocking solution. The membranes were 

then incubated with primary antibody at 40C, overnight.  Membranes were washed thrice 

with TBS-T for 5 minutes each and then incubated with secondary anti-mouse/ anti rabbit 

HRP (Pierce) antibody for 1 hour at room temperature.. Membranes were washed thrice 

with TBS-T for 10 minutes each before incubating with substrate. The blots were 

developed with PicoWest (Pierce) Western blot chemiluminiscent substrates as per the 

manufacturer’s instructions and the signal captured onto X-ray films (Kodak). 

3.8. Antibodies for Western blot 

Primary antibodies for PKP3 (clone 23E3-4, Zymed, dilution 1:2000), desmoglein2 

(mouse monoclonal, Zymed, dilution 1:500), desmocollin2/3 (mouse monoclonal, 

Zymed, dilution 1:500), DP-200 (mouse monoclonal, Abexome, dilution 1:1000), 

plakoglobin (mouse monoclonal, Abcam, dilution 1:500; mouse monoclonal, abexome, 

dilution 1:1000), Vimentin (Sigma, dilution 1:5000), N cadherin (BD transduction 

laboratories, dilution 1:100), cytokeratin 8 (Sigma, dilution 1:5000), cytokeratin 18 

(Sigma, dilution 1:5000), 14-3-3γ (CG31; abcam ab76525; dilution 1:2500), FAK (cell 

signaling, dilution 1:1000), FAK pY397 (cell signaling, dilution 1:1000), Paxillin (BD 

transduction laboratories, dilution 1:1000), α-actinin (Cell signaling, dilution 1:500), Sail 

(Santa Cruz, dilution 1:100), Slug (Santa Cruz Biotechnologies, dilution 1:100), ZEB1 

(Santa Cruz Biotechnologies, dilution 1:100), c-Jun (Abcam, dilution 1:100), c-Jun pS63 

(Cell signaling, dilution 1:1000), Laminin A (Abcam, dilution 1:2000), α tubulin 

(Abcam, dilution 1:1500), Flag (Sigma, dilution 1:2000), GST (Sigma, dilution 1:1000), 

Ubiquitin (Millipore, dilution 1:1000) and anti-Myc clone 9E10 (Santa Cruz 
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Biotechnology, dilution 1:2000), β-actin (Sigma A5316; dilution 1:5000), 14-3-3σ 

(hybridoma supernatant CS112; dilution 1:50), HA (12CA5 hybridoma supernatant; 

dilution 1:50) were used for Western blot experiments. Primary antibodies for ZO1, E 

cadherin, KIF5B and β catenin were used as described in [159, 326]. The secondary goat 

anti-mouse HRP (Pierce) and goat anti-rabbit HRP (Pierce) antibodies were used at a 

dilution of 1:5000 for Western blot analysis. 

3.9. Reverse transcriptase PCR and Q-PCR 

RNA was prepared using RNeasy Plus kit (Qiagen). 2μg of RNA was converted to cDNA 

using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Reverse 

transcriptase assays were performed as described in [326]. Quantitative real time PCR (Q-

PCR) was performed using SYBR® Green PCR Master Mix (Applied Biosystems) using 

GAPDH as a control.  

Sl. No. Oligo Sequence 

1 Slug RT5’ AGACCCCCA TGCCA TTGAAG  

2 Slug RT3’ GGCCAGCCCAGAAAAAGTTG  

3 Snail RT5’ TAGCGAGTGGTTCTTCTGCG  

4 Snail RT3’ AGGGCTGCTGGAAGGTAAAC  

5 Twist 1 RT5’ AGCTGAGCAAGATTCAGACCC 

6 Twist 1 RT3’ GCAGCTTGCCATCTTGGAGT 

7 Zeb 1 RT5’ AGGA TGACCTGCCAACAGAC 

8 Zeb 1 RT3’ CTTCAGGCCCCAGGATTTCTT  

 

Table 3.2. Reverse transcriptase and Q-PCR primers for EMT specific transcription 

factors. 
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Fold change was determined by relative quantitation method by determining 2 –ΔΔCt 

values. The significance was determined using the Student’s t-test as described previously 

[385]. Primers used for both RT PCR and Q-PCR for PKP3, CK8, CK18, and Vimentin 

and c-Jun are previously described [326, 377, 386]. Primer sequences are listed in the 

table 3.2 and 3.3. 

Sl. No. Oligo Sequence 

1 CDH1 RT 5’ GCAGGTCTCCTCTTGGCTCTG 

2 CDH1 RT 3’ TGTGCCCACTTTGAATCGG 

3 DSP I RT 5’ GCTGATTAATGATTTACAG 

4 DSP I RT 3’ CACCAGAAGGCTCTCTCTTTC 

5 DSP II RT 5’ AAGGTTGAGGGTTCTACTGC 

6 DSP II RT 3’ TTGTCTTGCTCCAGGACTT 

7 DSC2 RT 5’ GTTTTACTCAGCCCCGTCTTG 

8 DSC2 RT 3’ GCCCATCTTCTTCTTGTCGT  

9 DSG2 RT 5’ TACGCCCTGCTGCTTCTCC 

10 DSG2 RT 3’ TCTCCCTCCCGAAGAGCCACG 

11 TJP1 RT 5’ CAAGAGCACAGCAATGGAGGA 

12 TJP1 RT 3’ TCCCCACTCTGAAAATGAGGA  

13 CTNNB1 RT 5’ AGTGCTGAAGGTGCTATCTGT 

14 CTNNB1 RT 3’ GAACAAGAGTCCCAAGGAGAC 

15 JUP RT 5’ CTACGGCAACCAGGAGAGC 

16 JUP RT 3’ GGGACACACGGATAGCACCT 

 

Table 3.3. Reverse transcriptase and Q-PCR primers for cell- cell junction proteins. 
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3.10. GST pull down experiments 

3.10.1. Generation of bacterially purified GST proteins 

To generate bacterially purified GST tagged proteins, BL21, a protease negative strain of 

E.coli was transformed separately with plasmids expressing GST alone, GST 14-3-3σ, 

GST-14-3-3γ, GST PKP3, GST PKP3 ∆ARM, GST PKP3∆NH3, GST- KLC1, GST-TPR 

and GST-CC. The transformants were used to innoculate a 5ml LB Amp culture in a 50ml 

conical tube (Tarson). The culture was incubated for 16-18 hours at 37 °C with shaking 

(200rpm). This culture was subsequently used as a starter culture for 100ml LB Amp 

broth in 1.5L flask (Tarson) and was incubated for 1 hour as described above. After 1 

hour the flasks were kept in cold room (4°C) for 30 minutes and then were induced for 

protein production with 11µl of 1M IPTG (final concentration 0.1mM) or 44μl of 1M 

IPTG was added to each flask (to achieve a final concentration of 0.4 mM) for GST 

tagged PKP3 wild type and deletion constructs. The flasks were then incubated in shaker 

incubator for 3 hours as described above. After 3 hours the culture was transferred to a 50 

ml round bottom tube (HS-50, Laxbro) on ice. The cells were pelleted by centrifugation at 

5000 rpm (SS-34 rotor, Sorvall) for 10 minutes at 4°C. The supernatant was discarded 

and the cell pellets were re-suspended gently in 10 ml of 0.1% Triton X-100 in PBS. 

These uniform cell suspensions were sonicated (Branson) at 50 duty cycles for 10 

seconds and placed on ice for 10 sec. This step was repeated 3 times. The suspension was 

centrifuged at 5000 rpm for 10 minutes at 4°C. The supernatant was carefully collected in 

a fresh 15 ml screw cap conical tube (Tarsons) and 150μl of 50% slurry of glutathione 

sepharose beads (Amersham) was added to each tube. These tubes were placed on a 

rocker for 1 hour at 4°C. The beads were pelleted down by centrifuging at 3000 rpm 

(Rotor number 8, Rota 6R-V/Fm PlastoCrafts) for 1 minute at 4°C. The supernatants were 
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discarded and beads were collected in a fresh 1.5 ml eppendorf tube on ice. The conical 

tubes were rinsed with ice-cold NET-N buffer to collect the additional beads present there 

on the surface of the tubes. After collecting all the beads bound to GST or GST 

conjugated proteins they were given 3 washes with ice cold NET N buffer by repeated 

centrifugation at 3000 rpm for 1 minute at 4°C and discarding the supernatant after that. 

Finally the beads were re-suspended in ice-cold NET N buffer in 1.5 ml eppendorf tubes 

final volume 1ml. These beads were stored at 4°C and were used up to 1-2 weeks period. 

To check the quality of proteins expressed and immobilized to the beads, 5μl of the slurry 

of glutathione sepharose beads were mixed with 10 μl of 1X Laemmli’s buffer β- 

mercaptoethanol and bromophenol blue and boiled for 10 minutes in a boiling water bath. 

The samples were loaded on a 10% SDS-PAGE gel. The gel was stained for 1 hour with 

coomassie blue followed by destaining using destaining solution containing methanol: 

acetic acid: water in the ratio 4:1:5. 

3.10.2. In-vitro GST pulldown 

HCT 116 derived 14-3-3σ+/+, HCT 116 derived 14-3-3σ-/- cells or HEK293 cells were 

grown in 100 mm culture dishes. To determine if 14-3-3σ binds to ZEB1 14-3-3σ-/- cell 

lysates from three 100mm culture dishes were made in EBC lysis buffer and incubated 

with GST or GST14-3-3σ.  

To determine in vitro binding GST14-3-3σ and c-Jun wild type (WT) or point mutants 

(S58A and S267A) HEK293 cells were transfected with HA c-Jun WT, HA c-JunS58A 

and HA c-JunS267A. Cell lysates from two 100 mm tissue culture dishes were made in 

EBC lysis buffer and incubated with GST or GST14-3-3σ.  

To determine in vitro interaction of 14-3-3σ with FAK and paxillin cell lysates of 14-3-

3σ+/+ cells from one 100 mm culture dish was prepared in EBC lysis buffer and 
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incubated with GST or GST14-3-3σ. Appropriate antibodies were used to detect 

interaction of 14-3-3σ with FAK and paxillin. 

To determine in vitro interaction of PKP3 or deletion mutants of PKP3 such as PKP3 

∆ARM and PKP3∆NH2 with KLC1 and KIF5B or the interaction between 14-3-3γ and 

PKP3 or deletion mutants of PKP3 such as PKP3 ∆ARM and PKP3∆NH2, cell lysates of 

HCT116 cells were prepared in EBC lysis buffer and incubated with GST, GST14-3-3γ, 

GST KLC1, GST PKP3, GST PKP3 ∆ARM, GST PKP3∆NH3, GST TPR and GST CC. 

Appropriate antibodies were used to detect interactions. 

To determine interaction of DP with KLC motor proteins and deletion mutants of KLC1 

such as TPR and CC or interaction of DP with 14-3-3γ cell lysates of HCT116 cells were 

prepared in EBC lysis buffer and incubated with GST, GST14-3-3γ, GST KLC1, GST 

KLC2, GST TPR and GST CC. Appropriate antibodies were used to detect interactions. 

To determine interaction of 14-3-3γ with DP or deletion mutants of DP such as DP 1-

1790 and DP 1-1380, HEK293 cells were transfected with DP GFP, DP 1-1790 and DP 1-

1380. Cell lysates from four 100 mm tissue culture dishes were made in EBC lysis buffer 

and incubated with GST or GST14-3-3γ. Appropriate antibodies were used to detect 

interactions. 

To determine interaction of 14-3-3γ and desmosomal proteins in PKP3 knockdown cells, 

pTU6, S9 and S10 cells were collected from one 100 mm culture dish followed by lysis in 

EBC lysis buffer. Cell lysates were subjected to protein estimation. Equivalent amount of 

cell lysates for pTU6, S9 and S10 containing 1mg of protein for pTU6, S9 and S10 were 

incubated with either GST or GST14-3-3γ for each GST pulldown. Appropriate 

antibodies were used to detect interactions.  
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In each of the above experiments cells were first collected in 1 ml PBS per 100mm 

culture dish in a 15ml conical tube (Tarson). Cells were pelleted down by centrifugation 

at 2500 rpm (Rotor number 8, Rota 6R-V/Fm PlastoCrafts), 4°C for 2 minutes and using 

same parameter pellets were washed after resuspending in 3 ml of PBS once. The 

supernatants were discarded and the final pellets were re-suspended in 500µl ice-cold 

EBC lysis buffer containing protease inhibitors, per 100mm culture dish on ice and were 

incubated for 15 minutes. The tubes were centrifuged at 7,000rpm (Rotor number 8, Rota 

6R-V/Fm PlastoCrafts) for 20 minutes at 4°C. The supernatant was carefully transferred 

to a fresh 1.5 ml eppendorf tube on ice. The volume in each of the tubes was made up to 

750μl using EBC lysis buffer containing protease inhibitors. 5% of the total cell lysates 

were taken as whole cell extract (WCE) and appropriate volume of 3X Laemmli’s buffer 

containing β- mercaptoethanol and bromophenol blue was added and the tubes were 

boiled for 10 min in a boiling water bath. This was stored at -20°C until further use. 

Equivalent amount of GST or GST fusion proteins were added and incubated at 4°C for 

overnight binding on a rocker. Beads were then pelleted by centrifugation at 3000 rpm 

(Rotor number 1, Rota 6R-V/Fm PlastoCrafts) for 1 minute at 4°C. The beads were 

washed 3 times with NET- N buffer. After the final wash 50 μl of 1X Laemmli’s buffer 

containing β- mercaptoethanol and bromophenol blue was added to the beads and boiled 

for 5 minutes in a boiling water bath. The samples were then resolved on a 6% and 10% 

step SDS-PAGE gel and Western blots were performed using the appropriate antibodies. 

3.11. Immunoprecipitation 

Immunoprecipitation experiments were performed to detect in vivo endogenous 

interactions of 14-3-3σ with c-Jun. 14-3-3σ+/+ cells were treated with MG132 (10M) for 

6 hours and cell lysates were prepared with EBC lysis buffer. 120µl of 14-3-3σ antibody 

(hybridoma supernatant CS112) was used to immunoprecipitated 14-3-3σ. Myc antibody 
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(9E10, mouse monoclonal) was used as isotype control. This was followed by Western 

blotting with c-Jun and PKP3 antibodies. 

 To determine in endogenous interaction of 14-3-3σ with FAK and α actinin cell lysates 

of 14-3-3σ+/+ cells were incubated with 120µl of 14-3-3σ antibody (hybridoma 

supernatant CS112) to immunoprecipitated 14-3-3σ. Myc antibody (9E10, mouse 

monoclonal) was used as isotype control. This was followed by Western blotting with 

FAK and α-actinin antibodies.  

To determine in endogenous interaction of FAK with 14-3-3σ cell lysates of 14-3-3σ+/+ 

cells were incubated with 4µg of FAK antibody to immunoprecipitated FAK. HA-rabbit 

antibody (Santa Cruz biotechnology) was used as isotype control. This was followed by 

Western blotting with 14-3-3σ antibody. 

To determine in endogenous interaction of PKP3 with KIF5B cell lysates of 14-3-3σ+/+ 

cells were incubated with 5µg of PKP3 antibody to immunoprecipitated PKP3. HA-

antibody (12CA5, hybridoma supernatant) was used as isotype control. This was followed 

by Western blotting with KIF5B antibody.  

In each experiment cells were first collected in 1 ml PBS per 100mm culture dish in a 

15ml conical tube (Tarson). Cells were pelleted down by centrifugation at 2500 rpm 

(Rotor number 8, Rota 6R-V/Fm PlastoCrafts), 4°C for 2 minutes and using same 

parameter pellets were washed after resuspending in 3 ml of PBS once. The supernatants 

were discarded and the final pellets were re-suspended in 500µl ice-cold EBC lysis buffer 

containing protease inhibitors, per 100mm culture dish on ice and were incubated for 15 

minutes. The tubes were centrifuged at 7,000rpm (Rotor number 8, Rota 6R-V/Fm 

PlastoCrafts) for 20 minutes at 4°C. The supernatant was carefully transferred to a fresh 

1.5 ml eppendorf tube on ice. 5% of the total cell lysates were taken as whole cell extract 

(WCE) and appropriate volume of 3X Laemmli’s buffer containing β- mercaptoethanol 
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and bromophenol blue was added and the tubes were boiled for 10 min in a boiling water 

bath. This was stored at -20°C until further use. The remaining lysate was incubated 

specific antibody or respective IgG controls. Total of 5µg of PKP3 antibody, 200μl of 

12CA5 antibody supernatant, 4µg of FAK antibody was used for each IP. The tubes were 

rocked for 2 hours at 4°C. The tubes were allowed to rock for another 1 hour after adding 

40μl of Protein G Sepharose (GE Healthcare). The Immunocomplexes were washed 

thrice with NET-N, boiled in 3X sample buffer and resolved on a SDS-PAGE gel. 

Western blotting was performed with appropriate antibodies to detect different proteins.  

3.12. In vivo ubiquitination Assays 

Cells were transfected with various combinations of plasmids. At 24 h posttransfection, 

cells were treated with MG132 (10 M) for 6 h, and whole-cell extracts were prepared by 

NET-N lysis or denaturing lysis  and subjected to immunoprecipitation of the substrate 

protein. The analysis of ubiquitination was carried out by immunoblotting with substrate 

antibodies or antiubiquitin antibodies. 

3.13. In vitro ubiquitination Assays 

The reactions were carried out at 30°C for 15 min in 25 ul of ubiquitylation reaction 

buffer (40mM Tris-HCl at pH7.6, 2mM dithiothreitol [DTT], 5mM MgCl2, 0.1M NaCl, 

2mM ATP) containing the following components: 100M ubiquitin, 20nME1 (UBE1), and 

100 nM UbcH5b (all from Boston Biochem); bacterially purified MBP-FBW7 alpha and 

MBP-14-3-3 sigma were added to the reaction mixture. Bacterially purified GST, GST-c-

Jun, and GST c-JunS267A bound to glutathione-Sepharose beads (Amersham) were used 

as substrates in the reaction mixture. After the reaction, beads were washed three times 

with NETN buffer and boiled with SDS-PAGE loading buffer; ubiquitination of 

substrates was detected by Western blotting with anti-GST antibody. 
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3.14. Wound healing Assays 

To determine if loss of 14-3-3σ leads to an increase in cell migration in vitro, a 

monolayer wounding assays alternatively also known as scratch wound assays were 

performed. The 14-3-3σ+/+ cells and 14-3-3σ-/- cells were grown to form uniform 

confluent uniform monolayers in 35mm culture dishes and were treated with 10 μg/ml of 

mitomycin C (Sigma) for 3 hours, to inhibit proliferation. Post mitomycin C treatment the 

cells were washed and multiple linear scratch wound was made on the plate with the help 

of 2µl white tips. The cells were fed with complete medium and time lapse video and 

images were acquired with an Axiovert 200 M Inverted Carl Zeiss microscope. The stage 

was maintained at 370C and 5% CO2. Images were taken every 5 minutes for 20 hours 

using an AxioCam MRm camera with a 10 X phase 1 objective. Migration was measured 

using Axiovision software. Mean was plotted in the bar graph and non-parametric t test 

was applied to calculate the p value using Graph pad prism software. 

