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Preface 

 
 
The epidermis is the outer layer of the 

skin and it forms a barrier that protects 

the body against influences from the 

external environment. This protective 

function requires the anchorage of the 

epidermis to the underlying basement 

membrane, which is mediated by 

adhesive protein complexes called 

hemidesmosomes (HDs). Two types of 

HDs have been described, based on 

their components: type I and type II. 

Type I HDs contain the integrin α6β4, 

plectin, bullous pemphigoid antigens 

180 (BP180) and 230 (BP230) and the 

tetraspanin CD151 and are found in 

squamous and complex epithelia. Type 

II HDs only contain integrin α6β4 and 

plectin and are found in the more 

simple epithelia. Mutations in any of 

the HD components that affect their 

expression or function, result in defects 

in the epithelial tissue integrity also 

known as epidermis bullosa (EB). 

 

However, there are circumstances in 

which the stable adhesion of the 

epithelial cells (keratinocytes) to the 

basement membrane is not desirable. 

Some cellular processes, like 

migration, proliferation and dif-

ferentiation, require the (partial) 

disassembly of HDs. During wound 

healing, keratinocyte migration and 

proliferation is stimulated by the 

secretion of cytokines and growth 

factors such as epidermal growth 

factor (EGF), hepatocyte growth factor 

(HGF) or macrophage stimulating 

protein (MSP). Previous studies have 

shown that activation of the EGF 

receptor (EGFR) is involved in HD 

disassembly. However, the growth-

factor-induced regulation of HD 

disassembly is often disturbed in 

carcinoma cells, thereby contributing to 

the invasion and metastatic spread of 

these malignant transformations. To 

prevent the invasion of carcinoma cells 

mediated by growth-factor-induced HD 

disassembly, it is important to 

understand this process in normal 

keratinocytes. In this study we have 

investigated the mechanism of growth-

factor-induced HD (dis)assembly. We 

not only addressed the role of 

serine/threonine phosphorylation in the 

regulation of HD disassembly, but also 

identified signal pathways that activate 

the serine/threonine kinases involved 

in this regulation. In chapter 1, an 

overview is given of the knowledge 

obtained by us and others in the 

growth-factor-induced HD 

(dis)assembly in normal keratinocytes 

and in carcinoma cells. 

 

To understand the process of growth-

factor-induced HD disassembly, it is 

important to learn more about the 

protein interactions that are important 

for HD assembly. HD assembly is 

initiated by the interaction between the 

integrin α6β4, that binds to laminin 332 

(Ln-332) in the basement membrane, 



 

 

10 

and plectin, that binds to the keratin 

filament system in the cytoplasm of 

keratinocytes. Previous studies have 

shown that this interaction between the 

integrin β4 subunit and plectin involves 

two sites of interaction. The primary 

site comprises the first and second 

fibronectin repeat III (FnIII) and part of 

the connecting segment of β4 and the 

actin binding domain (ABD) of plectin. 

This primary interaction is stabilized by 

a secondary site of interaction, which 

comprises the C-tail and part of the 

connecting segment of β4 and the 

plakin domain of plectin. In type I HDs, 

the interaction between β4 and plectin 

is further strengthened by the 

recruitment of BP180 and BP230. The 

primary site of interaction is essential 

for HD assembly, as is demonstrated 

by patients with missense mutations, 

R1225W and R1281W, in β4, that 

prevent the interaction between β4 and 

the plectin ABD and result in a non-

lethal form of EB. Previous studies 

have suggested that activation of 

pathways downstream the EGFR or 

protein kinase C (PKC) resulted in the 

phosphorylation of three highly 

conserved serine residues, S1356, 

S1360, and S1364, located in the CS 

of β4. Mimicking the phosphorylation of 

these three serine residues resulted in 

a loss of the interaction between β4 

and the plectin ABD and contributed to 

HD disassembly. However, only S1360 

is part of a consensus sequence for 

PKC and this consensus sequence 

appears not to be evolutionarily 

conserved. In chapter 2 is shown how 

we reinvestigated the signal pathways 

involved in the phosphorylation of 

S1356, S1360 and S1364, and the role 

of these serine residues in the 

disassembly of HDs.            

Despite the fact that the primary 

interaction between β4 and the plectin 

ABD is essential for HD assembly, 

expression of the plectin ABD alone is 

not sufficient for its recruitment by β4 

into HDs. The importance of the 

secondary site of interaction is further 

demonstrated by a nonsense mutation 

(Q1767X) located in the C-tail of β4 

that resulted in a lethal form of EB. 

This suggests an important role of the 

secondary site of interaction involving 

the C-tail of β4 and the plectin plakin 

domain, although little attention has 

been paid to this aspect in the 

literature. Further studies on the role of 

this secondary site of interaction in the 

regulation of HD (dis)assembly are 

reported in chapter 3, as well as the 

signal pathways that activate 

serine/threonine kinases that are 

involved in the regulation of the 

interaction between the C-tail of β4 

and the plectin plakin domain. 