3.15. Luciferase Assays 

Luciferase assays were performed using TOP Flash reporter system containing multiple 

TCF binding sites. 14-3-3σ+/+ and 14-3-3σ-/- cells were co-transfected with TOP Flash 

construct or with pRL-TK (Renilla luciferase) as control. Cells were harvested after 48 h 

and assayed for luciferase activity using a dual luciferase assay system (Promega) as per 

manufecturer’s instruction. Firefly luciferase and renilla rucilferase values were 

determined using Berthold microplate luminometer. All experiments were performed at 

least three times. Bar graphs were made and non parametric t test was performred to 

calculate p value using GraphPad Prism software. 
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3.16. Growth curve assays  

To determine if loss of 14-3-3σ leads to alteration in cellular properties such as growth to 

high density or alteration in growth rate, growth curve assays were performed with 14-3-

3σ+/+ and 14-3-3σ-/- cells. 2 x 105 cells were plated in 35mm dishes and fed every two 

days during the course of the experiment. At various intervals, the cells were harvested by 

trypsinization and counted in triplicate using a haemocytometer. Non parametric t test 

was performed to calculate p value using Microsft Excel program.  

3.17. Hanging drop assays 

To determine if ectopic expression of 14-3-3σ in 14-3-3σ-/- cells could lead to increase in 

cell – cell adhesion a hanging drop assays were performed to compare the cell-cell 

adhesive properties of vector control and the stable clones expressing 14-3-3σ such as 

SP4 and SP4. 2 x 104 cells were suspended in 35μl drops of complete medium from the 

lid of 60 mm culture dish for 16 h. The dish contained PBS to maintain humidity. After 

the incubation, the drops were pipetted five times with a 200μl standard tip, fixed with 

3% glutaraldehyde. The aliquots were spread on coverslips and was alowed to dry 

followed by mounting with DPX. Images of five random fields from three independent 

suspensions were taken with a Axiovert 200 M Inverted Carl Zeiss microscope using an 

AxioCam MRm camera with a 10 X phase 1 objective. The area of individual cell clusters 

was determined using the Image J software using free line tool. Corresponding area were 

tabulated for different sizes of aggregates.  

3.18. Matrigel invasion assays 

Matrigel invasion assays were performed with Boyden chember inserts from BD 

Biosciences. Inserts were placed in 24 well plates. Inner side of the chamber was washed 
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2-3 times with 1X PBS and then once with DMEM without FBS. 100µl of 300µg/ml 

working solution of matrigel (BD Biosciences) was used to coat the inner surface of the 

insert and was allowed to dry in the 37°C incubator for 1 hour. Un-polymerised matrigel 

was removed from the top. 50000 cells were re-suspended in 200µl of DMEM without 

FBS and was seeded in the insert. 700µl DMEM with FBS was added in lower chamber 

to act as chemoattractant. 36 hour post incubation at 37°C incubator with 5% CO2, inserts 

were cleaned with cotton swab and fixed in 100% chilled methanol. The inserts were 

stained with 1% crystal violet and the membranes were cut out and mounted on slides 

with DPX. Images of 20 random fields were taken with Axiovert 200 M Inverted Carl 

Zeiss microscope using an AxioCam MRm camera with a 10 X phase 1 objective. 

Experiments were performed in triplicate. Number of cells, which invaded through the 

matrigel, was counted. Mean was plotted in the bar graph and non-parametric t test was 

applied to calculate the p value using Graph pad prism software. 

3.19. Soft agar assays  

HCT116 14-3-3σ+/+ and 14-3-3σ-/- cells were trypsinised and 2.500 cells were counted, 

The lower base was made of 0.8% agarose (Sigma tissue culture grade) in DMEM with 

10% FBS, which was poured and solidified prior to pouring the upper base containing 

0.4% agarose mixed with single suspension of cells in DMEM with 10% FBS. These 

plates were supplemented with 200ul of DMEM with 10% FBS. Three plates were seeded 

for each cell lines. After about 3 weeks numbers of colonies were counted in 20 random 

fields for each plate and the average was taken. The plates were stained with 0.1% crystal 

violet (Sigma) and distained using 2 PBS (1X) washes. Images of colonies were taken on 

10X under Carl Ziess inverted microscope. Images of full plate were taken with regular 

digital camera. The experiments were performed in triplicate. Standard deviation was 
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plotted in the bar graph and non-parametric t test was applied to calculate the p value 

using Graph pad prism software.  

3.20. Tumor formation in Nude mice 

To determine if loss of 14-3-3σ leads to neoplastic progression in vivo, 1 x 10 6 cells of 

the HCT116 derived 14-3-3σ+/+ and 14-3-3σ-/- cells were counted and re-suspended in 

DMEM media without serum and injected subcutaneously in the dorsal flank of 6-8 

weeks old Nude mice (obtained from ACTREC animal house facility). Tumor formation 

was monitored at intervals of 2-3 days for 5-6 weeks and tumor size was measured by a 

Vernier calipers. Tumor volume (mm3) was calculated with the formula ½ LV2 where L 

is the largest dimension and V its perpendicular dimension. The tumor bearing animals 

were sacrificed after 6 weeks. Sections of tumor, liver, lungs, kidney, and spleen were 

prepared for Haematoxylin and eosin staining to determine if these organs contained 

metastatic colonies.  

3.21. Fluorescence Recovery After Photo-beaching (FRAP) assay 

FRAP assays were performed to determine if loss of 14-3-3σ loss leads to an alteration in 

the turnover of focal adhesions. GFP tagged Zyxin was used to monitor the turnover of 

mature focal adhesions as described [243]. 35mm glass bottom culture dishes were with 

10mg/ml Matrigel solution (BD Bioscience) as described in [387]. 14-3-3σ +/+ and 14-3-

3σ -/- cells were sparsely seeded in these plates. Twenty-four hour post seeding 0.5µg of 

GFP Zyxin was used for transfection with Lipofectamine LTX (Invitrogen) as per 

manufacturer’s protocol. Twenty-four hour post transfection FRAP was performed using 

3i Spinning Disc Imaging System with Slidebook 6 imaging software. Approximately 10 

pre-bleach images were taken followed by photo-bleaching with a 488nm argon laser at 

100% power for 10seconds. Fluorescence recovery was recorded by acquiring images at 

regular intervals of 5ms for a period of 3mins. Fluorescence intensity values were 
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normalized against an unbleached region to obtain photo bleach corrected normalized 

fluorescence intensity values. All calculations for the above mentioned values were 

performed using Slidebook 6 imaging software. Corrected intensities were plotted against 

time using GraphPad to compare the fluorescence recovery rates in 14-3-3σ +/+ and 14-3-

3σ -/- cells (n=15). The half-life and mobile fraction values for the protein in both the cell 

lines were obtained after curve fitting using GraphPad by nonlinear regression analysis. 

Total fluorescence or whole cell GFP intensities of each cell was also calculated using 

Slidebook6 and were plotted using GraphPad to compare expression level of our 

construct in 14-3-3σ +/+ and 14-3-3σ -/- cells.as described in [387]. Statistical analysis 

was done using GraphPad Prism software. 

3.22. Nuclear cytoplasmic fractionation assay 

14-3-3σ+/+ cells were transfected with plasmids expressing either HA c-Jun WT, HA c-

JunS58A and HA c-JunS267A or the vector control. Forty-eight hour post transfection 

cells were harvested by trypsinization and nuclear and cytoplasmic fractions were 

prepared as per the manufacturer’s instructions using the NE-PER kit from Promega. 

Protein lysates were separated on an SDS-PAGE gel. α-tubulin and lamin A antibodies 

were used as controls for cytoplasmic and nuclear fractions respectively. 

3.23. Reagents: 

3.23.1. Calcium Phosphate transfection 

2X BBS (BES buffered solution), pH 6.95 

Component Final concentration Amount 

BES 50mM 1.066g 

NaCl 250mM 1.636g 

Na2HPO4.2H2O 1.5mM 0.0267g 

D/W  100ml 
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pH adjusted to exact 6.95 with 5N NaOH. Filtered using 0.22 µm membrane and stored at 

-20°C. 

0.5 M CaCl2: 18.375g of CaCl2 was dissolved in 250 ml of D/W. Filter sterilized in a 

sterile conical 50 ml tube and stored at -20°C. In use vial was stored at 4°C. 

 

3.23.2. SDS PAGE and Western Blotting 

10X running buffer (10X Electrode buffer) 

Component Final concentration Volume 

Tris base (Sigma) 250mM 30g 

Glycine (Sigma) 2.5M 187.7g 

SDS 10% 10g 

 

Dissolve in 750ml of distilled water. Make up the volume to 1000ml with distilled water. 

Transfer buffer 

Component Final amount 

Tris base (Sigma) 12.1g 

Glycine (Sigma) 57.6g 

10%SDS 4ml 

Methanol 800ml 

Make up volume to 4L with distilled water and store at 40C. It can be reused thrice. 

TBS-T (Tris buffered saline with Tween-20) 

Component Final concentration Volume 

1M Tris pH8.0 10mM 10ml 

2.5M NaCl 150mM 60ml 

Make up the volume to 1000ml with distilled water. 
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30% Acrylamide 

Dissolve 29.2g of acrylamide (Sigma) and 0.8g of Bis-acrylamide (Sigma) in 100ml of 

D/W. Ascertain that the pH of the solution is less than 7.0. Filter and store in a dark bottle 

at room temperature. 

 

Coomassie Blue stain 

Dissolve 50mg of R250 Brilliant Blue in 100 ml of destainer. Stored in a dark bottle. 

Destainer/Fixative 

Component Volume 

Methanol 100ml 

Acetic acid glacial 500ml 

D/W 500ml 

 

3.23.3. In vitro pull down experiments 

EBC lysis buffer 

Component Final concentration Volume 

1M Tris pH8.0 50mM 50ml 

2.5M NaCl 125mM 50ml 

NP-40 (or Igepal) (Sigma) 0.5% 5ml 

Make up volume to 1L with distilled water. Store at 40C. Before use add the following 

protease inhibitors. 

Protease Inhibitors (per 10 ml EBC lysis buffer) 

Inhibitor Final concentration Volume 

Leupeptin 10μg/ml 100μl 
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2mg/ml Aprotinin 20μg/ml 100μl 

500mM PMSF 1mM 20μl 

1M NaF 50mM 500μl 

0.2M Na orthovanadate 1mM 50μl 

0.5M EDTA 1mM 20μl 

10mg/ml pepstatin 10μg/ml 10μl 

 

NET-N 

Component Final concentration Volume 

1M Tris pH8.0 20mM 20ml 

2.5M NaCl 100mM 40ml 

0.5M EDTA pH 8.0 1mM 2ml 

NP-40 (or Igpal) (Sigma) 0.5% 5ml 

Make up volume to 1L with distilled water. Store at 40C. Use 360ml of 2.5M NaCl to 

prepare NET-N 900mM. 

1X Laemmli’s buffer 

Component Final concentration 

1M Tris pH 6.8 50m 

Glycerol (SD fine) 10% 

10% SDS 2% 

Bromophenol blue (Sigma) 0.1% 

Make up the volume to 95ml with distilled water. Before use, add 50μl of β-

mercaptoethanol to 950μl of 1X buffer. 
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3X Laemmli’s buffer 

Component Final concentration Volume 

1M Tris pH 6.8 150mM 15ml 

Glycerol (SD fine) 30% 30ml 

SDS 6% 6g 

Bromophenol blue (Sigma) 0.3% 0.3g 

Make up the volume to 85ml with distilled water. Before use, add 150μl of β-

mercaptoethanol to 850μl of 1X buffer. 

3.23.4. Immunofluorescence 

1X PBS 

Component Amount 

NaCl 8g 

KH2PO4 0.2g 

Na2HPO4 2.18g 

KCl 0.2g 

D/W 1000ml 

 

4% paraformaldehyde in PBS 

Dissolve 4gm of paraformaldehyde (Sigma) in 90ml PBS by heating at 70oC in a water 

bath. Make up the volume to 100ml with PBS. Filter through a filter paper and store at 

40C. 

0.3% Triton X-100 in PBS 

Dissolve 0.3ml of Triton X-100 (Sigma) in 100ml of PBS and filter through a filter paper. 
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3.23.5. Soft Agar assay 

0.1% crystal violet solution  

Dissolve 10mg of crystal violet in 90ml of water and make up the volume to 100ml. 

3.23.6. Protein Estimation 

CTC Solution 

a) 20 % Sodium Carbonate 

Dissolve 20g Sodium Carbonate in 50ml distilled water and make final volume to 100ml. 

b) 0.2 % Copper Sulphate 

Dissolve 0.2g Copper Sulphate in 40ml distilled water. 

c) 0.4 % Potassium Tartarate 

Dissolve 0.4g Potassium Tartarate in 40ml distilled water. 

Mix solution ‘b’ and ‘c’ by constant stirring and filter the resulting solution. Then add this 

mixture in solution ‘a’ by constant stirring and filter the resulting solution. Store it in a 

dark bottle. Do not use for more than two months. 

10 % sodium Dodecyl Sulphate 

Dissolve 10g SDS in 50mL distilled water and make volume to 100mn 

0.8 N Sodium hydroxide 

Dissolve 3.2g Sodium hydroxide in 50mL distilled water and make volume to 100Ml. 

Folin Solution A 

Mix equal volumes of CTC solution, 0.8N NaOH, 10% SDS and distilled water (In the 

ratio 1:1:1:1). 

Folin Solution B 

Dilute the commercially available Folin-Ciocalteau reagent 1:5 using D/W before using. 
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4.1: To determine if 14-3-3σ loss leads to deregulation of cell-cell 

adhesion and to neoplastic transformation. 
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Results 

Previous results from our laboratory have shown that loss of 14-3-3γ leads to defects in 

cell border localization of PG. This also leads to loss of other desmosomal proteins such 

as DSC2/3, DSG2, PKP2, DP and PKP3 from the cell border. However, expression of PG 

was not altered on loss of 14-3-3γ at protein as well as in mRNA level. We have observed 

that loss of 14-3-3σ leads to different observations altogether. Loss of 14-3-3σ leads to 

decrease in expression of PG at protein level with no appreciable difference in 

localization of PG [326]. This suggests that the regulation of cell – cell junction proteins 

by 14-3-3γ and 14-3-3σ are different. Therefore, we wished to determine the consequence 

of loss of 14-3-3σ in terms of cell – cell adhesion. 

4.1.1. Loss of 14-3-3σ leads to alterations in expression of multiple cell-cell junction 

proteins and cytoskeleton proteins 

14-3-3σ -/- cells show a decrease in the levels of PG (JCS paper) as compared to 14-3-3σ 

+/+ cells. To determine if the levels of other cell-cell adhesion proteins were altered upon 

loss of 14-3-3σ, Western blots were performed to determine whether the levels of these 

proteins were altered in 14-3-3σ -/- cells. It was observed that the expression of 

desmosomal proteins such as PG, PKP3, DPI and DPII, DSG2, DSC2/3, was decreased 

upon loss of 14-3-3σ. Expression of AJ proteins such as E cadherin and β catenin was 

also decreased on loss of 14-3-3σ (Fig 4.1.1.A). However, no appreciable change in 

expression was observed for TJ protein ZO1 (Fig 4.1.1.A). Apart from cell-cell junction 

proteins, we observed that expression of intermediate filament protein keratin 8 (K8) and 

keratin 18 (K18) was decreased in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells. 

However, an increase in the expression of the AJ protein N cadherin and the intermediate 

filament protein vimentin was observed in 14-3-3σ-/- cells as compared to the levels in 

14-3-3σ+/+ cells (Fig 4.1.1.A). 
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Figure 4.1.1. Loss of 14-3-3σ leads to alterations in expression of multiple cell-cell 

junction proteins and cytoskeleton proteins. A. Protein extracts from 14-3-3σ-/- cells 

and 14-3-3σ+/+ cells were resolved in SDS page and Western blotting was performed 

with indicated antibodies.β actin served as loading control. B-D. 14-3-3σ-/- and 14-3-
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3σ+/+ cells were fixed and stained with the indicated antibodies followed by confocal 

microscopy for desmosomal proteins (B), AJ proteins (B) and intermediate filament 

proteins (D) Magnification is X63 with 2X optical zoom and bars indicate 5µm. E. 14-3-

3σ+/+ and 14-3-3σ-/- cells were stained with antibodies against β catenin, nuclei were 

stained with DAPI. Magnification is X63 with 4X optical zoom and bars indicate 5µm F. 

Luciferase assay for β catenin responsive gene promoter. Mean and standard deviation 

of Firefly luciferase (FL) [is a measure of activity of promoters for β catenin responsive 

genes] normalized to Renilla luciferase readings (RL) were plotted on the Y axis.  

To determine if localization of various junctional proteins in 14-3-3σ-/- cells was also 

affected we performed immunofluorescence studies. Immunofluorescence results suggest 

that loss of 14-3-3σ lead to decrease in expression of desmosomal proteins such as DP, 

DSC2/3, PKP3 and PG; TJ and AJ proteins such as ZO1, β-catenin, E cadherin and P 

cadherin but there was no significant difference observed in the localization of these 

proteins (Fig 4.1.1.B and C), in contrast to the results we have previously obtained on loss 

of 14-3-3γ (JCS paper). However, an immunofluorescence analysis for β-catenin in 14-3-

3σ+/+ and 14-3-3σ-/- cells showed that there was increased accumulation of β catenin in 

the nucleus on loss of 14-3-3σ (Fig.4.1.1.E). As an increase in nuclear β-catenin levels 

leads to an increase in the expression of β-catenin responsive genes, luciferase reporter 

assays were performed in these cells to determine if the nuclear β-catenin was 

transcriptionally active. The luciferase based reporter assays suggest that there were 

increased promoter activity for β catenin responsive promoter (Fig. 4.1.1.F). Intermediate 

filament protein keratin 8 networks were abrogated on loss of 14-3-3σ as observed in 

immunofluorescence results (Fig 4.1.1.D). Quite interestingly we observed that 

expression intermediate filament protein vimentin and N cadherin in 14-3-3σ-/- cells 

whereas expression of these proteins were almost undetectable in 14-3-3σ+/+ cells in 
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Western blot and immunofluorescence assays. Previous results from our laboratory also 

suggest that vimentin expression is not detectable by Western blot analysis in 14-3-3σ+/+ 

cells [16]. This suggests that loss of 14-3-3σ promotes expression of mesenchymal 

intermediate filament. Such switch in expression from epithelial markers to mesenchymal 

markers is often encountered during an epithelial to mesenchymal transition (EMT) [348].   

4.1.2. Alteration in expression of cell-cell junction and cytoskeleton proteins was due 

to decrease in mRNA levels. 

To determine if the change in expression at protein levels of junctional and cytoskeletal 

proteins observed in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells was due to 

change is gene expression we performed reverse transcriptase PCR (RT-PCR) assays to 

analyze the expression of mRNA of genes encoding various cell-cell junction proteins 

and cytoskeletal proteins. RT-PCR assays showed a decrease in mRNA levels of genes 

encoding desmosomal proteins such as PG, PKP3, DSG2 and DSC2. However there was 

no appreciable difference in mRNA expression of DPI/II (Fig. 4.1.2.A).  

Expression of mRNA level of gene encoding of adherens junction protein E cadherin was 

also decreased upon loss of 14-3-3σ, whereas no significant difference was observed in 

mRNA expression of genes encoding other adherens junction proteins such as β catenin 

and P cadherin in 14-3-3σ+/+ and 14-3-3σ-/- cells (Fig. 4.1.2.A). Expression of gene 

encoding tight junction proteins, ZO1 was also decreased at mRNA level on loss of 14-3-

3σ. No difference was observed in mRNA expression of intermediate filament proteins 

such as K8 and K18, whereas vimentin mRNA expression was increased on loss of 14-3-

3σ (Fig. 4.1.2.A). There were no change in mRNA expression of other 14-3-3 isoforms 

among 14-3-3σ-/- cells and 14-3-3σ+/+ cells suggesting that the change in expression of 

various cell-cell junction proteins and cytoskeletal proteins observed in 14-3-3σ-/- cells 
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was specific for loss of 14-3-3σ (Fig 4.1.2.B). Expression of mRNA of GAPDH was 

assayed as loading control. 
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Figure 4.1.2. Loss of 14-3-3σ leads to alterations in expression of multiple cell-cell 

junction proteins and cytoskeleton proteins at mRNA level. A-B.Ttotal mRNA was 

isolated from 14-3-3σ+/+ cells and 14-3-3σ-/- cells. cDNA was synthesized and reverse-

transcriptase  PCR was performed with equal amount of cDNA using primers for 

indicated genes. GAPDH was used as loading control. Representative images of three 

independent experiments are shown. C. Quantitave PCR was performed using cDNA 

synthesized from total mRNA isolated from 14-3-3σ+/+ cells and 14-3-3σ-/- cells. ∆∆ct 

values were calculated and normalized against GAPDH. Fold change in gene expression 

are plotted on Y axis for indicated genes as shown in X axis. p values were calculated 

using non parametric t test (*** indicates p value > 0.001, ** indicates p value > 0.001 

and * indicates p value > 0.01). 

To have a better quantitative measure of the change in expression of mRNA levels of the 

above mentioned cell-cell junction proteins and cytoskeletal proteins we performed 

quantitative PCR (Q-PCR). PKP2, PKP3, DPI, ZO1 and β catenin did not show 

significant difference in their mRNA expression in 14-3-3σ+/+ and 14-3-3-/- cells; 

however, DPII showed significant decrease in expression of mRNA in the same assays 

(Fig. 4.1.2.C). We observed significant decrease at mRNA levels in expression of PG, 

DSC2, DSG2, E cadherin, P cadherin, K8 and K18 in 14-3-3σ-/- cells in comparison to 

14-3-3σ+/+ cells as indicated by the p values above the respective bars (Fig 4.1.2.D). In 

support of our RT PCR data and Western blot data we also observed that mRNA 

expression of vimentin was statistically increased on loss of 14-3-3σ (Fig 4.1.2.D). 

Results from RT-PCR and Q-PCR corroborated our Western blot data and 

immunofluorescence data suggesting global change observed in expression of proteins 

levels for various cell-cell junction proteins and cytoskeletal proteins was due to decrease 

in gene expression. 

Kumarkrishna Raychaudhuri       114 | Page 



  
  

 

Results 

4.1.3. 14-3-3σ knockout cells show EMT like phenotypic characteristics. 

The results shown above suggest initiation of a possible epithelial to mesenchymal 

transition (EMT) program on loss of 14-3-3σ as indicated by increase in expression of 

mesenchymal markers such as N cadherin and Vimentin and decrease in expression of 

epithelial markers such as E cadherin, PG, and PKP3. However, EMT involves various 

phenotypic changes as well such as loss of cell-cell adhesion, loss of cell to ECM 

adhesion, increase in cell migration and increase in invasion potential (reviewed in [348]). 

To determine if loss of 14-3-3σ leads to acquisition of phenotypic characteristics 

associated with EMT a number of functional assays were performed.  

To determine if there is loss of cell-cell adhesion on loss of 14-3-3σ dispase assays were 

performed. Dispase is a protease, which cleaves ectodomains of cell-cell junction 

transmembrane proteins, and thus when cell monolayers are subjected to mechanical 

shaking, an increase in the presence of aggregates suggests a decrease in cell-cell 

adhesion. Number of cell aggregates was significantly more in 14-3-3σ-/- cells as 

compared to 14-3-3σ+/+ cells suggesting compromised cell-cell adhesion on loss of 14-3-

3σ [388] (Fig. 4.1.3.A and B). EMT is also associated with increased production of ECM 

degrading enzymes (discussed in detail in the introduction chapter). To investigate if 14-

3-3σ-/- cells also show increased production of MMPs casein zymography was 

performed. Data suggested an increased production of MMP3 in 14-3-3σ-/- cells as 

compared to 14-3-3σ+/+ cells (Fig. 4.1.3.C). Therefore, Boyden chamber invasion assays 

were performed to investigate if loss of 14-3-3σ leads to increased invasion through 

matrigel in vitro. 14-3-3σ-/- cells were significantly more invasive through matrigel 

coated transwell membranes as compared to 14-3-3σ+/+ cells (Fig 4.1.3.G and H). 
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Figure 4.1.3. 14-3-3σ knockout cells show EMT like phenotypic characteristics. A-B. 

Representative images of dispase assays. Number of cell aggregates were measured 

using Image J particle counting option and are plotted on Y axis. Significance value was 
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calculated using no parametric t test (Reproduced from [388]). C. 14-3-3σ+/+ and 14-3-

3σ-/- cells were cultured in serum free media and proteins present in such media was 

resolved in SDS PAGE contain β-casein. Representative image of the zymograph is 

shown. D-E.  Scratch wound assays were performed for 14-3-3σ+/+ and 14-3-3σ-/- cells. 

Phase contrast images of wound closure taken at 10X as shown for 0 min at 20 hours. 

Cell migration was measured using Axiovision software. Mead and standard deviation 

were plotted. F. MTT based cell to ECM adhesion assays were performed with 14-3-

3σ+/+ and 14-3-3σ-/- cells. Percentage of adhered cells was calculated. Mean and 

standard deviation were plotted. Significance values were calculated using non 

parametric t test (*** indicates p value > 0.001, ** indicates p value > 0.001 and * 

indicates p value > 0.01) (Reproduced from [388]). G-H. Boyden chamber invasion 

assays were performed with 14-3-3σ+/+ and 14-3-3σ-/- cells after coating the inserts 

with matrigel. Images of 0.1% crystal violet stained inserts were taken with Zeiss 

inverted microscopes at 10X objective. Number of cells was counted for 20 random fields 

per insert. Mean and stand deviation were plotted. p value was calculated using non 

parametric t test. I-J. 14-3-3σ+/+ and 14-3-3σ-/- cells were plated in soft agar in 35mm 

tissue culture plates and number of colonies were counted for 20 random fields (10X) 

after 3 weeks. Images of individual colonies were taken with Zeiss inverted microscope 

and images of full plates after staining with 0.05% crystal violet were taken with bright 

field microscope. Mean and standard deviation were plotted and significance value was 

calculated using non parametric t test (** indicates p value <0.001).  

To determine of if 14-3-3σ-/- cells also acquire increased migration potential as compared 

to 14-3-3σ+/+ cells scratch wound healing assays were performed. Time lapse videos and 

quantitation of wound closure over 20 hours suggested that 14-3-3σ-/- cells migrated 

significantly faster than the 14-3-3σ+/+ cells to close the wound (Fig. 4.1.3.D and E). We 
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also sought to determine if loss of 14-3-3σ leads to compromised cell to ECM adhesion. 

Cell to ECM adhesion with four different ECM components such as collagen IV, 

matrigel, laminin V and fibronectin were performed. Results from these assays suggested 

that cell to ECM adhesion was significantly compromised in 14-3-3σ-/- cells in 

comparison to 14-3-3σ+/+ cells [388] (Fig. 4.1.3.F). We also wished to determine if loss 

of 14-3-3σ could lead to anchorage independent growth in soft agar, which is indicative 

of neoplastic transformation. No significant difference in colony formation in soft agar 

between 14-3-3σ+/+ and 14-3-3σ-/- cells were observed, suggesting that loss of 14-3-3σ 

did not provide any additional advantage to grow in an anchorage independent manner 

(Fig. 4.1.3.I and J).  

These in vitro functional assays described above suggested that loss of 14-3-3σ lead to 

decrease in cell-cell adhesion leading to increased cell migration. Also 14-3-3σ-/- cells 

showed more invasive potential and decreased cell to ECM adhesion as compared to 14-

3-3σ+/+ cells. However there was no appreciable difference in terms of anchorage 

independent growth potential in 14-3-3σ+/+ and 14-3-3σ-/- cells.  

4.1.4. 14-3-3σ-/- cells did not show increased tumor formation and metastasis in 

immunocompromised mice. 

14-3-3σ-/- cells were further investigated for their ability to form primary tumor as well 

as distant lung metastasis in immunocompromised SCID mice in comparison to 14-3-

3σ+/+ cells. This experiment was meant to test whether the phenotypic characteristics 

observed in in vitro studies render any advantage to 14-3-3σ-/- cells in terms of tumor 

formation in vivo. Six mice were subcutaneously injected in the dorsal flank with either 

14-3-3σ+/+ or 14-3-3σ-/- cells. All the six mice injected with 14-3-3σ+/+ cells showed 

tumor formation in the dorsal flank by the end of 3rd week whereas only one mouse 

Kumarkrishna Raychaudhuri       118 | Page 



  
  

 

Results 

shown tumor formation our six mice that were injected with 14-3-3σ-/- cells (Fig. 4.1.4. 

A-C). By the end of 5th week 4 out of 6 mice showed presence of tumor in dorsal flank of 

mice that were injected with 14-3-3σ-./- cells. Mean tumor volume for mice that were 

injected with 14-3-3σ+/+ cells was significantly high in comparison to mean tumor 

volume of mice that were injected with 14-3-3σ-/- cells (Fig. 4.1.4.D). Haematoxylin and 

eosin stained lung sections from mice injected with 14-3-3σ+/+ cells showed presence of 

metastatic colonies in 2 out of 4 mice after 6 weeks whereas no metastatic colony was 

observed in lung sections of mice that were injected with 14-3-3σ-/- cells (Fig. 4.1.4.E). 

 

Figure 4.1.4. 14-3-3σ-/- cells did not show increased tumor formation and metastasis 

in immunocompromised mice. A. Six mice were injected subcutaneously at the dorsal 
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flank with one million cells of either 14-3-3σ+/+ cells or 14-3-3σ-/- cells each. Incidence 

of primary local tumor is shown in the picture. B. After 6 weeks of observation mice were 

sacrificed and primary local tumors were dissected out as shown in the picture. C. 

Tumor volumes were measured across 3rd to 5th week. Mean tumor volume is tabulated 

along with incidence of tumor formation in mice that were injected with 14-3-3σ+/+ and 

14-3-3σ-/- cells. D. Mean tumor volumes measured from mice that were injected with 14-

3-3σ+/+ and 14-3-3σ-/- cells were plotted for 4th and 5th week. Non parametric t test 

was applied for calculating p value and are indicated as * (p<0.01) or ns (not 

significant). E. Images shown are acquired with Zeiss upright microscope at 10X 

objective for haematoxylin and eosin stained lung sanctions of mice injected with either 

14-3-3σ+/+ and 14-3-3σ-/- cells. 

4.1.5. Ectopic expression of 14-3-3σ in 14-3-3σ-/- cells results in a reversal of the 

EMT phenotype. 

To determine if the phenotypic changes observed in 14-3-3σ--/- cells are due to loss of 

14-3-3σ stable cell lines ectopically expressing HA tagged 14-3-3σ or HA pCDNA3 

(vector control) were generated Two independent clones expressing 14-3-3σ namely SP4 

and SP5 were selected for further studies along with vector control cells, VP1 and 14-3-

3σ+/+ cells (Fig. 4.1.5.A).  

To determine if ectopic expression of 14-3-3σ can rescue expression and epithelial 

makers and decreased expression of mesenchymal markers in 14-3-3σ-/- cells, Western 

blot analysis and immunofluorescence analysis were performed to investigate the 

expression of epithelial and mesenchymal markers. In Western blot analysis both SP4 and 

SP4 showed increase in expression of epithelial markers such as E cadherin and PG; and 

decrease in mesenchymal markers such as vimentin and N cadherin in comparison to 
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vector control i.e. VP1. However, this rescue failed to restore the expression of epithelial 

markers to a level observed in 14-3-3σ+/+ cells (Fig. 4.1.5.A). β actin served as loading 

control and 14-3-3σ blot showed ectopic expression of 14-3-3σ in 14-3-3-/- cells (Fig. 

4.1.5.A). 

 

Figure 4.1.5. Ectopic expression of 14-3-3σ in 14-3-3σ-/- cells can rescue EMT like 

characteristics. A. Equivalent amount of Cell lysates from 14-3-3σ+/+, VP1, SP4 and 
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SP5 cells were resolved in SDS page and Western blotting was performed with indicated 

antibodies.β actin served as loading control. B. VP1, SP4 and SP4 cells were fixed and 

stained with indicated antibodies and cells were imaged with confocal microscope. 

Magnification is X63 with 2X optical zoom and bars indicate 5µm C. 14-3-3σ-/- cells 

was transfected separately with EGFP-f and GFP 14-3-3σ. Cells were then fixed and 

stained with indicated antibodies and imaged with confocal microscope. Magnification is 

X63 with 3X optical zoom and bars indicate 5µm D-E. Scratch wound assays were 

performed with VP1, SP4 and SP4 cells. Cell migration in micrometers was calculated 

using Axiovsion software. Mean and standard deviation were plotted. F-G. Hanging 

drop assays were performed with VP1, SP4 and SP4 cells. Images of cell aggregated 

were acquired with Zeiss invested microscope and size of cell aggregates was measured 

using image J software. 

We also wished to investigate whether rescue of epithelial makers and decrease in 

mesenchymal markers can be observed in immunofluorescence analysis as well. Results 

show that both E cadherin and PG expression was increased in SP4 and SP4 clones in 

comparison to VP1. Mesenchymal marker vimentin expression was also decreased in SP4 

and SP4 clones as compared to VP1 (Fig. 4.1.5.B).  

Rescue experiments were also performed in transient assays to rule out any clonal effects, 

which can be observed in stable clones. In this assays 14-3-3σ-/- cells were separately 

transfected with GFP 14-3-3σ or EGFP-f vector. Immunofluorescence results suggest that 

14-3-3σ-/- cells expressing GFP 14-3-3σ showed decreased expression of vimentin and 

increase in expression of E cadherin and PG in comparison to 14-3-3σ-/- cells expressing 

EGFP-f. 
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We further asked if ectopic expression of 14-3-3σ could also rescue the phenotypic 

changes observed on loss of 14-3-3σ. Scratch wound assays suggested that both SP4 and 

SP4 clones showed increase in migration in comparison to VP1 (Fig.4.1.5.D). Hanging 

drop assays were performed to determine the cell-cell adhesion properties of 14-3-3σ-/- 

cells on ectopic expression of 14-3-3σ. Both SP4 and SP4 showed increase in cell-cell 

adhesion in comparison to VP1 suggesting that ectopic expression of 14-3-3σ could 

rescue the defects in cell-cell adhesion observed in 14-3-3σ-/- cells (Fig. 4.1.5.F-G). 

These results suggest that ectopic expression of 14-3-3σ lead to increase in expression of 

epithelial markers and decrease in expression of mesenchymal markers in 14-3-3σ-/- 

cells. Also phenotypic characteristic such as cell migration and cell-cell adhesion were 

restored close to 14-3-3σ+/+ cells on ectopic expression of 14-3-3σ in 14-3-3σ-/- cells. So 

it can be concluded that EMT like characteristics observed in 14-3-3σ-/- cells were 

specifically due to loss of 14-3-3σ. 

4.1.6. 14-3-3σ loss leads to increase in Slug and Zeb1. 

There are four classical EMT specific transcription factors known to regulate EMT such 

as Snail, Slug, Zeb and Twist (described in detail in the introduction). To determine 

which EMT specific transcription factor is involved in regulation of EMT like 

characteristic observed on loss of 14-3-3σ we performed Western blot analyses that 

demonstrated that there was an increase in the protein levels of Slug and Zeb1 in 14-3-3σ-

/- cells in comparison to 14-3-3σ+/+ cells. However no change was observed in protein 

levels of Snail (Fig. 4.1.6.A). To determine if increase at protein levels of Slug and Zeb1 

was due to increase in transcription, RT-PCR analysis were performed. Our RT-PCR 

results showed that Slug and Zeb1 mRNA levels were increased in 14-3-3σ-/- cells in 

comparison to 14-3-3σ+/+ cells. There was no change in mRNA levels of Snail and Twist 
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mRNA was undetectable in both 14-3-3σ+/+ and 14-3-3σ-/- cells (Fig. 4.1.6.B). To 

validate out RT-PCR results we performed Q-PCR analysis for the four EMT specific 

transcription factors. Both Slug and Zeb1 mRNA levels were increased significantly in 

14-3-3σ-/- cells as compared to 14-3-3σ+/+ cells. Twist mRNA levels was undetectable 

in Q-PCR analysis as well in both 14-3-3σ+/+ and 14-3-3σ-/- cells (Fig 4.1.6.C). 

 

Figure 4.1.6. 14-3-3σ loss leads to increase in Slug and Zeb1. A. Equivalent amount of 

Cell lysates from 14-3-3σ+/+ and 14-3-3σ-/- cells were resolved in SDS page along with 

5% input for whole cell extract (WCE). Western blotting was performed with indicated 

antibodies.β actin served as loading control. B. Total mRNA was isolated from 14-3-

3σ+/+ cells and 14-3-3σ-/- cells. cDNA was synthesized and reverse-transcriptase PCR 
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was performed with equal amount of cDNA using primers for indicated genes. GAPDH 

was used as loading control. Representative images of three independent experiments 

are shown. C. Quantitave PCR was performed using cDNA synthesized from total mRNA 

isolated from 14-3-3σ+/+ cells and 14-3-3σ-/- cells. ∆∆ct values were calculated and 

normalized against GAPDH. Fold change in gene expression are plotted on Y axis for 

indicated genes as shown in X axis. p values were calculated using non parametric t test 

(*** indicates p value > 0.001, ** indicates p value > 0.001 and * indicates p value > 

0.01). D. 14-3-3σ-/- cell lysates were incubated with bacterially purified GST or GST 14-

3-3σ. Precipitates were resolved on SDS PAGE along with 5% input for whole cell 

extract (WCE).  Western blotting was performed with indicated antibody. Expression of 

GST and GST14-3-3σ is shown in the ponceau stained membrane. 

These results suggest that the EMT like characteristics observed on loss of 14-3-3σ was 

due to increase in Slug and Zeb1 levels. Next we wished to determine if 14-3-3σ can 

interact with Zeb1 and if this interaction is necessary for increase in Zeb1 levels. 

Therefore, in vitro GST pull down assays was performed where bacterially produced 

GST-14-3-3σ were incubated with cell lysates from 14-3-3σ-/- cells. Results showed that 

there was no interaction of 14-3-3σ and Zeb1 (Fig. 4.1.6.D). 

4.1.7. Inhibition of Slug expression leads to a reversal of EMT like characteristics in 

14-3-3σ-/- cells. 

To delineate whether increase in expression of Slug is necessary and sufficient for 

inducing EMT in 14-3-3σ-/- cells stable knock down clones of Slug namely S1 and S2 

using published shRNA sequences and vector control cells i.e. Vec (described in 

materials and methods section) were generated in 14-3-3σ-/- cells. We wished to 
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determine if knock down of Slug could lead to reversal of EMT like characteristics 

observed on loss of 14-3-3σ.  

Western blot analysis revealed that S1 and S2 showed increase in expression of epithelial 

markers such as E cadherin and PG and decrease in expression of mesenchymal markers 

such as vimentin and N cadherin. Down regulation of Slug also lead to decrease in Zeb1 

levels suggesting that increase in Zeb1 was positively regulated by increased Slug levels 

(Fig. 4.1.7. A). These results suggest that the EMT like characteristics observed in 14-3-

3σ-/- cells were due to increase in EMT specific transcription factor Slug. Increase in 

Slug levels in turn lead to increase in Zeb1 levels.  