 

Recent research has given us more 

insight in the growth-factor-induced HD 

(dis)assembly. In chapter 4, not only 

the serine/threonine residues involved 

in HD disassembly are addressed, but 

also the signal pathways that activate 

the kinases that phosphorylate these 

serine/threonine residues. Further-

more, the role of the integrin β4 

subunit in tumor progression is 

discussed, which appears to be a 

rather complex subject. 
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 1 

Regulation of hemidesmosome disassembly by growth 

factor receptors 
 

Evelyne Frijns, Coert Margadant, Kevin Wilhelmsen, and Arnoud Sonnenberg 

 

 

Hemidesmosomes (HDs) promote the 

stable adhesion of basal epithelial cells 

to the underlying basement membrane 

(BM). Critical for the mechanical 

stability of the HD is the interaction 

between integrin α6β4 and plectin, 

which is destabilized when HD 

disassembly is required, for instance, to 

allow keratinocyte migration during 

wound healing. Growth factors such as 

epidermal growth factor (EGF) can 

trigger HD disassembly and induce 

phosphorylation of the β4 intracellular 

domain. Whereas tyrosine 

phosphorylation appears to mediate 

cooperation with growth factor 

signaling pathways and invasion in 

carcinoma cells, serine phosphorylation 

seems the predominant mechanism for 

regulating HD destabilization. Here, we 

discuss recent advances that shed light 

on the residues involved, the identity of 

the kinases that phosphorylate them, 

and the interactions that become 

disrupted by these phosphorylations. 

 

Introduction 

Hemidesmosomes (HDs) are 

specialized multiprotein complexes 

that provide stable adhesion of basal 

epithelial cells to the underlying 

basement membrane (BM) in pseudo-

stratified as well as certain complex 

and simple epithelia [1•]. Two types of 

HDs can be distinguished on the basis 

of their components (Figure 1). Type II 

HDs are found in simple epithelia such 

as that of the intestine, and consist of 

integrin α6β4 and plectin (HD1). Type I 

(classical) HDs are found in (pseudo-) 

stratified epithelium, for example, in 

the skin and consist of α6β4, plectin, 

tetraspanin CD151 and the bullous 

pemphigoid (BP) antigens 180 (also 

called BPAG2 or type XVII collagen) 

and 230 (BPAG1) [1•; 2•]. Integrin 

α6β4 and BP180 bind with high and 

low affinity, respectively, to laminin-332 

(Ln-332; previously called laminin-5) in 

the BM, and intracellular HD 

stabilization occurs via their 

association with keratin intermediate 

filaments through the two plakins 

plectin and BP230, thus creating a 

stable anchoring complex [1•;2•;3;4]. 

The importance of HDs in maintaining 

epithelial integrity is illustrated by two 

lines of evidence. Firstly, ablation of 

the genes encoding α6, β4, or plectin 

in mice results in severe blistering of 

the skin, causing neonatal death 

because of an epithelial barrier defect; 

however, knockout mice lacking 

BP180 or BP230 display only a mild 

form of skin blistering [1•;2•]. Secondly, 

human patients carrying mutations in 

any of the HD components suffer from 

a skin blistering disorder known as 

epidermolysis bullosa. The severity of 

the disease depends on the type and 

https://portal.nki.nl/science/article/pii/,DanaInfo=www.sciencedirect.com+S0955067408000835#ref_bib1
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location of the mutations, and their 

consequences at the mRNA and 

protein levels [5;6]. 

 

Despite the role of HDs in mediating 

stable adhesion, they are highly 

dynamic structures that can quickly 

disassemble under conditions in which 

Figure 1. Schematic drawing of the structure and components of type I and type II HDs.  

Type II HDs are present in simple epithelia such as that of the intestine and consist of only the 

integrin α6β4 and the plakin plectin (HD1). Type I HDs are found in (pseudo-) stratified epithelium 

such as that of the skin and additionally contain the tetraspanin CD151, the type XVII collagen 

BP180, and the plakin BP230. BP230 and plectin mediate intracellular stabilization of the HD by 

binding to keratin intermediate filaments. K, keratin; Ln, laminin. 
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(partial) detachment from the BM is 

required, for example, during cell 

division, differentiation, or migration 

[7;8]. Upon disassembly, HD 

components are no longer 

concentrated at the basal surface but 

are diffusely distributed over the 

plasma membrane or in the cytoplasm, 

or are translocated to lamellipodia [9-

11]. Although the precise mechanisms 

that lead to HD disassembly remain 

obscure, it is at least partially triggered 

by, and dependent on, the 

phosphorylation of HD components 

elicited by growth factor stimulation. 

The phosphorylation of the β4 

intracellular domain has been 

documented in response to hepatocyte 

growth factor (HGF), macrophage-

stimulating protein (MSP), and 

primarily epidermal growth factor 

(EGF). However, there are significant 

controversies in the literature 

concerning the residues, which are 

phosphorylated, their role in the 

regulation of HD destabilization, and 

the intracellular responses that are 

triggered by these phosphorylations 

apart from HD disassembly. 