 

Figure 4.1.7. Down-regulation of Slug leads to 

reversal of EMT like characteristics in 14-3-

3σ-/- cells. A. Equivalent amount of Cell lysates 

from 14-3-3σ+/+, Vec, S1 and S2 cells were 

resolved in SDS page and Western blotting was 

performed with indicated antibodies.β actin 

served as loading control. 

 

4.1.8. Ectopic expression of 14-3-3σ in 14-3-3σ-/- cells leads to decrease in expression 

of Slug and Zeb1. 

We wished to investigate whether increase is Slug protein level is a specific effect of loss 

of 14-3-3σ. To address this question expression of Slug protein levels in SP4 and SP5 

clones, which express HA-14-3-3σ, were determined and compared with the Slug protein 
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expression in VP1 by Western blotting. Results show that ectopic expression of 14-3-3σ 

lead to decrease in Slug protein levels in comparison to VP1 and Slug proteins level was 

restored in SP4 and Sp5 close to what is observed in 14-3-3σ+/+ cells (Fig 4.1.8). 

Interestingly decreased Slug protein levels in SP4 and SP5 also resulted in decrease in 

Zeb1 protein levels suggesting that Zeb1 protein expression is regulated by Slug which is 

in turn negatively regulated by 14-3-3σ expression. 

Figure 4.1.8. Ectopic expression of 14-3-3σ in 14-3-3σ-

/- cells leads to decrease in expression of Slug and 

Zeb1. Equivalent amount of Cell lysates from 14-3-

3σ+/+, VP1, SP4 and SP4 cells were resolved in SDS 

page and Western blotting was performed with indicated 

antibodies.β actin served as loading control. 

These results suggest that loss of 14-3-3σ expression leads to increase in Slug protein 

levels and this in turn lead to increase in Zeb1. Increase in the EMT specific transcription 

factors induces EMT like characteristic in 14-3-3σ-/- cells. 

4.1.9. c-Jun proteins levels are increased in 14-3-3σ-/- cells. 

Next we asked how 14-3-3σ regulates Slug expression. There are multiple reports of how 

Slug expression could be regulated (described in detail in the introduction section). We 

first wished to determine if Slug expression is positively regulated by MAPK pathway in 

14-3-3σ-/- cells. We performed Western blot analysis to determine activation of various 

kinases involved in MAPK signaling pathway such as p38, MEK, AKT and ERK. No 

appreciable change was observed in the level of activation specific phosphorylation of the 

above mentioned kinases among 14-3-3σ+/+ and 14-3-3σ-/- cells (Fig.4.1.9.A). We did 
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not observe any change at the total protein level of the above-mentioned kinases as well 

(Fig. 4.1.9.A).  

 

Figure 4.1.9. c-Jun proteins levels are increased in 14-3-3σ-/- cells. A and C. 

Equivalent amount of Cell lysates from 14-3-3σ+/+ and 14-3-3σ-/- cells were resolved in 

SDS page and Western blotting was performed with indicated antibodies.β actin served 

as loading control. B. Total mRNA was isolated from 14-3-3σ+/+ cells and 14-3-3σ-/- 

cells. cDNA was synthesized and reverse-transcriptase PCR was performed with equal 

amount of cDNA using primers for indicated genes. GAPDH was used as loading 

control. Representative images of three independent experiments are shown. D. 

Equivalent amount of Cell lysates from 14-3-3σ+/+, VP1, SP4 and SP4 cells were 
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resolved in SDS page and Western blotting was performed with indicated antibodies.β 

actin served as loading control. 

Another report suggested that AP1 transcription factor c-Jun can regulate Slug protein 

levels (discussed in introduction) [372]. Therefore, we wished to determine if c-Jun 

protein levels are altered loss of 14-3-3σ. c-Jun protein levels were found to be increased 

in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells. Increase in c-Jun protein level also 

lead to increase in active c-Jun levels. This is confirmed by the increase in 

phosphorylation at Serine 63 of c-Jun (Fig. 4.1.9.B). We next asked if this increase at c-

Jun protein level was due to increase in transcription of c-Jun gene. RT-PCR analysis 

showed that total mRNA levels remained same in 14-3-3σ+/+ and 14-3-3σ-/- cells (Fig. 

4.1.9.C). This suggests that increase in c-Jun protein could be because of increased 

protein stability, increased translation. 

We further wanted to confirm that increase in c-Jun protein level was specifically due to 

loss of 14-3-3σ. Therefore, we asked c-Jun protein level is restored close to 14-3-3σ+/+ 

cells in 14-3-3σ-/- cells ectopically expressing 14-3-3σ. Both SP4 and SP5 showed 

decreased c-Jun protein levels in comparison to VP1 and c-Jun protein level was restored 

close to what was observed in 14-3-3σ+/+ cells (Fig. 4.1.9.D). These results suggest that 

increased Slug expression in 14-3-3σ-/- cells could be due to increase in c-Jun protein 

levels in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells. Increased protein levels of c-

Jun were not due to increased transcription of c-Jun gene. c-Jun protein levels could be 

restored close to what is observed in 14-3-3σ+/+ cells if 14-3-3σ is ectopically expressed 

in 14-3-3σ-/- cells suggesting that this increase at c-Jun protein level is specifically due to 

loss of 14-3-3σ. 
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4.1.10. Increased c-Jun proteins levels promote EMT in 14-3-3σ-/- cells. 

To determine if increased c-Jun protein levels are sufficient to induce EMT in 14-3-3σ-/- 

cells expression of various epithelial markers, mesenchymal markers and EMT specific 

transcription factors in c-Jun knock down clones (J1 and J2) as compared to vector 

control cells (Vec) were analyzed. 14-3-3σ+/+ cells were also included in this study to 

determine if downregulation of c-Jun could reverse the expression of EMT specific 

markers close to what is observed in 14-3-3σ+/+ cells. 

Both J1 and J2 showed increase in expression of epithelial markers such as E cadherin 

PG; and decrease in expression of mesenchymal markers such as vimentin and N 

cadherin in comparison to Vec (Fig. 4.1.10). Additionally knock down of c-Jun lead to 

reversal of expression of these EMT specific markers close to what is observed in 14-3-

3σ+/+ cells. Expression of EMT specific transcription factors such as Slug and Zeb1 was 

also decreased upon downregulation of c-Jun suggesting that c-Jun is responsible for 

increased expression of Slug and Zeb1 in 14-3-3-/- cells (Fig 4.1.10). These results 

suggests that c-Jun is involved in increased expression of Slug and Zeb1 genes which are 

responsible for initiating EMT in 14-3-3σ-/- cells.     

Figure 4.1.10. Increased c-Jun proteins levels promote 

EMT in 14-3-3σ-/- cells. Equivalent amount of Cell 

lysates of 14-3-3σ+/+, Vec, J1 and J2 cells were 

resolved in SDS page and Western blotting was 

performed with indicated antibodies.β actin served as 

loading control. 
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4.1.11. 14-3-3σ binds to c-Jun and induces the degradation of c-Jun 

We fist sought to determine the mechanism behind increased c-Jun protein levels in 14-3-

3σ-/- cells in comparison to 14-3-3σ+/+ cells. To test whether c-Jun is targeted to 

proteasomal degradation in 14-3-3σ+/+ cells and loss of 14-3-3σ results in stabilization of 

c-Jun at protein level due to inhibition of proteasome mediated degradation of c-Jun, 14-

3-3σ+/+ cells were treated with MG132 to inhibit proteasome function. We hypothesized 

that 14-3-3σ could interact with c-Jun and this interaction might be required for targeting 

c-Jun to proteasomal degradation.  

 

Figure 4.1.11. 14-3-3σ binds to c-Jun and might target the later to proteasomal 

degradation. A. 14-3-3σ+/+ cells were treated with either MG132 or DMSO for 6 hours 

and cell lysates were prepared and immunoprecipitated with either 14-3-3σ antibody or 
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isotype control (IgG). Immunocomplexes were resolved in SDS PAGE along with 5% 

input for whole cell extract (WCE) followed by Western blotting with indicated 

antibodies. Equal intensity of heavy chain across samples incubated with IgG or 14-3-3σ 

antibody suggest use of equivalent amount of antibody for IgG and 14-3-3σ. B. 14-3-3σ-

/- cells was treated with DMSO or MG132. Equivalent amounts of cell lysates were 

loaded on SDS PAGE followed by Western blotting with indicated antibodies. β actin 

served as loading control. 

It was observed that c-Jun protein levels are stabilized in 14-3-3σ+/+ cells when treated 

with MG132 and can be immunoprecipitated with 14-3-3σ antibody. However, c-Jun 

protein levels were almost undetectable when 14-3-3σ+/+ cells were treated with DMSO 

and no binding was observed with 14-3-3σ (Fig. 4.1.11.A). On the contrary it was 

observed that PKP3, which forms a complex with 14-3-3σ (our unpublished data form our 

laboratory and [323]) was expressed both in DMSO and MG132 treated 14-3-3σ+/+ cells 

and also formed complex with 14-3-3σ (Fig. 4.1.11.A). This suggests that 14-3-3σ 

interacts with c-Jun and this interaction leads to proteasomal degradation of c-Jun. To 

determine if treatment of MG132 itself has any effect on expression of c-Jun we treated 

14-3-3σ-/- cells with either DMSO or MG132 and performed Western blot analysis for c-

Jun protein. It was observed that there was no change in c-Jun protein levels in DMSO 

and MG132 treated 14-3-3σ-/- cells (Fig. 4.1.11.B). This suggests that c-Jun is not 

targeted for degradation by the proteasome in cells lacking 14-3-3σ. 

4.1.12. 14-3-3σ binds to c-Jun and induces its degradation by FBW7. 

To further support the hypothesis that 14-3-3σ target c-Jun to proteasomal degradation we 

wished to perform in vivo ubiquitination assays. In collaboration with Dr. Maddika Subba 

Reddy and Neelam Chaudari from CDFD we performed this assays. There are at least 
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three different E3 ligases known for mediating proteasomal degradation of c-Jun such as 

FBW7, COP1 and ITCH (described in detail in the introduction). We tested if FBW7 is 

involved in c-Jun degradation in 14-3-3σ+/+ cells. Immunoprecipitation experiments 

were carried out with 14-3-3σ+/+ and 14-3-3σ-/- cells after treating with MG132 to 

stabilize c-Jun protein levels which otherwise targeted to proteasomal degradation in 14-

3-3σ+/+ cells. Immunoprecipitation with Flag antibody followed by Western blotting 

with Flag antibody showed increased presence of higher molecular weight species of c-

Jun in 14-3-3σ+/+ cells that were transfected with Flag tagged c-Jun (SFB c-Jun) and 

Myc tagged FBW7 in comparison to 14-3-3σ+/+ cells that were transfected with Flag 

tagged c-Jun (SFB c-Jun) and Myc Vector, or to experiments performed in the 14-3-3σ-/- 

cells. Western blots with the Flag and Myc antibodies confirmed that both c-Jun and 

FBW7 were expressed at comparable levels (Fig. 4.1.12.A).  These results suggest that 

overexpression of FBW7 lead to increase in the ubiquitination of c-Jun in 14-3-3σ+/+ but 

not in 14-3-3σ-/- cells (Fig. 4.1.12.A).  

 

Figure 4.1.12. 14-3-3σ targets to c-Jun and might to proteasomal degradation in 

FBW7 dependent manner. A.14-3-3σ+/+ and 14-3-3σ-/- cells were transfected 
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separately with SFB-c-Jun with Myc-vector, SFB-c-Jun with Myc-FBW7 alpha. At 24 h 

post transfection, cells were treated with MG132 for 6 h, and c-Jun ubiquitination was 

detected by immunoblotting with Flag antibody after immunoprecipitation with anti-Flag 

antibody. B. 14-3-3σ+/+ and 14-3-3σ-/- cells were transfected separately with SFB-c-

Jun with Myc-vector, SFB-c-Jun with Myc-FBW7 alpha. At 24 h post transfection, cells 

were treated with MG132 for 6 h, and c-Jun ubiquitination was detected by 

immunoblotting with ubiquitin (Ub) antibody after immunoprecipitation with anti-Flag 

antibody. 

To further confirm the identity of these higher molecular weight species of c-Jun similar 

experiment was performed followed by Western blotting with Ubiquitin (Ub) antibody 

after immunoprecipitation with Flag tagged c-Jun with Flag antibody. It was observed 

that the higher molecular weight species of c-Jun were also detected with Ub antibody 

suggesting that these higher molecular weight species of c-Jun are ubiquitinated in 14-3-

3σ+/+ cells. And this ubiquitination can be further induced on overexpression of FBW7. 

Western blot with Flag and Myc antibody confirmed that both c-Jun and FBW7 were 

expressed optimally (Fig. 4.1.12.B). These results suggest that 14-3-3σ is important for 

targeting c-Jun to proteasomal degradation. And FBW7 is involved in ubiquitination of c-

Jun in 14-3-3σ+/+ cells. 

4.1.13. Interaction of 14-3-3σ and c-Jun is necessary for ubiquitination of c-Jun. 

We further wished to confirm whether interaction of 14-3-3σ and c-Jun is necessary for 

ubiquitination of c-Jun. To address this question we tried to identify putative 14-3-3 

protein binding motifs in c-Jun. It was found that there were two sequences in c-Jun, 

which could be potential 14-3-3 binding sites. One of these motifs required 

phosphorylation at Serine (S58) position whereas the other motif required 
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phosphorylation at Serine267 (S267) position. Individual mutants of S58 to Alanine 

(S58A) and S267 to Alanine (S267A) were generated and the ability of these mutants as 

well the full length wild type 14-3-3σ to interact with 14-3-3σ was tested. In vitro GST 

pull down assays were performed where bacterially produced GST 14-3-3σ was 

incubated with cell lysates that were separately transfected with HA tagged c-Jun wild 

type (HA c-Jun WT) and HA tagged Serine to Alanine mutants described above (HA c-

Jun S58A and HA c-JunS267A). Western blot analysis with HA antibody showed that 

HA c-Jun formed a complex with bacterially expressed 14-3-3σ whereas, S267A 

mutation in c-Jun resulted in complete abrogation of interaction between 14-3-3σ and c-

Jun. However, we did not observe any defect in interaction of HA c-JunS58A and 14-3-

3σ.  There were no nonspecific interaction either HA c-Jun WT or HA tagged mutants 

with GST. The ponceau stained membrane shows that equivalent amount of bacterially 

expressed GST alone and GST 14-3-3σ was used for these experiments (Fig. 4.1.13.A). 

These results suggest that Serine 267 residue is important for interaction of c-Jun and 14-

3-3σ. 

Next we wished to determine if S267A mutation lead to defects in ubiquitination of c-Jun. 

In vitro ubiquitination assays  (see materials and methods for details) performed at Dr. 

Maddika Subba Reddy’s laboratory by Neelam Chaudhary showed that GST-c-JunWT 

was ubiquitinated in presence of FBW7 and 14-3-3σ as higher molecular weight species 

of c-Jun was observed on Western blot with GST antibody (Fig. 4.1.13.B). This further 

support our hypothesis that c-Jun is ubiquitinated and targeted to proteasomal degradation 

by 14-3-3σ in FBW7 dependent manner. GST-c -JunS267A was not ubiquitinated even in 

presence of FBW7 and 14-3-3σ evident from absence of any higher molecular weight 

species of c-Jun on Western blotting with GST antibody (Fig. 4.1.13.B). Coomassie 

stained polyacrylamide gel shows that GST-C-Jun WT, GST-C-Jun S267A, MBP-14-3-3 
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sigma, and MBP-FBW7 alpha are expressed optimally (Fig. 4.1.13.C). These results 

suggest that interaction of c-Jun and 14-3-3σ is absolutely required for ubiquitination of 

c-Jun. 

 

Figure 4.1.13. Interaction of 14-3-3σ and c-Jun is necessary for ubiquitination of c-

Jun. A.  HEK293 cells were transfected separately with HA c-Jun WT, HA c-Jun S58A 

and HA c-Jun S267A. 24 hours post transfection cell lysates were prepared and 

incubated with bacterially purified GST or GST 14-3-3σ. Precipitates were resolved on 

SDS PAGE along with 5% input for whole cell extract (WCE). Western blotting was 

performed with indicated antibody. Expression of GST and GST14-3-3σ is shown in the 
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ponceau stained membrane. B. In vitro ubiquitination experiments were performed using 

bacterially purified GST-C-Jun WT and GST- C-Jun S267A as a substrate in the 

indicated combinations with MBP-tagged 14-3-3 sigma and  MBP-tagged FBW7 alpha 

along with E1 (UBE1) and E2 (UbcH5B). Ubiquitinated species of GST-C-Jun WT and 

GST-S267A were detected by immunoblotting with anti-GST antibody. C. The expression 

of GST-C-Jun WT, GST-C-Jun S267A, MBP-14-3-3 sigma, and MBP-FBW7 alpha 

shown by Coomassie staining. 

4.1.14. Interaction of 14-3-3σ and c-Jun is required for ubiquitination and 

proteasome mediated degradation of c-Jun in vivo. 

We wished to determine if interaction of c-Jun with 14-3-3σ is necessary for 

ubiquitination of c-Jun in vivo. Immunoprecipitation experiments were carried out at Dr. 

Reddy’s laboratory with 14-3-3σ+/+ cells transected with Flag tagged c-Jun WT (SFB-c-

Jun) and Flag tagged c-Jun S267A (SFB-c-JunS267A) with without Myc-FBW7 or with 

Myc Vector. MG132 was used to stabilize c-Jun protein levels which otherwise targeted 

to proteasomal degradation in 14-3-3σ+/+ cells. Immunoprecipitation with Flag antibody 

followed by Western blotting with Flag antibody showed increased presence of higher 

molecular weight species of c-Jun in 14-3-3σ+/+ cells that were transfected with Flag 

tagged c-Jun (SFB c-Jun) and Myc tagged FBW7 in comparison to 14-3-3σ+/+ cells that 

were transfected with Flag tagged c-Jun (SFB c-Jun) and Myc Vector suggesting that 

overexpression of FBW7 lead to increase in the amount of higher molecular weight 

species of c-Jun (Fig. 4.1.14.A). However no such higher molecular weight species of c-

JunS267A mutant were observed in 14-3-3σ+/+ cells that were transfected with SFB-c-

JunS267A and Myc Vector or Myc tagged FBW7 suggesting that abrogation of 

interaction between c-Jun and 14-3-3σ lead defects in ubiquitination of c-Jun. Western 
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blot with Flag and Myc antibody confirmed that both c-Jun and FBW7 were expressed 

optimally (Fig. 4.1.14.A). 

 

Figure 4.1.14. Abrogation of interaction of c-Jun and 14-3-3σ leads to inhibition of 

ubiquitination and proteasomal degradation of c-Jun in vivo. A. 14-3-3σ+/+ cells were 

transfected with c-Jun WT and c-Jun S267A with or without Myc-FBW7 alpha. At 24 h 

post transfection, cells were treated with MG132 for 6 h, and c-Jun ubiquitination was 

detected by immunoblotting with Flag antibody after immunoprecipitation with anti-Flag 

antibody. B. 14-3-3σ+/+ cells were transfected with c-Jun WT and c-Jun S267A with or 

without Myc-FBW7 alpha. At 24 h post transfection, cells were treated with MG132 for 6 

h, and c-Jun ubiquitination was detected by immunoblotting with ubiquitin antibody after 

immunoprecipitation with anti-Flag antibody. 

To further confirm the identity of these higher molecular weight species of c-Jun WT we 

performed same experiment followed by Western blotting with Ub antibody after 

immunoprecipitating c-Jun WT or S267A mutant with Flag antibody. We observed that 

the higher molecular weight species of c-Jun WT were also detected with Ub antibody 

suggesting that these higher molecular weight species of c-Jun are ubiquitinated in 14-3-
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3σ+/+ cells which are transfected with FBW7. Western blot with Flag and Myc antibody 

confirmed that both c-Jun and FBW7 were expressed optimally (Fig. 4.1.14.B). These 

results suggest that interaction of c-Jun with 14-3-3σ is important for targeting c-Jun to 

proteasomal degradation. And FBW7 is involved in ubiquitination of c-Jun in 14-3-3σ+/+ 

cells. 

4.1.15. 14-3-3σ is required for the nuclear export of c-Jun. 

14-3-3 proteins are known for their function as ligand and adapter proteins and are also 

involved in nuclear cytoplasmic shuttling of multiple proteins (discussed in detail in the 

introduction section). Therefore, we wished to determine if 14-3-3σ is involved in 

sequestration of c-Jun in the cytoplasm and thereby target it to proteasomal degradation. 

To address leptomycin B (LMB) was used to inhibit nuclear cytoplasmic shuttling of 

proteins by inhibiting CRM1 protein of nuclear pore complex [389]. 14-3-3+/+ cells that 

are transfected with either HA tagged c-Jun WT or Serine mutants (c-JunS58A and c-

JunS267A) and treated with LMB showed nuclear accumulation of c-Jun as observed by 

immunofluorescence staining for HA antibody in DAPI stained nuclei in transfected cells 

identified by GFP expression. No expression was observed for either c-Jun WT or serine 

mutants in untransfected cells identified as GFP negative cells suggesting specificity of 

HA antibody. However, nuclear accumulation of c-JunS267A mutant even in LMB 

untreated conditions was observed suggesting that abrogation of interaction of c-Jun and 

14-3-3σ leads to inhibition of nuclear export of c-Jun. Whereas, both c-Jun WT and c-Jun 

S58A mutant which can interact with 14-3-3σ showed no nuclear accumulation or 

cytoplasmic expression in cells that were not treated with LMB suggesting that when 

nuclear export/import was functional, 14-3-3σ could mediate their transport from nucleus 

to the cytoplasm where c-JunWT and c-JunS58A was targeted to proteasomal degradation 

(Fig 4.1.15.A).  
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Figure 4.1.15. 14-3-3σ can induce the nuclear export of c-Jun. A.14-3-3σ+/+ cells 

were transfected with HA-c-JunWT, HA c-JunS58A and HA-c-JunS267A along with 

GFP vector. 24 hours post transfection cells were either treated or not treated with 

Leptomycin B (LMB) for 8 hours (see materials and methods for details). Post treatment 

cells were fixed and stained for indicated antibodies. Nuclei were stained with DAPI. 

Magnification is X63 with 4X optical zoom and bars indicate 5µm B. 14-3-3σ+/+ cells 

were transfected with HA-c-JunWT, HA c-JunS58A and HA-c-JunS267A. 24 hours post 

transfection cells were either treated or not treated with Leptomycin B (LMB) for 8 

hours (see materials and methods for details). Post treatment cells or subjected to 
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nuclear and cytoplasmic fractionation (see materials and methods for details) followed 

by SDG PAGE analysis and Western blotting with indicated antibodies.  

To further confirm our immunofluorescence results nuclear cytoplasmic fractionation 

with cells transfected with HA tagged c-Jun WT or Serine mutants (c-JunS58A and c-

JunS267A) and treated or not treated with LMB were performed. Expression was 

observed for nuclear marker, laminin A and cytoplasmic markers, α-tubulin in their 

respective compartments and in the whole cell lysate of both LMB treated and untreated 

group suggesting that nuclear cytoplasmic fractionation was clean and there were no cross 

contamination. In support of our immunofluorescence results it was observed that c-Jun 

WT and both serine mutants (c-JunS58A and c-JunS267A) showed expression in the 

nuclear as well as whole cell extract fractions in LMB treated group. However, only c-

JunS267A mutant showed expression in both nuclear and whole cell extract fractions 

even in LMB untreated group suggesting that that abrogation of interaction of c-Jun and 

14-3-3σ leads to inhibition of nuclear export of c-JunS267A mutant. Inhibition of nuclear 

export of c-JunS267A resulted in its unavailability to proteasomal machinery at the 

cytoplasm leading to its expression in the nuclear compartment (Fig. 4.1.15.B). These 

results suggest that interaction of 14-3-3σ and c-Jun is required for nuclear export of c-

Jun. Once in the cytoplasm 14-3-3σ can target c-Jun proteasomal degradation in FBW7 

dependent manner leading to low c-Jun protein levels in 14-3-3σ+/+ cells. In 14-3-3σ-/- 

cells c-Jun is accumulated in the nuclear where it leads to increase in expression of Slug 

and thereby initiating EMT. 

4.1.16. 14-3-3σ regulates activation of Focal adhesion kinase (FAK). 

We have discussed in earlier sections that loss of 14-3-3σ leads to increase in cell 

migration and loss of cell to ECM adhesion. Both these processes are regulated by focal 
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adhesions and many other cell-cell junctions and signaling molecules (discussed in detail 

in introduction). To investigate if focal adhesions are differently regulated in 14-3-3σ+/+ 

and 14-3-3σ-/- cells we wished determine activation status of FAK. FAK auto-

phosphorylation at Tyrosine 397 (Y397) is a marker of its activation and known to 

regulate focal adhesion turnover leading to increased cell migration and compromised cell 

to ECM adhesion (discussed in introduction). To determine if phosphorylation at Y397 in 

FAK is altered on loss of 14-3-3σ Western blot analysis with phosphor-specific 

antibodies recognizing FAK when it is phosphorylated on Y397 was performed. Results 

showed that FAK Y397 phosphorylation was appreciably increased in 14-3-3σ-/- cells in 

comparison to 14-3-3σ+/+ cells whereas, total protein levels of FAK remained same in 

both these cell lines (Fig. 4.1.16.A). This suggests that increased activation of FAK could 

be the upstream regulator of increased cell migration and decreased cell to ECM adhesion 

observed in 14-3-3σ-/- cells as compared to 14-3-3σ+/+ cells.  

We further wished to determine the mechanism of regulation of FAK activation by 14-3-

3σ. It clearly appeared from the result discussed above that FAK activation was 

compromised in presence of 14-3-3σ in 14-3-3σ+/+ cells. We hypothesized that 14-3-3σ 

could interact with FAK and this interaction might negatively regulate FAK auto-

phosphorylation at Y397. To test this hypothesis, immunoprecipitation experiments were 

performed with 14-3-3σ antibody using cell lysates from 14-3-3σ+/+ cells. It was 

observed FAK interacts with 14-3-3σ as observed by Western blot analysis using FAK 

antibody (Fig. 4.1.16.B). A reverse immunoprecipitation experiments were also 

performed where FAK was immunoprecipitated using FAK antibody. It was seen that 14-

3-3σ could be detected in the complex immunoprecipitated with anti FAK antibody (Fig. 

4.1.16.C). These results identified FAK as a novel interactor of 14-3-3σ. 
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Figure 4.1.16. 14-3-3σ interacts with multiple focal adhesion proteins including Focal 

adhesion kinase (FAK) and regulates activation of FAK. A. Equivalent amount of Cell 

lysates from 14-3-3σ+/+ and 14-3-3σ-/- cells were resolved in SDS page along with 5% 

input was for whole cell extract (WCE).  Western blotting was performed with indicated 

antibodies.β actin served as loading control. B. Equivalent amount of 14-3-3σ+/+ and 

14-3-3σ-/- cell lysates were immunoprecipitated with either 14-3-3σ antibody or isotype 

control (IgG). Immunocomplexes were resolved in SDS PAGE along with 5% input for 

whole cell extract (WCE) followed by Western blotting with indicated antibodies. Equal 
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intensity of heavy chain across samples incubated with IgG or 14-3-3σ antibodies 

suggest use of equivalent amount of antibody for IgG and 14-3-3σ. C. Equivalent amount 

of 14-3-3σ+/+ and 14-3-3σ-/- cell lysates were immunoprecipitated with either FAK 

antibody or isotype control (IgG). Immunocomplexes were resolved in SDS PAGE along 

with 5% input for whole cell extract (WCE) followed by Western blotting with indicated 

antibodies. Equal intensity of heavy chain across samples incubated with IgG or 14-3-3σ 

antibody suggest use of equivalent amount of antibody for IgG and FAK. D. 14-3-3σ+/+ 

cell lysates were incubated with bacterially purified GST or GST 14-3-3σ. Precipitates 

were resolved on SDS PAGE along with 5% input for whole cell extract (WCE).  

Western blotting was performed with indicated antibody. Expression of GST and GST14-

3-3σ is shown in the ponceau stained membrane. E. Equivalent amount of 14-3-3σ+/+ 

and 14-3-3σ-/- cell lysates were immunoprecipitated with either 14-3-3σ antibody or 

isotype control (IgG). Immunocomplexes were resolved in SDS PAGE along with 5% 

input for whole cell extract (WCE) followed by Western blotting with indicated 

antibodies. Equal intensity of heavy chain across samples incubated with IgG or 14-3-3σ 

antibody suggest use of equivalent amount of antibody for IgG and 14-3-3σ. 

Next we wished to determine of 14-3-3σ can also form complex with other focal adhesion 

proteins such as paxillin and α-actinin. In vitro GST pull down assays with GST 14-3-3σ 

showed that paxillin could be detected by Western blot analysis in complex with 14-3-3σ 

in precipitates obtained using GST 14-3-3σ and not with GST alone (Fig. 4.1.16. D). 

Immunoprecipitation experiments carried out with 14-3-3σ antibody also identified α-

actinin in complex with 14-3-3σ and FAK (Fig. 4.1.16.E).  These results suggest that 14-

3-3σ can interact with FAK and also form complex with multiple focal adhesion proteins. 

Increased levels of auto-phosphorylation of FAK at Y397 suggest increased activation of 

FAK upon loss of 14-3-3σ. Increased activation of FAK can lead to phenotypic effects 
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such as increased cell migration and decreased cell to ECM adhesion. There is possible 

that interaction of 14-3-3σ and FAK in 14-3-3σ+/+ cells could inhibit activation of FAK 

by inhibiting auto-phosphorylation at Y397 by steric hindrance. 

4.1.17. 14-3-3σ-/- cells show increased turnover of focal adhesions.  

Activation of FAK leads to multiple cellular effects as described in the introduction. Here 

we wished to determine if increased FAK activation can lead to increased focal adhesion 

turnover in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells and thus promote cell 

migration as we have observed in migration assays discussed earlier. 
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Figure 4.1.17. 14-3-3σ-/- cells show faster recovery of mature focal adhesion protein 

zyxin. A. Representative time lapse images of FRAP performed using 63x oil immersion 

lens and 488-Argon laser bleaching on a spinning disc confocal microscope in 14-3-

3σ+/+ or 14-3-3σ-/- cells separately transfected with GFP zyxin are shown (n =15). 

Magnification is X63 with 2X optical zoom and bars indicate 5µm.. B. FRAP curves 

were plotted using GraphPad Prism software using non-linear regression curve fitting. 

C. Total fluorescence intensities for 14-3-3σ+/+ or 14-3-3σ-/- cells separately 

transfected with GFP zyxin was calculated. Mean and standard deviation were plotted. 

D. Constants such as half-life and mobile fraction were derived from the non-linear 

regression curve fitting analysis are shown in the table. 

To measure focal adhesion turnover we performed fluorescence recovery after 

photobleaching (FRAP) experiments (see materials and methods for details) using GFP 

tagged zyxin as marker for mature focal adhesion (discussed in detail in the introduction). 

GFP zyxin was expressed at a very low level to mimic physiological expression levels of 

zyxin in 14-3-3σ+/+ and 14-3-3σ-/- cells. In addition we also quantitated total GFP 

intensity for GFP zyxin in 14-3-3σ+/+ and 14-3-3σ-/- cells and found that there was 

significant difference in expression of GFP zyxin in both these cell lines (Fig. 4.1.17.C). 

However, fluorescence recovery over time post bleaching showed faster recovery of 

zyxin in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells suggesting that mature focal 

adhesion which are required to provide necessary traction for during cell migration are 

rapidly turned over in 14-3-3σ-/- cells (Fig. 4.1.17.A). To analyse the kinetics of zyxin 

recovery in 14-3-3σ+/+ and 14-3-3σ-/- cells we plotted normalized corrected fluorescence 

intensities for GFP zyxin at different time points post bleaching. We observed that at all 

the time points recovery of fluorescence intensity for zyxin was higher in 14-3-3σ-/- cells 

in comparison to 14-3-3σ+/+ cells (Fig. 4.1.17.B). Also we observed shorter half-life and 

Kumarkrishna Raychaudhuri       146 | Page 



  
  

 

Results 

greater mobile fraction for zyxin suggesting faster turnover of zyxin molecules in 14-3-

3σ-/- cells in comparison to 14-3-3σ+/+ cells (Fig. 4.1.17.D). These results suggest that 

14-3-3σ-/- cells were able turnover mature focal adhesion faster than 14-3-3σ+/+ cells. 

This explain why 14-3-3σ-/- cells are more migratory that 14-3-3σ+/+ cells. 
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4.2: To determine the role of 14-3-3 proteins in regulating transport of 

plakophilin3 and desmoplakin during desmosome assembly. 
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Earlier results from our laboratory have shown that 14-3-3γ interacts with different 

desmosomal proteins such as PKP3, PG and DPI/II. 14-3-3γ has also been found to form 

complex with kinesin motor proteins as identified from mass spectrometry data from our 

laboratory. Further, a recently paper published from our laboratory suggested that 14-3-3γ 

acts as an adapter molecule between KIF5B and PG to regulate transport of PG to the cell 

border during desmosome formation. It was observed that loss of 14-3-3γ expression lead 

to defects in recruitment of PG to the cell border resulting in loss of desmosome function 

in HCT`116 cells [326]. Therefore, we wished to investigate role of 14-3-3γ in transport 

of other desmosomal proteins such as PKP3 and DP. 

4.2.1. PKP3 forms complex with 14-3-3γ and kinesin 1 family of motor proteins 

To determine if PKP3 forms a complex with 14-3-3γ and to identify the molecular motor 

proteins which could be involved in transport of PKP3 to the cell border we performed 

immunoprecipitation experiments and in vitro GST pull down assays. 

Immunoprecipitation experiments performed with anti PKP3 antibody identified KIF5B 

in complex with PKP3 on Western blot analysis with PKP3 antibody (Fig. 4.2.1. A). This 

suggests that KIF5B (heavy chain of kinesin 1 family motor proteins [discussed in detail 

in the introduction]) might be involved in transport of PKP3. We further wished to 

determine if we could identify 14-3-3γ as an interacting partner of KIF5B and PKP3. In 

vitro GST pull down assays performed with equivalent amounts of GST, GST14-3-3γ and 

GST KLC1 (light chain of kinesin 1 family motor proteins [discussed in detail in the 

introduction]) suggest that PKP3 can be detected in complex with 14-3-3γ in the 

precipitates obtained using GST 14-3-3γ. Also we identified PKP3 in complex with 

KLC1 in the precipitates obtained using GST KLC1 (Fig. 4. 2.1. B). 
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Figure 4.2.1. PKP3 forms complex with 14-3-3γ and kinesin 1 family of motor 

proteins. A. HCT116 Cell lysates were immunoprecipitated with either PKP3 antibody 

or isotype control (IgG). Immunocomplexes were resolved in SDS PAGE along with 5% 

input was for whole cell extract (WCE) along with 5% input for whole cell extract 

(WCE). Western blotting was performed with indicated antibodies. Equal intensity of 

heavy chain across samples incubated with IgG or PKP3 antibody suggests use of 

equivalent amount of antibody for IgG and PKP3. B. HCT116 cell lysates were 

incubated with bacterially purified GST or GST KLC1. Precipitates were resolved on 

SDS PAGE along with 5% input for whole cell extract (WCE). Western blotting was 

performed with indicated antibody. Expression of GST and GST KLC1 is shown in the 

ponceau stained membrane. C. HCT116 cell lysates were incubated with bacterially 
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purified GST, GST PKP3, GST PKP3ΔNH3 and GSTΔARM proteins. Precipitates were 

resolved on SDS PAGE along with 5% input for whole cell extract (WCE). Western 

blotting was performed with indicated antibody. Expression of GST, GST PKP3, GST 

PKP3ΔNH3 and GSTΔARM proteins are shown in the ponceau stained membrane. 

To determine the domain in PKP3 which is responsible for interaction with 14-3-3γ and 

KIF5B we used in GST PKP3, GST PKP3ΔNH3 and GST PKP3ΔARM which are 

bacterial expression constructs of full length, N-terminus deletion mutant and arm domain 

deletion mutant of PKP3 respectively. These constructs were previously generated in our 

laboratory (see material and methods for details). In vitro GST pull down assays with 

GST, GST PKP3, GST PKP3ΔNH3 and GST PKP3ΔARM showed interaction of both 

KIF5B and 14-3-3γ with GST PKP3ΔARM and GST PKP3, whereas, no interaction was 

observed for either KIF5B or 14-3-3γ with GST and GST PKP3ΔNH3 (Fig. 4. 2.1. C). 

These results suggest that N-terminal domain of PKP3 is important for its interaction with 

KIF5B and 14-3-3γ. 

4.2.2. PKP3 is necessary for interaction of 14-3-3γ and other desmosomal proteins. 

It was intriguing to observe that 14-3-3γ can interact with multiple desmosomal proteins 

which suggest that 14-3-3γ might play a role in transport of all these desmosomal proteins 

to the cell border. We were interested to determine if PKP3 has any role in regulating 

interaction of 14-3-3γ and other desmosomal proteins. To address this question we used 

PKP3 knockdown HCT116 cells (S9 and S10) and vector control cells (pTU6) preciously 

generated in laboratory (see materials and methods for details). GST pull down assays 

with equivalent amount of proteins from pTU6, S9 and S10 showed that interaction of 14-

3-3γ and DP as well as interaction of 14-3-3γ and PG was compromised in PKP3 

knockdown cells such as S9 and S10 in comparison to vector control cells i.e. pTU6. No 
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nonspecific interactions with GST were seen (Fig. 4. 2.2. A).  Knockdown of PKP3 can 

be appreciated in the Western blot analysis of whole cell extracts loaded as input. 

 

Figure 4.2.2. Depletion of PKP3 expression leads to compromised interaction of 14-3-

3γ and other desmosomal proteins. A. Cell lysates of pTU6, S10 and S9 were incubated 

with bacterially purified GST or GST 14-3-3γ. Precipitates were resolved on SDS PAGE 

along with 5% input for whole cell extract (WCE).  Western blotting was performed with 

indicated antibody. B. Expression of GST and GST14-3-3γ is shown in the ponceau 

stained membrane. 

Equivalent amount of proteins present used for pTU6, S9 and S10 can be appreciated by 

β actin blot as well as from whole cell extracts in ponceau stained membrane. Equivalent 

loading for GST and GST14-3-3γ can also be appreciated in the ponceau stained 
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membrane (Fig. 4.2.2. B). These results suggest that PKP3 is necessary for interaction of 

14-3-3γ with other desmosomal proteins such as PG and DP. 

4.2.3. Anterograde transport of PKP3 and PG is microtubule dependent. 

Previous results from our laboratory suggest that PG transport to the cell border requires 

an intact microtubule network and that PKP3 and PG are required for desmosome 

assembly [159, 326]. To determine if microtubules (MT) are required for the initiation of 

desmosome formation and transport of PKP3 to the cell border in HCT116 cells, 

nocodazole (NOC) was used to disrupt the microtubule network. Incubation of HCT116 

cells with 10µM NOC for 3 hours completely disrupted the MT network (Fig. 4. 2.3. A). 