 

In this review, we will first focus on 

protein–protein interactions governing 

HD assembly and then discuss recent 

insights into how growth factor-induced 

phosphorylation events have an impact 

on these interactions, thus to regulate 

HD disassembly and α6β4-dependent 

functions in normal keratinocytes and 

carcinoma cells. 

 

Protein–protein interactions 

involved in HD assembly 

The cytoplasmic tail of β4 is over 1000 

amino acids long and consists of a 

membrane-proximal Na
+
–Ca

2+
 (CalX) 

exchanger motif and two pairs of 

fibronectin type III (FNIII) repeats, 

which are separated by a connecting 

segment (CS; Figure 2). The 

cytoskeletal linker protein plectin can 

associate with either β4 or actin 

filaments, and these binding events 

are mutually exclusive [12-15]. The 

interaction of the actin-binding domain 

(ABD) of plectin with the first pair of 

FNIII repeats and the N-terminal 35 

amino acids of the CS of β4 (residues 

1115–1355) is thought to be the initial 

step in HD assembly [12;16;17]. This is 

strengthened by additional interactions 

of the plectin plakin domain with the 

CS and the C-tail (Figures 2 and 3). 

Subsequently, BP180 interacts 

extracellularly with Ln-332 and 

intracellularly with plectin and the third 

FNIII repeat of β4. Lastly, BP230 is 

recruited through associations with 

BP180 and a region on β4 comprising 

the C-terminal 21 amino acids of the 

CS and the second pair of FNIII 

repeats [17-20]. In addition to the 

multiple associations exerted by the 

cytoplasmic domain of the β4 subunit, 

the extracellular domain of the α6 

subunit interacts with BP180 and 

CD151 [21]. The crucial event in HD 

assembly is the interaction between β4 

and plectin, as indicated both by the 

existence of type II HDs which can 

apparently form in the absence of 

BP180 and BP230, and the 

https://portal.nki.nl/science/article/pii/,DanaInfo=www.sciencedirect.com+S0955067408000835#ref_fig2
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hypoplastic nature of HDs that are 

observed in patients with mutations in 

β4 (R1281W or R1225H) that prevent 

this interaction [22;23]. Furthermore, in 

vitro evidence indicates that by 

preventing the plectin–β4 interaction, 

the formation of HDs is severely 

compromised [12;17]. It is therefore 

probable that HD disassembly in 

response to growth factor stimulation is 

primarily achieved by disrupting the 

plectin–β4 association. 

 

Growth factor-induced tyrosine 

phosphorylation of β4 

Several tyrosines located in the β4 

cytoplasmic tail have been implicated 

in processes typically regulated by 

growth factor receptors (Figure 2). 

However, this is an area of many 

conflicting results. For instance, the 

association of α6β4 with ErbB2 was 

reported in transformed keratinocytes, 

carcinoma cells, and ErbB2-

transformed fibroblasts, resulting in 

ErbB2 autophosphorylation, activation 

of phosphatidylinositol 3-kinase (PI3-

K), tumorigenesis and enhanced 

invasiveness [24-28]. The activation of 

PI3-K and increased invasion of cells 

were induced by the ligation of α6β4, 

and the subsequent phosphorylation of 

primarily tyrosines 1257 and 1494 

[29,30]. Nevertheless, while one study 

determined Y1494 as the crucial 

residue, another study reported that 

the region spanning residues 854–

1183 was essential [28;30]. 

 

Association of α6β4 with the EGF 

receptor or c-Met (the HGF receptor) 

has also been reported in carcinoma 

cells [31-37]. Upon stimulation with 

HGF, tyrosine phosphorylations in β4 

elicit activation of both the PI3-K and 

extracellular signal-regulated kinase 

(ERK) pathways, leading to enhanced 

HGF-dependent tumorigenesis and 

invasion [34-36]. The phosphorylation 

of Y1257, Y1440, Y1494, and Y1526 is 

responsible for coupling β4 to the Ras-

ERK pathway, either via binding of 

Figure 2. Structural organization of the integrin α6β4 and plectin.  

Indicated are the various domains and the positions of important tyrosine and serine 

phosphorylation sites as reported in the literature. The regions involved in the plectin-β4 interaction 

are indicated by yellow ovals. The arrow indicates intramolecular folding of the β4 cytoplasmic 

domain. ABD, actin-binding domain; CS, connecting segment; C-tail, carboxy-terminal tail. 
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Shp2 to β4, which results in the 

stimulation of Src and the subsequent 

phosphorylation of Gab1 on residues 

that promote Grb2 binding, or via the 

binding of Shc, which when 

phosphorylated also recruits Grb2 to 

the membrane [37;38]. Cooperation 

between α6β4 and c-Met was 

independent of the extracellular 

domain, giving rise to the idea that the 

β4 cytoplasmic domain functions as a 

signaling platform for growth factor 

signaling pathways [34-37]. However, 

a c-Met–α6β4 association was not 

detected by other researchers in the 

same cells. In addition, β4-enhanced 

invasion was not specific to c-Met, and 

c-Met could mediate invasion 

independently of β4 [39]. Furthermore, 

the role of the β4 intracellular domain 

as a signaling adaptor is questioned by 

a recent study showing that β4–Shp2 

association was only slightly increased 

by HGF, and HGF-induced invasion of 

tumor cells, as well as ERK and PI3-K 

signaling, were not enhanced by the 

dimerization of the β4 intracellular 

domain [40]. It therefore remains 

unclear how β4 and c-Met exactly 

cooperate in carcinoma cells. 