To determine the role of MT in anterograde transport of PKP3 during desmosome 

assembly, a calcium switch experiment was performed in cells treated with NOC (to 

disrupt MT) or DMSO (vehicle control) as described in Fig. 4.2.3. B. An 

immunofluorescence analysis showed that cell border localization of both PKP3 and PG 

was compromised upon disruption of MT post addition of calcium in comparison to 

DMSO treated cells (Fig. 4. 2.3. C & E).  

Quantitation of the fluorescence intensity at the cell border after 30 minutes of calcium 

addition showed that recovery of both PKP3 and PG border staining intensity was 

significantly compromised in NOC treated cells compared to DMSO treated cells (Fig. 4. 

2.3. D & F). However, no appreciable difference in cell border localization was observed 

at 0 minute post calcium switch in cell border intensity of either PKP3 or PG between 

NOC and DMSO treated cells (Fig. 4. 2.3. C-F). These results confirmed that the cell 

border recruitment of PKP3 and PG are dependent on an intact MT network and both 

these proteins followed a similar pattern of anterograde transport. 
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Figure 4.2.3. Anterograde transport of PKP3 and PG is dependent on an intact 

microtubule network. A. HCT116 cells were treated with DMSO or the indicated 

concentration of NOC for 3hrs. Cells were stained with antibodies to α-tubulin to 

visualize MT and counterstained with DAPI. Magnification is X630 magnification with 

2X optical zoom. B. Scheme of experiment to study anterograde transport of PKP3 and 

PG. C-F. HCT116 cells treated with EGTA and NOC or DMSO were fixed and stained 

Kumarkrishna Raychaudhuri       156 | Page 



  
  

 

Results 

with antibodies to PKP3 (C-D) or PG (E-F) followed by confocal microscopy The 

intensity of border staining for both PKP3 and PG was measured for in least 30 cells in 

three independent experiments and the mean and standard deviation were plotted.  

Magnification is X630 with 4X optical zoom and bars indicate 5µm. p values were 

generated using a student’s t test. 

4.2.4. The retrograde transport of PKP3 and PG are differentially regulated. 

Desmosomes are dynamic and undergo continual assembly and disassembly during cell 

migration (described in detail in the introduction section). Therefore, we wished to 

determine the mechanism of transport of PKP3 and PG from the cell border to the 

cytoplasm during desmosome disassembly.  To investigate the role of MT in the 

regulation of PKP3 transport during desmosome disassembly, EGTA was added to the 

medium to chelate calcium (described in materials and methods) either in the presence or 

absence of NOC (Fig. 4. 2.4. A). Three hours post addition of EGTA, PKP3 was localized 

at the cell border in NOC treated cells. In contrast, PKP3 levels decreased at the cell 

border in cells treated with DMSO upon chelation of calcium (Fig. 4. 2.4. B). No 

difference was observed in the localization of PKP3 in NOC and DMSO treated cells 

prior to addition of EGTA (Fig. 4. 2.4. B). Quantitation of fluorescence intensities at the 

cell border established that these differences were statistically significant (Fig. 4. 2.4. C). 

These results suggest that retrograde transport of PKP3 from the cell border to the 

cytoplasm is dependent on MT. In contrast, it was observed that NOC treatment had no 

effect on retrograde transport of PG upon addition of EGTA. PG localized to the 

cytoplasm in both NOC and DMSO treated cells 3hr post addition of EGTA (Fig. 4. 2.4. 

D-E). These results suggest that an intact MT network is not required for the retrograde 

transport of PG and different mechanisms regulate the retrograde transport of PKP3 and 

PG during desmosome disassembly. 
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Figure 4.2.4. Disruption of the microtubule network blocks retrograde transport of 

PKP3 but does not inhibit desmosome disassembly. A. Scheme of experiment to study 

retrograde transport of desmosomal proteins. B-I. HCT116 cells were treated with 

EGTA and NOC or DMSO and stained with antibodies to PKP3 (B-C), PG (D-E) DP (F-

G) and DSC2/3 (H-I) followed by confocal microscopy.  The intensity of staining at the 

cell border was measured for at least 30 cells in three independent experiments and 

mean and standard deviation were plotted. Note that disruption of the MT network 

results in a defect in the transport of PKP3 from the cell border to the cytoplasm in 

contrast to the results observed for the other desmosomal proteins. Confocal images 

were acquired at X630 magnification and 4X optical zoom. Bars indicate 5µm. p values 

were generated using a student’s t-test. 

4.2.5. Inhibition of retrograde transport of PKP3 does not inhibit desmosome 

disassembly. 

We have previously shown that PKP3 is required for transport of desmosomal proteins 

such as DSC2/3, DSG2, PKP2 and DP to the cell border and is required for initiation of 

desmosome assembly in HCT116 and HaCaT cells [159]. To determine whether retention 

of PKP3 at the cell border resulted in the retention of other desmosomal proteins at the 

cell border, the localization of DP and DSC2/3 in cells treated with NOC during 

desmosome disassembly was determined as described above.  

We observed that though PKP3 is retained at the cell border 3hr post calcium chelation, 

both DP and DSC2/3 were not retained at the cell border (Fig. 4. 2.4. F&H). At 3hr post 

chelation, the levels of DP and DSC2/3 were diminished at the cell border in both NOC 

and DMSO treated cells, a phenotype similar to that observed for PG (Fig. 4. 2.4. G&I). 

Kumarkrishna Raychaudhuri       159 | Page 



 
 

 

Role of 14-3-3σ and 14-3-3γ in regulating cell-cell adhesion 

These results suggest that PKP3 retention at the cell border upon calcium chelation is not 

sufficient for the retention of other desmosomal proteins at the cell border. 

4.2.6. Desmoplakin forms complex with KLC2 and 14-3-3γ.  

We also wished to determine the molecular motor protein involved in transport of DP. To 

address this question we asked if DP interacts with kinesin motor family proteins. ). 

Interaction of DP with both KLC1 and KLC2 were tested by in vitro GST pull down 

assays. No interaction of DP with KLC1 was observed; therefore, interaction of DP with 

different domains of KLC1 such as TPR (Tetratricopeptide Repeat) and CC (Coiled coil) 

was also investigated. These constructs were previously descried in published results 

from our laboratory [326]. In vitro GST pull down assays with GST, GST KLC1, GST 

TPR, GST CC, GST KLC2 and GST 14-3-3γ showed interaction of both 14-3-3γ and 

KLC2 with DP whereas, no interaction was observed for GST, GST KLC1, GST TPR 

and GST CC (Fig. 4. 2.5. A). 14-3-3γ was seen to form complex with both KLC1 and 

KLC2. Specifically TPR domain of KLC1 interacted with 14-3-3γ (Fig. 4. 2.5. A). This 

suggests that DP transport might be specifically regulated by KLC2 and not KLC1. 

To determine the domain in DP, which is responsible for interaction with 14-3-3γ we, 

used DPI GFP and two deletion mutants of DP1, which contained amino acid from 1-

1790 and 1-1380 respectively. These constructs were obtained from Lechler laboratory 

(see material and methods for details). In vitro GST pull down assays with HEK293 cell 

lysates which were transiently transfected with GFP vector, DPI GFP, DP 1-1790 and DP 

1-1380 showed interaction of 14-3-3γ with DPI GFP, DP 1-1790 and DP, whereas, no 

interaction was observed for 14-3-3γ with GST (Fig. 4. 2.5. B). These results suggest that 

interaction 14-3-3γ and DP is regulated by amino acids ranging from 1-1380 of DP (Fig. 

4. 2.5. B). 
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Figure 4.2.5. Desmoplakin forms complex with 14-3-3γ and KLC2. A. 14-3-3σ+/+ cell 

lysates were incubated with bacterially purified GST, GST KLC1, GST TPR, GST CC, 

GST KLC2 and GST 14-3-3γ. Precipitates were resolved on SDS PAGE along with 5% 

input for whole cell extract (WCE).  Western blotting was performed with indicated 

antibody.  Expression of GST, GST KLC1, GST TPR, GST CC, GST KLC2 and GST 14-

3-3γ is shown in the ponceau stained membrane B. HEK293 cells were transfected 
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separately with GFP vector, DPI GFP, DP 1-1790 and DP 1-1380. 24 hours post 

transfection cell lysates were prepared and incubated with bacterially purified GST or 

GST 14-3-3γ. Precipitates were resolved on SDS PAGE along with 5% input for whole 

cell extract (WCE). Western blotting was performed with indicated antibody. Expression 

of GST and GST14-3-3γ is shown in the ponceau stained membrane. 
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14-3-3 proteins are known to regulate a large number of cellular processes such as cell 

signalling, cell polarity, cell migration, cell proliferation, apoptosis, cell cycle, protein 

trafficking and gene expression [288, 290-293, 326]. Aberrant regulation of expression of 

14-3-3 proteins have been associated with multiple diseases including cancer progression 

and metastasis (reviewed in [293]). In this study we have investigated the role of 14-3-3σ 

and 14-3-3γ in regulation of cell-cell adhesion. We have observed that loss of 14-3-3σ 

leads to decrease in the expression of multiple cell-cell adhesion proteins. 14-3-3σ-/- cells 

showed decreased cell adhesion and increased cell migration. An elaborate study done in 

this thesis work showed that loss of 14-3-3σ lead to the initiation of an EMT program in 

HCT116 cells.  

Earlier work from our laboratory has shown that 14-3-3γ is required for transport of PG to 

the cell border. Loss of 14-3-3γ leads to defects in desmosome formation and results in 

loss of cell-cell adhesion [326]. In continuation to these observations experiments 

performed towards the objectives described in this thesis showed that 14-3-3γ interacts 

with N-terminal domain of PKP3. PKP3 has been shown to interact with KIF5B and 

KLC1, which are heavy chain and light chain of kinesin 1 family of motor of proteins 

respectively. PKP3 knockdown has been shown to result in decrease in association of 14-

3-3γ and other desmosomal proteins such as DP and PG. Though results described in this 

study and earlier results published from our laboratory show that both PG and PKP3 

interacts with kinesin1 family of motor proteins, we have observed that anterograde and 

retrograde transport of PKP3 and PG are differentially regulated [384]. We have also 

observed that DP interacts with14-3-3γ and KLC2.  
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5.1. 14-3-3σ loss leads to EMT 

Aberrant expression of 14-3-3 proteins has been associated with multiple cancer types. 

Loss of expression of 14-3-3σ in particular has been associated with breast cancer, oral 

squamous cell carcinoma, urinary and bladder cancer, hepatocellular carcinoma, head and 

neck carcinoma, vulva squamous neoplasia and lung carcinoma [307, 309-312, 314, 315]. 

Previously published reports by different groups have delineated multiple mechanisms by 

which 14-3-3σ can loss promote cancer progression. These include deregulation of cell 

cycle checkpoint function upon DNA damage and loss of apoptotic function by regulating 

cyclin-CDK complex and BLC2 antiapoptotic proteins [390-393]. 14-3-3 proteins are 

also known to regulate raf activity [394]. Raf kinase is reported to negatively regulate cell 

migration through Rho signalling and Ras-MEK/Erk pathway [395, 396]. Therefore, it is 

possible that 14-3-3σ can regulate cell migration through raf. However, no such evidence 

exist in the literature to support this hypothesis. Reports published by other groups 

demonstrated a role for 14-3-3σ in regulation of epithelial cell polarity. Loss of cell 

polarity is encountered during the process of EMT as well [325]. In cancers of epithelial 

origin cancer progression is often accompanied with EMT [348]. However, regulation of 

EMT by 14-3-3σ during cancer progression is not well studied. But role of 14-3-3σ in 

regulation of EMT has no been investigated. Here we demonstrated for the first time that 

loss of 14-3-3σ could initiate an EMT program. This is important because it explains how 

loss of 14-3-3σ could help cells to acquire invasive and migratory phenotype to enable 

them to invade into local blood and lymphatic vessels. We observed that loss of 14-3-3σ 

leads to decrease in expression of proteins of multiple epithelial markers such as 

desmosomal proteins e.g. PKP3, PG, DSC2/3, DSG2 and DP; adherens junction proteins 

e.g. E cadherin and β catenin; tight junction protein, ZO1; intermediate filament proteins 
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such as K8 and K18. On the other hand expression of mesenchymal proteins such as 

adherens junction cadherin, N cadherin and intermediate filament protein, vimentin are 

increased in 14-3-3σ-/- cells as comparison to 14-3-3σ+/+ cells. Thus what we observed 

in 14-3-3σ-/- cells is a distinct switch in expression from epithelial cadherin to 

mesenchymal cadherin and switch from epithelial intermediate filament protein 

expression to mesenchymal intermediate protein, vimentin. This is classical example for 

EMT [348]. Functional assays carried out in this study showed that 14-3-3σ-/- cells 

acquired migratory and invasive characteristics. 14-3-3σ-/- cells also showed decreased 

cell-cell adhesion and cell to ECM adhesion in comparison to 14-3-3σ+/+ cells. A lot of 

matrix degrading enzymes are found to be upregulated during EMT (reviewed in 

[353]).We have also observed increase in the expression of MMP3 on loss of 14-3-3σ. 

We have further confirmed that these EMT like phenotypic changes and alterations in 

expression of epithelial or mesenchymal markers seen in14-3-3σ-/- cells are specific to 

loss of 14-3-3σ. We observed reversal of these EMT like profile on ectopic expression of 

14-3-3σ in 14-3-3σ-/- cells.  

Change in expression of such large number of proteins during EMT is brought about by 

multiple EMT specific transcription factors such as Sail, Slug, ZEB and Twist. These 

transcription factors function in concert and exhibit mutually exclusive as well as 

redundant roles in regulating EMT [347-350]. We observed that 14-3-3σ-/- cells showed 

increased expression of Slug and ZEB1. Slug and ZEB1 both are known to bind to E 

boxes in the promoter of E cadherin and repress its expression [361, 364]. These two 

EMT specific transcription factors are also known to regulate expression of tight junction 

proteins and intermediate filament proteins [397, 398]. A positive correlation has also 

been observed between expression of Slug, ZEB1 and mesenchymal marker, N cadherin 
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[399]. Also literature suggests that Slug can promote ZEB1 expression indicating a 

positive feedback in regulation of these EMT specific transcription factors [400]. Our 

observations also confirmed existence of such positive feedback mechanism for 

regulation of ZEB1 by Slug. We have observed that knockdown of Slug could decrease 

expression of ZEB1 proteins levels. Our results also suggest that Slug is indeed 

implicated in regulating EMT program observed on loss of 14-3-3σ. We showed that 

knockdown of Slug in 14-3-3σ-/- cells lead to decreases in expression of mesenchymal 

markers and increase in expression of epithelial markers. Thus down-regulation of Slug in 

14-3-3σ-/- cells could rescue epithelial characteristic in 14-3-3σ-/- cells. In addition we 

have also observed that ectopic expression of 14-3-3σ in 14-3-3σ-/- cells resulted in 

decreases in the protein levels of Slug suggesting that increase in Slug expression is a 

specific effect of loss of 14-3-3σ. However, we did not observed any change in 

expression of Sail or Twist in 14-3-3σ+/+ and 14-3-3σ-/- cells. Therefore, we conclude 

that Slug is the master regulator of initiation of EMT program on loss of 14-3-3σ as 

observed in HCT116 cells. 

There are multiple signalling and cellular mechanisms, which can regulate expression and 

function of Slug. TGFβ has been shown to induce expression of Sail, SANI2, ZEB and 

Twist family of EMT specific transcription factors [348, 370]. Slug plays an important 

role during the initial phase of growth factor induced EMT where it promotes desmosome 

dissociation, cell spreading and initiation of cell separation [371]. AP1 transcription 

factor c-Jun is reported to activate Slug expression [372]. There are other mechanisms 

and pathways, which can positively regulate expression of Slug such as MAPK signalling 

and transcription factors such as Myb and c-Jun [401-403].  We have tested a number of 

upstream regulators of Slug, which are different kinases downstream of MAPK pathway 
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such as ERK, p38 MAPK, AKT and MEK. We did not observe any change in expression 

or activation status of those upstream regulators. 

We observed that in 14-3-3σ-/- cells Slug transcription was positively regulated by AP1 

transcription factor c-Jun. We demonstrated that proteasomal degradation of c-Jun was 

inhibited in 14-3-3σ-/- cells. This resulted in accumulation of c-Jun in the nucleus of 14-

3-3σ-/- cells, which in turn increased the Slug transcription. However, in 14-3-3σ+/+ 

cells c-Jun was targeted to proteasomal degradation leading to an inhibition of Slug 

expression in 14-3-3σ+/+ cells. c-Jun protein levels could be stabilized in 14-3-3σ+/+ 

cells on treatment with proteasomal inhibitor MG132 and after stabilizing c-Jun protein in 

14-3-3σ+/+ cells, 14-3-3σ was seen to form complex with c-Jun in co-IP experiments. 

Our data suggest that the possible mechanism by which 14-3-3σ could regulate 

proteasomal degradation of c-Jun is by interacting with c-Jun and targeting it to the 

proteasomal machinery in the cytoplasm (Fig. 5.1). A similar function for 14-3-3σ was 

previously reported where 14-3-3σ was shown to mediate nuclear export of ∆Np63α and 

thereby targeting ∆Np63α to proteasomal degradation in the cytoplasm [404]. Our 

immunofluorescence and cytoplasmic fractionation experiments with LMB treated cells 

also indicated that 14-3-3σ is required for nuclear export of c-Jun. Results published by 

various other groups also suggest that 14-3-3σ localises to nucleus and may function as 

nuclear export factor for its ligands such as transcription factor FKHRL1, COP1 and 

∆Np63α [404-406]. However, in it has also been shown that 14-3-3σ can inhibit nuclear 

export of its ligand e.g. 14-3-3σ is can interact with p53 and inhibit its nuclear export and 

mdm2 mediated targeting to proteasomal degradation [407]. A nuclear export signal 

(NES) has been identified in leucine rich region in the C-terminal α helix of 14-3-3σ 

[405].  14-3-3σ can also sequester its ligands such as Cdc25C and BAD in the cytoplasm 
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and thus regulate cellular events [408]. We observed that 14-3-3σ binding deficient 

mutant of c-Jun was not degraded in in vitro as well as in in vivo ubiquitination assay 

whereas, the wild type c-Jun as well as another serine to alanine mutant which was able to 

interact with c-Jun was degraded by proteasomal machinery. In addition nuclear 

cytoplasmic fractionation and immunofluorescence experiments with LMB also showed 

that 14-3-3σ binding deficient mutant of c-Jun failed to undergo nuclear export. It would 

be important to mention here that though a nuclear localization signal has been identified 

near the leucine zipper region of c-Jun but no NES has been reported in c-Jun protein 

[409]. Thus interaction of c-Jun and 14-3-3σ was necessary for targeting c-Jun to 

proteasomal degradation.  

We observed in HCT116 cells 14-3-3σ mediated proteasomal degradation of c-Jun 

through FBW7. However, literature suggests presence of other E3 ligases such as COP1 

and ITCH, which could also mediate degradation of c-Jun in epithelial cells [373-375]. 

An interesting observation that came from results published by another group suggests 

that loss of FBW7 also lead to EMT like profile in hepatocellular carcinoma cells [376]. 

This further supported our findings and showed that FBW7 could be implicated in the 

initiation of EMT program on loss of 14-3-3σ.  

The in vivo tumor formation study suggests that 14-3-3σ-/- cells were inefficient in 

comparison to 14-3-3σ+/+ cells to form primary tumor as well as distant lung metastasis. 