 

The role of EGF-induced tyrosine 

phosphorylation events is also 

controversial; whereas initial studies 

suggested that phosphorylation of 

Y1422 and Y1440 in the CS of β4 

mediates HD assembly, a later study 

by the same group confusingly 

reported the opposite, namely that 

these phosphorylations antagonize HD 

formation [38;41;42]. A subsequent 

report then again implicated these 

residues in HD assembly based on the 

observation that phenylalanine 

substitutions impaired HD formation in 

an in vitro organotypic culture model 

[43]. However, it remains ambiguous 

whether it is the inability to 

phosphorylate these residues or 

whether the mutations themselves 

caused this effect. Given the available 

data, the contribution of tyrosine 

phosphorylation to HD disassembly 

under physiological conditions (i.e. in 

normal untransformed keratinocytes) is 

disputable. This is underscored by the 

observation that a β4 mutant that was 

not tyrosine-phosphorylated in 

response to EGF was not impaired in 

mediating EGF-stimulated migration 

and thus HD disassembly in 

keratinocytes [44]. In addition, in 

normal keratinocytes as well as in the 

same transformed cell lines used in the 

aforementioned studies, tyrosine 

phosphorylation was absent or only 

marginally detected by several groups, 

both in unstimulated conditions and 

under conditions when HDs are 

disassembled such as during EGF 

stimulation. Instead, serine 

phosphorylation of β4 was evident 

under steady-state conditions, and 

increased in the presence of EGF 

[45;46•;47••;48••]. 

 

Thus, the functional relevance of 

tyrosine phosphorylation of the β4 

cytoplasmic domain might be restricted 

to processes such as carcinoma 

invasion. Association of α6β4 with a 

growth factor receptor and tyrosine 
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Table 1. Conservation of the region containing serines 1356, 1360, and 1364 in multiple 

species.  

Residues 1352-1368 of the human β4 sequence were aligned with the same region in the indicated 

mammalian, bird and fish species using CLUSTAL W. 

 

phosphorylation of β4 in carcinoma 

cells may represent aberrant 

phenomena that are induced by the 

overexpression of growth factor 

receptors or the constitutive signaling 

by hyperactive receptor tyrosine 

kinases, as commonly observed in 

transformed cells. Moreover, the HDs 

in carcinoma cells are often 

rudimentary and structurally inferior 

because of decreased expression 

levels of BP180 and BP230, and α6β4 

localization is often no longer confined 

to the basal surface but is in fact 

diffusely distributed over the 

membrane, which may increase its 

susceptibility to active kinases [2•;49]. 

 

 

Growth factor-induced serine 

phosphorylations of HD 

components 

Early reports documented a 

redistribution of HD components from 

the basal surface to the cytosol upon 

phorbol ester-induced activation of 

members of the protein kinase C 

(PKC) family of serine/threonine 

kinases, suggesting that PKCs 

regulate HD disruption [50•]. This was 

confirmed in later studies 

demonstrating the breakdown of HDs 

in carcinoma cells and normal 

keratinocytes after the activation of 

PKC-family members or the 

overexpression of PKC isoforms. In 

particular PKCα and PKCδ have been 
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implicated in this process, with the 

particular isoform involved seemingly 

being cell type-dependent 

[45;46•;47••;48••]. 

 

The β4 cytoplasmic domain is 

phosphorylated on serines under 

steady-state conditions, which 

increases after phorbol myristate 

actetate-stimulated PKC activation or, 

physiologically more relevant, EGF 

stimulation. Serine phosphorylations 

occur primarily in the CS and the C-

tail, and phosphopeptide mapping 

experiments identified S1356, S1360, 

and S1364 in the CS as the most 

prominent sites (Figure 2; [47••;48••]). 

They are embedded in an amino acid 

context that is highly conserved, in 

mammals as well as in evolutionarily 

more distant species such as fish 

(Table 1), which suggests a crucial role 

for this region. Indeed, studies using 

mutants carrying either a phospho-

mimicking aspartic acid or a 

nonphosphorylatable alanine 

substitutions revealed that the 

phosphorylation of two or more of 

these serines prevents binding of the 

plectin ABD to β4. In accordance with 

this, HD formation under steady-state 

conditions was significantly impaired 

when in β4 all three serines were 

substituted by aspartic acid, whereas 

when substituted by alanine, robust 

HDs were formed, which were 

resistant to EGF-induced disruption 

[48••]. Although PKC is undoubtedly 

involved, it may not account for the 

phosphorylation of all three residues. 

Whereas in one study it was reported 

that at least two of them were PKC 

targets, we found that S1360 is the 

only PKC site on β4, at least in 

keratinocytes [47••;48••]. In search for 

additional kinases that may be 

involved, S1364 was identified as a 

site for protein kinase A [48••]. 

However, there is no evidence for 

protein kinase A activation 

downstream of the EGF receptor in 

keratinocytes, whereas the EGF-

induced activation of PKC is well 

established. The exact identity of all 

kinases triggering β4 serine 

phosphorylations in response to EGF 

remains to be determined. 

 

Interestingly, S1356, S1360, and 

S1364 are not directly involved in the 

binding of the plectin ABD, and are 

located in a region that can be deleted 

without compromising HD formation 

[16;50•]. There is evidence suggesting 

that the C-tail of β4 can bind 

intramolecularly to a 321 amino acid 

segment including the first pair of FNIII 

repeats and part of the CS [13;18]. 

These regions of β4 also bind to a 

segment of the plectin plakin domain 

[17], thereby enforcing the interaction 

between the two proteins. Possibly, 

this complex is disrupted upon serine 

phosphorylation of β4, allowing two of 

the three phosphorylated serines to 

interact with arginines 1225 and 1281 

in the second FNIII repeat (Figure 3). 

Since the arginines are essential for 

plectin binding  [22;23], the segment of 

the CS containing the phosphorylated 

serines thus competes for binding with 

plectin. Alternatively, β4 
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Figure 3. Hypothetical models for HD disassembly induced by serine phosphorylation.  

When not phosphorylated, the β4 intracellular domain interacts with the ABD and the plakin domain 

of plectin. Upon serine phosphorylation of the β4 CS, binding of the plectin ABD is prevented either 

by (A) a conformational change leading to intramolecular folding of the β4 cytoplasmic domain, or 

(B) binding of an alternative protein to the phosphorylated CS of β4. Open circles indicate 

unphosphorylated serines 1356, 1360, and 1364, and closed circles the phosphorylated ones. 

phosphorylation may increase its 

affinity for a third protein, that when 

bound to β4 prevents plectin-binding 

by steric hindrance (Figure 3; reviewed 

in [1•]). 

 

Although the stability of HDs mainly 

depends on the plectin–β4 association, 

additional associations must be broken 

for full HD dissolution, including the 

interactions of β4 with both BP180 and 

BP230. In this respect, it is noteworthy 

that BP180 is also phosphorylated by 

PKC, leading to its translocation from 

HDs [51]. It is conceivable that other 

HD components are subject to a 

similar mode of regulation. In fact, 

PKC-mediated phosphorylation of α6 
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has also been reported [45]. Moreover, 

whereas the emphasis has been on 

the effects of EGF, it should be noted 

that EGF alone does not induce 

complete HD disruption. It is probable 

that in an in vivo situation, for example, 

during wound healing, additional 

growth factors known to modulate 

keratinocyte migration and proliferation 

induce the activity of other kinases that 

contribute to HD disassembly. These 

factors may include MSP and 

transforming growth factor-α and -β. 

For the latter factors, there is no 

evidence to date of their involvement in 

HD disassembly, but an interesting 

report has highlighted the role of MSP, 

a ligand for the receptor tyrosine 

kinase Ron, in the breakdown of HDs. 

MSP-Ron signaling regulates multiple 

processes in keratinocytes including 

proliferation, survival, and migration. 

Keratinocyte stimulation with MSP 

results in the serine phosphorylation of 

α6β4, causing 14-3-3 protein-

dependent mobilization to lamellipodia 

where it associates with Ron, and the 

partial breakdown of HDs [52••]. 

Furthermore, although the role of 

S1356, S1360, and S1364 is 

emphasized, they are not the only 

serines phosphorylated. The 

phosphorylation of additional serines 

on β4 may play a role to achieve full 

HD destabilization. The complete 

dissolution of HDs is likely to be the 

result of the concerted efforts of 

multiple kinases activated by distinct 

extracellular stimuli. 

 

 

Conclusions 

We have discussed recent findings 

concerning the mechanisms involved 

in the disassembly of HDs by growth 

factor receptors, both in normal 

keratinocytes and carcinoma cells. The 

mechanisms involved may differ in 

different cell types: tyrosine 

phosphorylation seems to mediate 

activation of growth factor signaling 

pathways involved in the migration and 

invasiveness of carcinoma cells, while 

serine phosphorylation appears to be 

more relevant under physiological 

conditions in normal keratinocytes to 

destabilize HDs. It is possible that 

serine phosphorylation is also the 

primary mechanism to disrupt HDs in 

carcinoma cells, which then releases 

β4 to be phosphorylated on tyrosines. 

Serine phosphorylations primarily 

target the plectin–β4 association and 

may result in an intramolecular binding 

of the β4 cytoplasmic domain, which 

prevents the interaction with plectin. 