It needs to be emphasized that in vitro results suggested that loss of 14-3-3σ resulted in 

phenotypic changes associated with EMT and neoplastic progression. These contradictory 

results may mean that 14-3-3σ loss might be required at an early step during cancer 

progression. Indeed it has been observed that an increase in hypermethylation at 14-3-3σ 
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gene is associated with transition from atypical hyperplasia to invasive breast carcinoma 

[308]. 

 

Figure 5.1. 14-3-3σ loss leads to epithelial to mesenchymal transition by stabilizing c-

Jun protein levels. Blue circle denotes a cell and red circle denotes the nuclear 

compartment inside the cell. In absence on 14-3-3σ, c-Jun is not exported out from the 

nuclear compartment and promotes transcription of Slug gene. In 14-3-3σ+/+ cells c-
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Jun is exported out from the nucleus and targeted to proteasomal machinery in the 

cytoplasm in FBW7 dependent manner (see text for more details). 

Multiple reports in the literature support this hypothesis as in most of cancers expression 

of 14-3-3σ is down regulated by epigenetic modulation. SAGE analysis revealed that 

mRNA levels of 14-3-3σ were undetectable in more than 90% of primary breast 

carcinomas that were tested. High frequency of hypermethylation at the promoter region 

and CpG islands at the 14-3-3σ gene locus was identified as the prevalent mechanism of 

down-regulation of 14-3-3σ in breast cancer [307, 308]. Such epigenetic modulation is a 

reversible program. Metastasis is not only determined by the ability of the cells to 

undergo EMT. There is sufficient literature, which suggests that a reversal of EMT i.e. 

MET is required at the distant metastatic sites for successful colonisation by the cancer 

cells (reviewed in [353, 410, 411]).  Expression of 14-3-3σ could be important for such 

reversal of EMT. Reports published by other groups and results from our work suggest 

that loss of 14-3-3σ leads to compromised cell proliferation, radio sensitivity and 

decrease in growth potential This could be because of increased susceptibility of 14-3-3σ 

-/- cells to DNA damage and deregulation of cell cycle checkpoint function which 

ultimately results to apoptosis [412]. Therefore, loss of 14-3-3σ would inhibit the MET 

process [411]. This means that in cases where both alleles of 14-3-3σ is deleted e.g. in 

HCT116 14-3-3σ-/- cells; cells undergo EMT but cannot reprogram this process and fail 

to initiate MET which is required for metastasis and tumor progression. However, more 

studies would be required to address this hypothesis. One of the approaches could be to 

analyse alterations in proteins that are known to contribute to tumor progression among 

14-3-3σ+/+ and 14-3-3σ-/- cells by proteomic and transcriptomic analysis.  
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5.2. 14-3-3σ loss leads to altered actin dynamics and focal adhesion turnover to 

regulate cell migration. 

One of the mechanisms that play an important role in regulating cell migration is the focal 

adhesion turnover and associated actin dynamics [215, 413-415].  Our results suggested 

that 14-3-3-/- cells were more migratory and showed decreased cell to ECM adhesion in 

comparison to 14-3-3σ+/+ cells. A detailed analysis for focal adhesion and actin 

dynamics related proteins revealed that FAK phosphorylation at tyrosine 297 (Y297) was 

increased in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells. Phosphorylation of 

Tyrosine 397 (Y397) results in activation of FAK and this phosphorylation event is 

induced upon integrin engagement [231]. Further clustering of FAK at focal adhesion 

enhances Y397 phosphorylation generating a binding site for Src. Src phosphorylates 

FAK at Y576 and Y577 in the kinase domain leading to the activation of FAK kinase 

activity [232]. Additional phosphorylation of FAK at Y861 and Y925 by Src creates 

docking sites for SH2 domain containing proteins such as Grb2, which leads to activation 

of Ras and MAPK pathway [233, 234]. However, we have not observed any change in 

activation of MAPK pathway in 14-3-3σ+/+ and 14-3-3σ-/- cells. FAK phosphorylation 

at Y397 is also known to induce focal adhesion turnover. The exact mechanism of this 

process has not been delineated. However, some events that occur during focal adhesion 

disassembly involve extension of microtubules to the focal adhesion followed by 

internalization of integrin by endosomes. This coincides with the recruitment of Grb2 

followed by dynamin (reviewed in [215, 218]).  Dynamin, which is a microtubule binding 

protein mediate transport of endocytic vesicles containing internalized integrin from the 

disassembled focal adhesion (reviewed in [215]).We have measured focal adhesion 

turnover using focal mature focal adhesion marker zyxin and observed that zyxin turnover 

was higher in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells. Earlier results from our 
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laboratory showed higher turnover of nascent focal adhesion marker paxillin in 14-3-

3σ+/+ cells on comparison to 14-3-3σ-/- cells [387]. This is a first report where we have 

shown that during cell migration turnover of nascent and mature focal adhesion markers 

are differentially regulated. Turnover of proteins associated with nascent focal adhesions 

are slowed in rapidly migrating cells as nascent focal adhesions undergo maturation and 

doesn’t go through premature turnover. However, cell, which are relatively sessile, do not 

show fast kinetics for focal adhesion maturation cycle. Thus nascent focal adhesions do 

not undergo maturation and go through premature turnover in relatively less migratory 

cells (Fig. 5.2). Rapidly migrating cells need continuous formation and disassembly of 

mature focal adhesions at the leading edge of the cell resulting in faster turnover of 

mature focal adhesions (Fig 5.2). We observed a faster turnover of mature focal adhesion 

protein, zyxin in 14-3-3σ-/- cells in comparison to 14-3-3σ+/+ cells. Increased 

phosphorylation of FAK at Y397 also leads to decrease in focal adhesion strength. 14-3-

3σ -/- cells, which had phosphorylation of FAK at Y397 showed, compromised focal 

adhesion strength in comparison to 14-3-3σ+/+ cells [387].  

We speculate that the possible mechanism through which 14-3-3σ could regulate 

phosphorylation of FAK at Y397 is by direct interaction of 14-3-3σ and FAK. We have 

observed that 14-3-3σ interacts with FAK and other focal adhesion proteins such as 

paxillin and α-actinin. These results suggest that 14-3-3σ could either localize to focal 

adhesion or form complex with multiple focal adhesion proteins in the cytoplasm. 

However, these possibilities need to be further tested by appropriate experiments.  
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Figure 5.2. Turnover of nascent and mature focal adhesions are differentially 

regulated during rapid cell migration (reproduced from [387]). Solid green circles 

labelled as “P” denotes paxillin containing nascent focal adhesions. Faded green circles 

labelled as “P” denotes paxillin containing nascent focal adhesions that are going 

through disassembly. Solid pink oval structures labelled as “ZP” denotes mature focal 

adhesions containing both zyxin and paxillin. Faded pink oval structures labelled as 

“ZP” denotes mature focal adhesions containing both zyxin and paxillin that are going 

through disassembly. Red arcs denote dorsal actin stress fibres. Black arc indicates the 

migrating front of the cell. 

Previous results from our laboratory (unpublished data) showed significant differences in 

the actin cytoskeleton and activation of actin dynamics regulating proteins in 14-3-3σ+/+ 

and 14-3-3σ-/- cells. 14-3-3σ-/- cells showed more filopodia formation and decrease in 
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the activation of RhoA [388]. RhoGTPases such as RhoA/B/C, Rac1/2/3 and Cdc42 

regulate the activity of a number of actin related proteins, kinases and phophastases that 

are involved in actin filament nucleation, actin filament severing function and actin 

bundling.  

 

Figure 5.3. 14-3-3σ regulates focal adhesion turnover and actin dynamics. See text for 

details. 
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The activity these actin regulatory protein such as WASP, VASP, Arp2/3, Cofilin, 

Profilin, Myosin II, ROCK, LIMK are PAK (p21 activated kinase) are regulated by a 

number of activating and inhibitory phosphorylation events (reviewed in [254, 256, 257]). 

RhoA leads to altered actin dynamics in 14-3-3σ-/- cells by relieving the inhibitory 

phosphorylation at serine 9 (S9) position of cofilin (Fig. 5.3) [388]. Results published by 

other groups showed that FAK can suppress RhoA activity [416]. But the exact 

mechanism by which FAK regulates RhoA activity is not known. Cofilin is an actin 

severing protein and promotes faster actin turnover during cell migration [273, 274].  

In presence of 14-3-3σ, activation of FAK is inhibited. In absence of activated FAK, 

RhoA becomes active and phosphorylates cofilin at S9 through ROCK and LIMK. This 

inhibitory phosphorylation of cofilin at S9 leads to loss of actin severing function of 

cofilin, which results in compromised actin turnover (Fig. 5.3). However, in 14-3-3σ-/- 

cells, FAK is active which inhibits activation of RhoA. In absence of activated RhoA 

cofilin becomes active and this could lead to faster actin turnover and promote cell 

migration (Fig. 5.3). 

5.3. Role of 14-3-3γ in regulating transport of PKP3 and DP during desmosome 

assembly 

Previous results from our laboratory showed that 14-3-3γ could form complex with 

multiple desmosomal proteins such as PG, PKP3 and DP [326]. We have showed in this 

study that both PKP3 and DP can interact with kinesin 1 family of motor proteins. It was 

observed that the N-terminal domain of PKP3 is responsible and sufficient to interact 

with both 14-3-3γ and KIF5B. Also we have seen that PKP3 forms a complex with KLC1 

in in vitro GST pull-down assays. This suggest that transport of PKP3 to the cell border 

could be regulated by kinesin 1 family of motor proteins and 14-3-3γ could play a role of 
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adaptor proteins between PKP3 and motor proteins. Results published from our 

laboratory have already suggested similar role for 14-3-3γ during transport of PG to the 

cell border during desmosome assembly [326]. Interestingly, we observed that 

knockdown of PKP3 compromised the interaction of 14-3-3γ and other desmosomal 

proteins such as PG and DP. This suggest that role of PKP3 and PG during desmosome 

assembly could be differentially regulated by 14-3-3γ. 

The process of desmosome assembly and disassembly is not completely understood, 

especially the process of desmosome disassembly. The results presented in this report 

demonstrate that the transport of PG and PKP3 from the cell border to the cytoplasm 

upon desmosome disassembly is differentially regulated, with an intact MT network 

being an absolute requirement for the retrograde transport of PKP3. These results suggest 

that the different ARM proteins are transported to the cytoplasm by different pathways 

upon desmosome disassembly. 

It is also interesting to note that border retention of PKP3 on treatment with NOC at 3hr 

post calcium chelation was not sufficient to retain DP and DSC2/3 at the cell border. 

While PKP3 plays a crucial role in recruiting DP, PKP2, DSG2 and DSC2/3 proteins to 

the cell border [10,11,15,20], the results reported here suggest that PKP3 might not play a 

similar role during desmosome disassembly. It is possible that loss of PKP3 from the cell 

border is not required for desmosome disassembly and that the PKP3 present at the cell 

border under conditions of calcium chelation might have desmosome independent 

functions or serve as a marker for the formation of new desmosomes upon the restoration 

of calcium to the medium. Further, Kowalczyk et.al. have shown that PV IgG antibodies 

against DSG3 that are produced during the autoimmune disease PV cause dissolution of 

desmosomes, retraction of keratin filaments and internalization of DSG3 in a complex 
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with PG and DP in a membrane raft dependent manner [23,24,25]. It is possible that upon 

addition of EGTA, PKP3 is localized to a portion of the membrane not associated with 

membrane rafts; thereby preventing it’s internalization along with the other desmosomal 

proteins.  

Both PG and PKP3 required an intact MT network to be transported to the cell border and 

transport of PG to the cell border is dependent on KIF5B and KLC1 [9]. However, unlike 

PKP3, transport of PG from the cell border to the cytoplasm upon calcium chelation did 

not require an intact MT network. These results indicate that some other yet unidentified 

transport process is responsible for retrograde transport of PG and other desmosomal 

proteins such as DP and DSC2/3 that is independent of an intact MT network. Other 

reports suggest that both MT and actin filaments are required for the transport of DSC2 to 

the cell border [15,17]. Therefore, an actin-based mechanism might regulate the 

retrograde transport of PG, DP and DSC2/3 in HCT116 cells. We have also observed that 

DP doesn’t interact with KLC1 motor proteins, which has been identified as a common 

binding partner for PKP3 and PG. This indicates that transport of DP is differently 

regulated than armadillo proteins. Reports published by other laboratories supports this 

assumption. It has been shown that DP transport of regulated by actin filaments whereas; 

desmosomal cadherins utilize microtubule based kinesin motor proteins for their transport 

to the cell membrane [342, 417].  

5.4. Conclusion and Future directions. 

We have shown identified a novel mechanism through which 14-3-3σ could regulate and 

maintain epithelial characteristics. We show that loss of 14-3-3σ leads to EMT through c-

Jun-Slug axis. We have also identified FBW7 as the E3 ligase involved in proteasome 

mediated degradation of c-Jun. In further studies role of other E3 ligases such as ITCH 

Kumarkrishna Raychaudhuri       179 | Page 



 
 

 
Role of 14-3-3σ and 14-3-3γ in regulating cell-cell adhesion 

and COP1 in 14-3-3σ mediated degradation of c-Jun could be investigated. However, we 

have observed that an EMT doesn’t lead to increased tumor formation in vivo on loss of 

14-3-3σ and in fact compromised the potential for tumor formation of 14-3-3σ+/+ cells. 

This suggests that loss of 14-3-3σ could be an early event during cancer progression and 

14-3-3σ is required at a later stage, perhaps during MET. This hypothesis remains to be 

tested by further studies. We have also shown that 14-3-3σ could directly regulate cell 

migration and actin cytoskeleton dynamics by regulating activation of FAK. We have 

identified a downstream signaling cascade downstream of FAK, which involves RhoA, 

ROCK, LIMK and cofilin through which 14-3-3σ regulate actin dynamics. However, we 

do not have a clear mechanism to explain how 14-3-3σ regulates phosphorylation of FAK 

at Y397. We hypothesize that 14-3-3σ binding to FAK leads to steric hindrances which 

inhibits autophosphorylation of FAK at Y397. It would be interesting to test this 

hypothesis by further biochemical experiments.  

We have also identified PKP3 as a novel interacting partner for KIF5B. Our studies show 

that both 14-3-3γ and KIF5B interact at the N-terminal domain of PKP3. Loss of PKP3 

leads to compromised interaction of 14-3-3γ and other desmosomal proteins. We have 

determined that an intact MT network is required for the retrograde transport of PKP3 

during desmosome disassembly and suggest that PKP3 and PG might have different roles 

to play during desmosome disassembly. However, additional studies are required to 

address the significance of the MT network in regulating desmosome disassembly and in 

regulation of PKP3 transport. 
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ABSTRACT: 
During cell migration, wound healing and tissue remodeling the desmosome 
goes through cycles of assembly and disassembly. Desmosome assembly 
requires the localization of two armadillo (ARM) repeat containing proteins, 
plakophilin3 (PKP3) and plakoglobin (PG), at the cell border.  The goal of Aims:
this study was to determine the regulation of transport of PKP3 and PG during 
desmosome assembly and disassembly. We particularly investigated the 
contribution of microtubules (MT) in the transport of these proteins to and from 
the cell border during desmosome assembly and disassembly. Methods: 
Nocodazole was used to disrupt microtubules in HCT116 cells and anterograde 
and retrograde transport of desmosomal proteins were investigated by calcium 
switch and calcium chelation experiments respectively followed by confocal 
microscopy. Results: The results in this paper demonstrate that microtubule  
dependent anterograde transport is required for the localization of PKP3 and PG 
to the cell border. However, during desmosome disassembly, retrograde 
transport of PKP3 but not PG, was dependent on an intact microtubule network. 
PKP3 is retained at the cell border, unlike other desmosomal proteins, when 
microtubule organization was disrupted. Conclusion: These results suggest that  
PKP3 transport from the cell border to the cytoplasm occurs via a mechanism 
that is distinct from other desmosomal proteins and might reflect functions of 
PKP3 that are independent of its role in desmosome formation and maintenance.  

 
 

Key words: 
 Desmosome;  
Plakophilin3;  
Plakoglobin; 

 Microtubule;  
Anterograde transport;  

Retrograde transport. 

 
1.  INTRODUCTION 
 
Desmosomes are calcium dependent cell-cell 
junctions that anchor intermediate filaments 
(IF) to the cell membrane resulting in the 
formation of a tissue wide IF network and 
provide mechanical strength and rigidity to 
tissues [1,2,3].  Desmosomes are composed of 
the plasma membrane spanning cadherins 
(desmogleins [DSGs] and desmocollins 
[DSCs]), the ARM family proteins 
(plakoglobin [PG] and plakophilins [PKPs]) 
and a Plakin family member such as 
desmoplakin (DP), which connects the 
desmosome to the IF network [2,4]. 
Desmosomes are very dynamic structures [5], 
especially when cells migrate in a specific 
direction during wound healing [6,7]. The rate 
of cell migration is determined by the 
assembly and disassembly of desmosomes. 
Deregulation of the desmosome assembly-
disassembly cycle can lead to abnormal 

development, tumor progression or to diseases 
such as Pemphigus Vulgaris (PV) 
[8,9,10,11,12,13,14].  
 
During desmosome assembly, the desmosomal 
proteins are transported from the cytoplasm to 
the cell border and during desmosome 
disassembly; the desmosomal proteins are 
transported from the cell border to the 
cytoplasm. Multiple reports have 
demonstrated that both actin filaments and 
microtubules are required for the transport of 
desmosomal proteins during desmosome 
assembly e.g. transport of DP is dependent on 
an actin filament network, whereas an intact 
microtubule network is required for the 
transport of desmosomal cadherins and PG to 
the cell border. [9,15,16,17,18]. However, the 
mechanisms underlying the retrograde 
transport of desmosomal proteins i.e. from the 
cell border to the cytoplasm remain unclear 
[11,15,16,17,19].  



                                                                                                                  ISSN: 0976-0172 
Dalal,.S.N  J Biosci Tech,Vol 6(1),2015,634-642                                          Journal of Bioscience And Technology 
                                                                                                                                       www.jbstonline.com 

635 
 

The regulation of transport of PKP3 and PG to 
and from the cell border is important as our 
previous results suggest that depletion of 
either PG or PKP3 led to defects in 
desmosome assembly as the other 
desmosomal proteins fail to localize to the  
cell border [11,12,20]. PG transport to the 
desmosome is microtubule dependent and is 
mediated by 14-3-3γ and the KIF5B motor 
protein and is required for desmosome 
formation [9]. Therefore, we wished to 
determine whether the transport of PG and 
PKP3 are regulated by the same mechanisms 
during desmosome assembly and disassembly. 
To our surprise we observed that while both 
proteins required an intact microtubule 
network for transport to the cell border, only 
PKP3 required an intact microtubule network 
for transport from the cell border to the 
cytoplasm during desmosome disassembly. 
 
2.  MATERIALS AND METHODS 
2.1 Tissue culture. 
 
The HCT116 (ATCC) cell line was cultured in 
Dulbecco’s modified Eagles medium 
(DMEM) (GIBCO) supplemented with 10% 
Fetal bovine Serum (JRH), 100 U of penicillin 
(Nicholas Piramal), 100 µg/ml of 
streptomycin (Nicholas Piramal) and 2 µg/ml 
of amphotericin B (HiMedia). 
 