Alternatively, a third protein might bind 

to β4 when it is phosphorylated, thus 

preventing plectin binding through 

competition. Though an important role 

is established for EGF-induced PKC 

activation, it does not lead to complete 

HD disassembly. Additional kinases 

and extracellular stimuli governing 

complete HD dissolution remain to be 

identified. 
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EGF-induced MAPK signaling inhibits 

hemidesmosome formation through phosphorylation 

of the integrin β4. 
 

Evelyne Frijns, Norman Sachs, Maaike Kreft, Kevin Wilhelmsen, and Arnoud 

Sonnenberg 

 

 

Migration of keratinocytes requires a 

regulated and dynamic turnover of 

hemidesmosomes (HDs). We and others 

have previously identified three serine 

residues on the integrin β4 cytoplasmic 

domain that play a critical role in the 

regulation of HD disassembly. In this 

study we show that only two of these 

residues (S1356 and S1364) are 

phosphorylated in keratinocytes after 

stimulation with either PMA or EGF. 

Furthermore, in direct contrast to 

previous studies performed in vitro, we 

found that the PMA- and EGF-stimulated 

phosphorylation of β4 is not mediated 

by PKC, but by ERK1/2 and its 

downstream effector kinase p90RSK1/2. 

EGF-stimulated phosphorylation of 4 

increased keratinocyte migration, and 

reduced the number of stable HDs. 

Furthermore, mutation of the two 

serines in 4 to phospho-mimicking 

aspartic acid decreased its interaction 

with the cytoskeletal linker protein 

plectin, as well as the strength of 64-

mediated adhesion to laminin-332. 

During mitotic cell rounding, when the 

overall cell-substrate area is decreased 

and the number of HDs is reduced, β4 

was only phosphorylated on S1356 by a 

distinct, yet unidentified, kinase. 

Collectively, these data demonstrate an 

important role of β4 phosphorylation on 

residues S1356 and S1364 in the 

formation and/or stability of HDs. 

INTRODUCTION 

 
Hemidesmosomes (HDs) are 

specialized junctional complexes that 

mediate firm adhesion of epithelial 

cells to the underlying basement 

membrane. Two types of HDs have 

been characterized: type I and II [1]. 

Type I (classical) HDs are present in 

squamous and complex epithelia, such 

as the skin and the bladder. They 

contain integrin α6β4, plectin, the 

bullous pemphigoid antigens 180 

(BP180) and 230 (BP230), and the 

tetraspanin CD151 [2]. Type II HDs 

lack BP180 or BP230 and are present 

in simple epithelia, such as the 

intestine [3]. As the integrin α6β4 binds 

to Ln-332 in the extracellular matrix 

(ECM) and associates intracellularly 

with plectin, which in turn interacts with 

the keratin filament system, a protein 

complex is formed that protects the cell 

against mechanical stress. The 

importance of this linkage for 

epidermal-dermal cohesion is 

substantiated by the finding that in 

both humans and genetically modified 

mice, mutations in the genes for these 

proteins that either prevent their 

expression or function, result in a skin 
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blistering disorder known as 

epidermolysis bullosa [2;4].  

The primary interaction between 

plectin and β4 occurs through the first 

pair of fibronectin type III (FnIII) 

domains and a small part of the 

connecting segment (CS) of β4 and 

the actin binding domain of plectin 

(plectin-ABD) [5-7]. Indeed, mice 

carrying a specific deletion of the C-

terminal portion of the β4 cytoplasmic 

domain, which still contains the plectin-

ABD binding site, can still form normal 

HDs [8]. However, binding of β4 to the 

plectin-ABD is stabilized by adjacent 

binding sites in the CS and the C-tail of 

the β4 subunit that interact with the 

plakin domain of plectin [9;10]. In type I 

HDs, the interaction of β4 with plectin 

is further reinforced through additional 

interactions with BP180 and BP230 

[11]. As a result, type I HDs are 

believed to be less dynamic and more 

stable than type II HDs. While type I 

HDs mediate firm adhesion of the 

epidermis to the underlying basement 

membrane, the presence of type II 

HDs in migrating intestinal epithelial 

cells suggests that these structures are 

dynamically regulated. One factor 

implicated in the regulation of type II 

HD stability is the epidermal growth 

factor (EGF) [12]. EGF is one of many 

cytokines produced during wound 

healing, stimulating both keratinocyte 

proliferation and migration [13]. 

Whether EGF also regulates type I 

HDs has not been investigated.  

Previous studies have shown that 

activation of pathways downstream of 

the EGF receptor (EGFR) or protein 

kinase C (PKC) result in 

phosphorylation of three serines 

(S1356, S1360, and S1364) located 

within the CS of β4 [12;14]. 

Substitution of the serines by phospho-

mimicking aspartic acid residues 

destabilized the interaction between β4 

and plectin and partially prevented the 

assembly of HDs [14]. On the contrary, 

substitution of the serines by 

phosphorylation-resistant alanines 

resulted in a more stable association 

between β4 and plectin. PKC-

dependent phosphorylation of the β4 

cytoplasmic tail was also observed in 

keratinocytes stimulated with 

macrophage stimulating protein (MSP), 

and was suggested to create a binding 

site for 14-3-3 proteins [15].  

Although it has been suggested that at 

least two of the aforementioned 

serines are substrates for PKCα 

phosphorylation downstream of EGFR, 

bioinformatic analysis showed that only 

S1360 is part of a consensus 

sequence for PKC (pSXK/R). 

Furthermore, this consensus sequence 

is not evolutionarily conserved, unlike 

the three serine residues [16]. This 

raised the question of whether 

phosphorylation of these residues 

downstream of EGFR is directly 

dependent on phosphorylation by 

PKCα. Therefore, we decided to 

reinvestigate the phosphorylation of 

residues downstream of the EGFR and 

PKC and determine their role in HD 

regulation in more detail. 

Our results show that EGFR and PKC 

activation leads to phosphorylation of 

the β4 subunit on S1356 and S1364 in 
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keratinocytes. Furthermore, we 

present evidence that ERK1/2 and 

p90RSK1/2 phosphorylate β4 at these 

sites, resulting in a destabilization of 

the binding of β4 to plectin, a reduction 

in the number of type I and type II HDs 

formed and in α6β4-mediated strength 

of adhesion, while it leads to an 

increased migration speed. Finally, we 

demonstrate that β4 is phosphorylated 

on S1356 during mitosis by an as yet 

unidentified kinase. 

 

 

EXPERIMENTAL PROCEDURES 

 

Antibodies 

Polyclonal rabbit antibodies specific for the 

phosphorylated residues S1356, S1360 

and S1364 on β4 were raised against a 

synthetic peptide with the sequence 

SCDDVLRSPSGSQRPSVSDD containing 

phosphate-group on one of the underlined 

serine-residues. The three synthetic 

peptides were conjugated to maleimide-

activated mcKLH (Pierce; Rockford, IL) and 

injected into rabbits. The rabbits received a 

booster immunization every 4 weeks and 

antisera were collected 1 week after the 

third booster. To prevent non-phospho-

specific recognition of β4 by the antibody in 

immunoblotting, the antibodies were used 

in combination with 10 μM of the synthetic 

peptide without phosphate-groups. The 

following anti-integrin monoclonal 

antibodies (mAbs) were used: anti-α2 

(10G11), anti-α3 (J143), anti-α6 (J8H), anti-

β1 (TS2/16), anti-β4 (450-9D or 450-11A). 

Antibodies against phospho ERK1/2 

(T202/Y220; clone E10), p38 MAPK 

(#9212), phospho-p38 MAPK (T180/Y182; 

clone 12F8), phospho-p90RSK1 

(T359/S363), Akt (#9272), phospho-Akt 

(S473), phospho-VASP (S157) and 

phospho-pan PKC (γT514) were purchased 

from Cell Signaling (Beverly, MA), and 

ERK2 (clone 33) from BD Bioscience (San 

Jose, CA). Human mAb 10D against 

BP230 was kindly provided by Dr. T. 

Hashimoto (Keio University, Tokyo, Japan). 

Polyclonal antibodies against β1 (U21E) 

were obtained from Dr. U. Mayer 

(University of East Anglia, Norwich, UK). 

Other antibodies were anti-plectin (clone 

31), α-tubulin (clone B-5-1-2, from Sigma-

Aldrich, St Louis, MO), and anti-cyclin A 

and -B (from Santa Cruz Biotechnology, 

Santa Cruz, CA). The rabbit polyclonal 

antibody against the first pair of FNIII 

repeats (residues 1115-1355) of the 

integrin β4 subunit was generated as 

described previously [14]. HRP-conjugated 

secondary antibodies were purchased from 

GE Healthcare (UK), TexasRed-conjugated 

goat anti-rabbit and FITC-conjugated goat 

anti-human were from Invitrogen, Cy5-

conjugated donkey anti-mouse was from 

Jackson IR or goat anti-mouse antibody 

(M1204) from Sanquin (Amsterdam, The 

Netherlands). 

 

Cell Culture 

β4-deficient PA-JEB keratinocytes were 

cultured in keratinocyte serum-free medium 

(SFM; Invitrogen, Rockville, MD) 

supplemented with 50 μg/ml bovine 

pituitary gland extract, 5 ng/ml EGF, 100 

U/ml penicillin and 100 U/ml streptomycin, 

as previously described [6;17]. PA-JEB/β4 

keratinocytes were obtained by retroviral 

infection, as described previously [18,19]. 