2.2 Immunofluorescence. 
 
HCT116 cells were fixed in absolute methanol 
for 10 minutes at -20°C to detect α-tubulin, 
PKP3 and DP or in 4% paraformaldehyde for 
20 minutes at room temperature to detect 
DSC2/3. After fixation, cells were 
permeabilized with Triton X-100 as described 
previously [11]. PKP3, DP DSC2/3 and α-
tubulin antibodies were used for 
immunofluorescence analysis as described 
previously [9,10,11,12]. DAPI was used to 
stain the nucleus as previously described [9]. 
Confocal images were obtained by using a 

LSM 510 Meta Carl Zeiss confocal system 
with argon 488-nm laser. All images were 
obtained by using LSM meta software at a 
magnification of X630 (X63 objective and 
X10 eyepiece) with 1X, 2X or 4X optical 
zoom. The fluorescence intensity of staining at 
the cell border was measured for the different 
proteins in a minimum of 30 cells using the 
Image J software (NIH). Mean and standard 
deviation were plotted and p values 
determined using a student’s t test. 
 
3. RESULTS  
3.1. Anterograde transport of PKP3 and 
PG is microtubule dependent. 
 
Our previous results suggest that PG transport 
to the cell border requires an intact 
microtubule network and that PKP3 and PG 
are required for desmosome assembly [9,11]. 
To address whether microtubules (MT) are 
required for the initiation of desmosome 
formation and transport of PKP3 to the cell 
border in HCT116 cells, nocodazole (NOC) 
was used to disrupt the microtubule network. 
Incubation of HCT116 cells with 10µM NOC 
for 3 hours completely disrupted the MT 
network (Fig 1A). To determine the role of 
MT in anterograde transport of PKP3 during 
desmosome assembly, a calcium switch 
experiment was performed in cells treated 
with NOC (to disrupt MT) or DMSO (vehicle 
control) as described in Fig 1B. An 
immunofluorescence analysis showed that cell 
border localization of both PKP3 and PG was 
compromised upon disruption of MT post 
addition of calcium in comparison to DMSO 
treated cells (Fig 1C & E). Quantitation of the 
fluorescence intensity at the cell border after 
30 minutes of calcium addition showed that 
recovery of both PKP3 and PG border staining 
intensity was significantly compromised in 
NOC treated cells compared to DMSO treated 
cells (Fig 1D & F). However, no appreciable 
difference in cell border localization was 
observed at 0 minute post calcium switch in 
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cell border intensity of either PKP3 or PG 
between NOC and DMSO treated cells (Fig 
1C-F). Line scans drawn across the cell 
showed that at 0 minute post calcium switch 
both PKP3 and PG did not localize at the cell 
border and remained cytoplasmic and at 30 
minutes post calcium switch localized to the 
cell border in DMSO treated cells but not in 
NOC treated cells (Fig 2). These results 
confirmed that the cell border recruitment of 
PKP3 and PG are dependent on an intact MT 
network and both these proteins followed a 
similar pattern of anterograde transport. 
 
3.2. The retrograde transport of PKP3 and 
PG are differentially regulated. 
 
Since desmosomes are dynamic and undergo 
continual assembly and disassembly during 
cell migration [6], we wished to determine the 
mechanism of transport of PKP3 and PG from 
the cell border to the cytoplasm during 
desmosome disassembly.  To investigate the 
role of MT in the regulation of PKP3 transport 
during desmosome disassembly, EGTA was 
added to the medium to chelate calcium as 
described [21,22], either in the presence or 
absence of NOC (Fig 3A). Three hours post 
addition of EGTA, PKP3 was localized at the 
cell border in NOC treated cells. In contrast, 
PKP3 levels decreased at the cell border in 
cells treated with DMSO upon chelation of 
calcium (Fig 3B). No difference was observed 
in the localization of PKP3 in NOC and 
DMSO treated cells prior to addition of EGTA 
(Fig 3B). Quantitation of fluorescence 
intensities at the cell border established that 
these differences were statistically significant 
(Fig 3C). Consistent with these observations, 
line scans drawn across the cell showed a peak 
of fluorescence intensity for PKP3 staining at 
the cell border on NOC treatment, which was 
not observed in DMSO treated cells (Fig 4). 
These results suggest that retrograde transport 
of PKP3 from the cell border to the cytoplasm 
is dependent on MT. In contrast, it was 

observed that NOC treatment had no effect on 
retrograde transport of PG upon addition of 
EGTA. PG localized to the cytoplasm in both 
NOC and DMSO treated cells 3hr post 
addition of EGTA (Fig 3D-E) Line scans 
drawn across the cell showed extensive 
cytoplasmic accumulation of PG at 3hr post 
EGTA addition in both NOC and DMSO 
treated cells (Fig 4). These results suggest that 
an intact MT network is not required for the 
retrograde transport of PG and different 
mechanisms regulate the retrograde transport 
of PKP3 and PG during desmosome 
disassembly. 
 
3.3. Inhibition of retrograde transport of 
PKP3 does not inhibit desmosome 
disassembly. 
 
We have previously shown that PKP3 is 
required for transport of desmosomal proteins 
such as DSC2/3, DSG2, PKP2 and DP to the 
cell border and is required for initiation of 
desmosome assembly in HCT116 and HaCaT 
cells [11]. Similarly, other groups have 
demonstrated that loss of PKP3 leads to 
diffused cytoplasmic localization of DP in 
HaCaT and SCC9 cells [20]. To determine 
whether retention of PKP3 at the cell border 
resulted in the retention of other desmosomal 
proteins at the cell border, the localization of 
DP and DSC2/3 in cells treated with NOC 
during desmosome disassembly was 
determined as described above. Though PKP3 
is retained at the cell border 3hr post calcium 
chelation, both DP and DSC2/3 were not 
retained at the cell border (Fig 3F&H). At 3hr 
post chelation, the levels of DP and DSC2/3 
were diminished at the cell border in both 
NOC and DMSO treated cells, a phenotype 
similar to that observed for PG (Fig 3G&I). 
These results suggest that PKP3 retention at 
the cell border upon calcium chelation is not 
sufficient for the retention of other 
desmosomal proteins at the cell border. 
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disassembly and that the PKP3 present at the 
cell border under conditions of calcium 
chelation might have desmosome independent 
functions or serve as a marker for the 
formation of new desmosomes upon the 
restoration of calcium to the medium. Further, 
Kowalczyk et.al. have shown that PV IgG 
antibodies against DSG3 that are produced 
during the autoimmune disease PV cause 
dissolution of desmosomes, retraction of 
keratin filaments and internalization of DSG3 
in a complex with PG and DP in a membrane 
raft dependent manner [23,24,25]. It is 
possible that upon addition of EGTA, PKP3 is 
localized to a portion of the membrane not 
associated with membrane rafts; thereby 
preventing it’s internalization along with the 
other desmosomal proteins.  
 
Both PG and PKP3 required an intact MT 
network to be transported to the cell border 
and transport of PG to the cell border is 
dependent on KIF5B and KLC1 [9]. However, 
unlike PKP3, transport of PG from the cell 
border to the cytoplasm upon calcium 
chelation did not require an intact MT 
network. These results indicate that some 
other yet unidentified transport process is 
responsible for retrograde transport of PG and 
other desmosomal proteins such as DP and 
DSC2/3 that is independent of an intact MT 
network. Other reports suggest that both MT 
and actin filaments are required for the 
transport of DSC2 to the cell border [15,17]. 
Therefore, an actin based mechanism might 
regulate the retrograde transport of PG, DP 
and DSC2/3 in HCT116 cells.  
 
5. CONCLUSION  
 
In conclusion, our studies have determined 
that an intact MT network is required for the 
retrograde transport of PKP3 during 
desmosome disassembly and suggest that 
PKP3 and PG might have different roles to 
play during desmosome disassembly. 
However, additional studies are required to 

address the significance of the MT network in 
regulating desmosome disassembly and in 
regulation of PKP3 transport. 
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 induce the epithelial mesenchymal transition. 
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Abstract: 
Aims:We investigated whether the increased neoplastic progression promoted by 
PKP3 loss is accompanied by induction of EMT. Methods:Quantitative real time 
PCR, Cell-ECM adhesion assay and Immunohistochemistry.Results:There was no 
significant difference in the levels of EMT regulating transcription factors and 
cell-ECM adhesion between vector control and PKP3 knockdown HCT116 
derived cells or EMT markers in primary tumour and lung metastasis samples. 
Conclusion: PKP3 knockdown does not lead to induction of EMT both in vitro and 
in vivo. 

 

Keywords: 
Desmosomes, Epithelial 

Mesenchymal Transition, 
 Plakophilin 3, 

 Snail,  
Vimentin. 

1. INTRODUCTION: 
 
The Epithelial Mesenchymal Transition 
(EMT) is a developmental process by which 
epithelial cells get reprogrammed to a 
mesenchymal phenotype during gastrulation 
and neural crest formation. EMT leads to the 
dissolution of cell-cell adhesion junctions like 
desmosomes and an increase in cell migration 
and invasion, which leads to the acquisition of 
metastatic properties in primary tumour cells 
The loss of desmosomal cell-cell adhesion is 
considered to be a hallmark for EMT 
(reviewed in [13]). Desmosomes are cell-cell 
adhesion junctions that are found in all 
epithelial tissues and cardiac muscle. The 
primary role of desmosomal junctions is to 
maintain tissue integrity and structure by 
providing mechanical strength.  
 
The adhesion is mediated by calcium 
dependent homophillic and heterophillic 
interactions between transmembrane 
desmosomal cadherins, namely desmocollins 
and desmogliens. On the intracellular side, the 
desmosomal cadherins interact with armadillo 
family proteins like plakophilins and 
plakoglobin, which in turn interact with the 
plakin family protein desmoplakin. 
Desmoplakin anchors intermediate filaments 
of the cell that leads to an appearance of an 
electron dense region when imaged with an 

electron microscope ([4] and reviewed in 
[57]). 
  
Desmosome composition varies depending on 
tissue type with different tissues expressing 
different desmosomal cadherins and different 
plakophilin family members (reviewed in 
[57]). However, in contrast to other 
plakophilin family members, plakophilin 3 
(PKP3) is ubiquitously expressed in all 
epithelial tissues with the exception of 
hepatocytes [8; 9]. PKP3 has been shown to 
interact with almost all other desmosomal 
proteins like desmoglein 1, desmoglein 2, 
desmoglein 3, desmocollin 3a, desmocollin 
3b, plakoglobin, desmoplakin, and keratin 18 
[10]. Our laboratory has previously 
demonstrated that PKP3 is essential for 
desmosome assembly and loss of PKP3 is 
accompanied by a decrease in desmosome size 
and cell-cell adhesion, and an increase in cell 
migration, anchorage independent growth and, 
tumour formation and lung metastasis in 
immunocompromised mice [11; 12]. As 
metastasis is often accompanied by the 
induction of EMT, the levels of molecular 
markers of EMT (reviewed in [1315]) were 
studied in the PKP3 knockdown cells in 
comparison to the vector control, to determine 
whether the increased metastasis observed on 
PKP3 loss is due to an increase in EMT. 
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2. MATERIALS AND METHODS: 
2.2. Cell lines 
 
The HCT-116 based PKP3 knockdown clones 
used in this study were previously described 
[11]. Cells were cultured in Dulbecco’s 
modified Eagles medium (DMEM) (GIBCO) 
supplemented with 10% Fetal bovine Serum 
(GIBCO), 100 U of penicillin (Nicholas 
Piramal), 100 μg/ml of streptomycin 
(Nicholas Piramal) and 2 μg/ml of 
amphotericin B (HiMedia) as well as 5 μg/ml 
of blasticidin (Invitrogen) for selection. 
 
2.3. Real time PCR 
 
RNA was prepared using RNeasy Plus kit 
(Qiagen). 2μg of RNA was converted to 
cDNA using High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems). 
Quantitative real time PCR was performed 
using SYBR® Green PCR Master Mix 
(Applied Biosystems) using GAPDH as a 
control. Fold change was determined by 
relative quantitation method by determining 2-

ΔΔCt values or quantitation was done by 
determining the 2-ΔCt values. The significance 
was determined using the Student’s t-test. The 
primer sequences used are listed in table 1. 
 
2.4. Cell-extracellular matrix adhesion 
assay 
 
The extracellular matrix (ECM) substrates – 
Matrigel (BD Biosciences), laminin 5 
(Sigma), collagen IV (Sigma) and fibronectin 
(BD Biosciences) were coated at the 
concentration of 10 μg/mL in a 96-well plate 
and incubated overnight at 4°C. After a wash 
with PBS, the ECM substrates were incubated 
with 2% BSA for 2 hours at 37°C. 40,000 
cells in 100 μL of DMEM with 0.1% BSA 
were seeded and incubated at 37°C with 5% 
CO2 for 30-60 minutes. Non adherent cells 
were washed gently twice with PBS and the 
adherent cells were quantitated using MTT 
(Sigma). 

2.5. Immunohistochemistry 
 
The tissue blocks used for 
immunohistochemistry have been described 
earlier [11]. Five micron sections of paraffin-
embedded formalin fixed tissues were 
prepared and immunohistochemistry was 
performed by standard methods [11]. Antigen 
retrieval was performed by microwaving the 
tissue for 10 minutes in 3M sodium citrate 
buffer. Vimentin antibody was used at 1:50 
dilution (Sigma M 0725) and staining was 
performed using M.O.M. staining kit (Vector 
Laboratories) according to manufacturer’s 
instructions. MMP9 antibody was used at 
1:100 dilution (Abcam ab38898) and staining 
was performed using ABC staining kit (Vector 
Laboratories) according to manufacturer’s 
instructions.  Images were captured using a 
10x objective on a Zeiss Axiovert upright 
microscope. 
 
3. RESULTS AND DISCUSSION: 
3.1. PKP3 knockdown does not increase 
expression of mesenchymal transcription 
factors in vitro 
 
Our lab had previously reported that PKP3 
knockdown led to an increase in cell 
migration, decreased cell-cell adhesion, 
increased anchorage independent growth and 
an increase in tumour formation and lung 
metastasis in immunocompromised mice in 
HCT116 cells [11]. These phenotypes are 
characteristic of the changes observed upon 
induction of EMT (reviewed in [13]). The 
established “master” regulators of EMT are 
the transcription factors Snail, Slug, Twist 1 
and Zeb 1. Snail, Slug, Twist 1 and Zeb 1 are 
all known to directly or indirectly repress E-
cadherin expression and induce vimentin 
expression while Slug and Zeb1 are also 
known to promote dissolution of desmosomes 
(reviewed in [1315]). Real time PCR 
demonstrated that Snail was the only EMT 
regulating transcription factor that was 
expressed in both the HCT116 derived vector 
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control and PKP3 knockdown cells shpkp3-1 
and shpkp3-2 (Figure 1A and 1B). However, 
no significant difference was observed in the 
Snail expression between the vector control 
and the PKP3 knockdown cells (Figure 1A). 
The EMT regulating transcription factors 
Slug, Twist 1 and Zeb1 were absent in both 
the vector control and the PKP3 knockdown 
cells, AW13516 [16; 17] cells were used as a 
positive control to validate the primers used 
(Figure 1B). Thus PKP3 knockdown does not 
lead to any change in the expression of EMT 
regulating transcription factors with Snail 
being the only tested EMT regulating 
transcription factor that is expressed with no 
significant difference between the HCT116 
derived vector control and the PKP3 
knockdown cells. 
 
Repression of E-cadherin expression, an 
adherens cell-cell junction cadherin or change 
in E-cadherin localization from cell membrane 
to cytoplasm and induction of vimentin 
expression, a type III intermediate filament 
protein, are classical markers of EMT 
(reviewed in [1315]). Previous results from 
our lab have demonstrated that vimentin is not 
expressed in the vector control or the PKP3 
knockdown cells [16]. We have also observed 
that PKP3 knockdown does not change E-
cadherin localization to the membrane [12]. 
Thus PKP3 knockdown does not lead to 
change in any of the tested molecular markers 
of EMT in vitro. 
 
3.2. PKP3 knockdown does not change cell-
ECM substrate adhesion 
 
Cells interact with their microenvironment 
through integrin based focal adhesions or 
hemidesmosomes. The physical interaction of 
integrin with the proteins in the extracellular 
matrix (ECM) leads to activation of integrin 
based signal transduction cascades through 
activation of integrin associated kinases like 
Src or FAK (reviewed in [13; 18; 19]). The 
activation of these signalling cascades is 

promoted by an increase in focal adhesion 
turnover and reduced focal adhesion strength 
that aides cell migration and decreases cell-
ECM adhesion [18; 19].  An increase in cell 
migration accompanied by a decrease in cell-
ECM adhesion is thus an important functional 
change observed in EMT. As our previous 
results showed that PKP3 knockdown leads to 
an increase in cell migration [11], we hence 
investigated whether PKP3 loss also leads to a 
decrease in cell-ECM adhesion. Cell-ECM 
substrate adhesion assays showed that PKP3 
knockdown does not change the cell adhesion 
to any of the substrates tested like Matrigel, 
fibronectin, laminin 5 and collagen IV (Figure 
1C). This shows that Pkp3 knockdown does 
not show the EMT phenotype of decrease in 
cell-ECM substrate adhesion. 
 
3.3. PKP3 knockdown does not increase 
expression of mesenchymal factors in vivo 
 
Although PKP3 knockdown did not show 
expression of EMT markers in vitro, the 
increased primary tumour growth and lung 
metastasis observed in immunocompromised 
mice lead to the question whether an EMT is 
observed in when these cells grow as tumours 
in immunocompromised mice. 
 
Immunohistochemistry studies with markers 
of mesenchymal cells such as vimentin and 
MMP9, a matrix metalloprotease that is 
known to promote invasion and aide 
metastasis (reviewed in [1315]), showed the 
presence of both mesenchymal markers 
vimentin and MMP9, in the tumour as well as 
the lung metastasis, in both the vector control 
as well as the PKP3 knockdown shpkp3-2 
samples (Figure 1D and 1E). The presence of 
these mesenchymal markers shows that EMT 
does indeed take place in vivo, but it is not 
induced or enhanced by PKP3 knockdown. 
Thus PKP3 knockdown does not induce or 
enhance EMT in vivo. 
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Table: 1 

 
List of primers used for real time PCR. 

 

S. No. Name of primer Sequence 
1 Slug fwd AGACCCCCATGCCATTGAAG 
2 Slug rev GGCCAGCCCAGAAAAAGTTG 
3 Snail fwd TAGCGAGTGGTTCTTCTGCG 
4 Snail rev AGGGCTGCTGGAAGGTAAAC 
5 Twist 1 fwd AGCTGAGCAAGATTCAGACCC 
6 Twist 1 rev GCAGCTTGCCATCTTGGAGT 
7 Zeb 1 fwd AGGATGACCTGCCAACAGAC 
8 Zeb 1 rev CTTCAGGCCCCAGGATTTCTT 

 
 
4. CONCLUSION: 
 
Multiple reports in the literature suggest that 
the induction of EMT is required for tumour 
progression and metastasis (reviewed in 
[13]). Our lab had previously shown that 
PKP3 knockdown promotes neoplastic 
progression and metastasis [11]. Some of the 
effects of PKP3 knockdown like an increase 
in cell migration, decrease in cell-cell 
adhesion as well as increase in tumour 
formation and lung metastasis are 
synonymous with characteristics of EMT 
[11]. However, in the present study, we 
show that PKP3 knockdown does not induce 
or enhance expression of any of the tested 
mesenchymal markers nor does it change 
cell-ECM adhesion. We conclude that PKP3 
knockdown does not promote neoplastic 
progression through the process of EMT. 
 
List of abbreviations used: 
 
EMT = epithelial mesenchymal transition 
PKP3 = plakophilin 3 
ECM = extracellular matrix 
FAK = focal adhesion kinase 
Src = sarcoma 
MMP9 = matrix metalloprotease 9 
PCR = polymerase chain reaction 
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