COS-7 cells were cultured in Dulbecco’s 

modified Eagle’s medium containing 10% 

fetal bovine serum, 100 U/ml penicillin and 

100 U/ml streptomycin.  
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cDNA constructs 

The generation of full-length β4 cDNA has 

been described previously [5]. Single and 

double mutants of 4 were created by site 

directed mutagenesis using the PCR based 

overlap extension method and Pwo DNA 

polymerase (Roche Molecular 

Biochemicals, Indianapolis, IN). Wild-type 

and mutant β4 cDNA was cloned into the 

pcDNA3 vector (InVitrogen) with the 

BssH2/NotI restriction sites and 

subsequently into the retroviral vector 

LZRS-MS-IRES-ZEO with the EcoRI 

restriction sites (6,20). The plectin-1A ABD 

in the pcDNA3-HA vector has been 

described previously [10;21]. Wild-type- 

and kinase-dead human RSK1 and -2 were 

kindly provided by Dr. J. Blenis (Harvard 

medical School, Boston. MA). Wild-type 

and kinase-dead mouse ERK1 and 2 were 

a kind gift from Dr. P. Lenormand 

(University of Nice, Nice, France). 

 

Flow cytometry 

Expression of wild-type and mutant 

integrins in PA-JEB keratinocytes was 

analysed by flow cytometry using specific 

monoclonal antibodies and FITC 

conjugated secondary antibodies. Cells 

were analyzed in a FACScan flow 

cytometry (Becton Dickinson, Mountain 

View, CA). 

 

Western blotting and co-

immunoprecipitation assays 

PA-JEB/β4 keratinocytes were starved in 

growth factor-free keratinocyte-SFM. 

Following pretreatment with the kinase 

inhibitors Gö6983 (100 nM, Calbiochem, 

San Diego, CA), BI-D1870 (10 μM; 

University of Dundee, Dundee, UK), U0126 

(10 μM), PD98059 (20 μM) or SB203580 

(10 μM) for 1 h, cells were incubated with 

or without 50 ng/ml EGF (Sigma-Aldrich), 

100 ng/ml PMA (Sigma-Aldrich), 200 mM 

Sorbitol, or 25 μM forskolin (FSK; 

Calbiochem) and 100 nM 3-isobutyl-1-

methylxanthine (IBMX; Calbiochem). Cells 

were lysed in radio immunoprecipitation 

assay (RIPA) buffer and cleared by 

centrifugation at 20,000 x g for 60 min at 

4°C. Proteins were separated on were on 

4-12% NuPAGE Novex Bis-Tris gels 

(Invitrogen), transferred to Immobilon-P 

transfer membranes (Millipore Corp., 

Billerica, MA) and incubated with 

antibodies. 

For the co-immunprecipitation assays, 

COS-7 cells were co-transfected with the 

indicated cDNAs by using the DEAE-

dextran method [22]. Cells were lysed in 

MPER (Mammalian Protein Extraction 

Reagent, Pierce) supplemented with 

0.1%NP40 and a cocktail of protease 

inhibitors (Sigma-Aldrich). After clearing by 

centrifugation, the lysates were incubated 

with either 2.5 μg purified mAb 450-11A to 

precipitate β4 or 2.5 μg TS2/16  to 

precipitate β1, followed by an incubation for 

4 hours with GammaBind G Sepharose 

(Amersham Biosciences). The 

immunoblots were analyzed using 

polyclonal antibodies against HA, β4 or β1, 

and secondary antibodies linked to 

horseradisch peroxidase (HRP) (GE 

Healthcare, UK). Signals were visualized 

by chemiluminescence (GE Healthcare, 

UK). 

 

Adhesion strengthening assay 

PA-JEB/β4 keratinocytes expressing either 

S1356A/S1364A or S1356D/S1364D were 

respectively labeled with 10 μM Cell 

Tracker (TM) Orange CMTMR and Green 

CMFDA from Invitrogen for 30 min at 37°C, 

seeded on coverslips coated with Ln-332-

rich Rac-11P matrix in a 1:1 ratio, and after 

culturing overnight in serum-free medium, 

spun in PBS containing 1 mM MgCl2, 2 mM 

CaCl2 and 2.5% dextran (average mol wt 
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425,000-575,000; Sigma-Aldrich) using a 

spinning disc device built after Boettiger 

[23]. Cover glasses were imaged on an 

AxioObserver Z1 CCD microscope 

equipped with a 5x/0.15 Plan-Neofluar 

objective and a Hamamatsu ORCA-ER 

camera. Adherent fractions were calculated 

as a function of applied shear stress using 

ImageJ and SigmaPlot (Systat Software 

Inc.)  

 

Cell cycle analysis 

To synchronize PA-JEB/β4 keratinocytes in 

the Go/G1 phase of the cell cycle, they 

were starved overnight in growth factor free 

medium, and then cultured in complete 

medium. After 15 hours, the cells were 

treated with 250 ng/ml nocadazole for 4.5 h 

to arrest them at the G2/M transition. 

Mitotic (M) cells were collected by 

mechanical shake off. G2-enriched cells 

were obtained from the cells that remained 

attached to the flask. After washing, a 

portion of the mitotically selected cells were 

plated in fresh medium for 2.5 h to 

progress into the G1 phase. Cell lysates 

were prepared at the different time points 

after the addition of complete medium and 

nocadazole and analyzed by 

immunoblotting. Cell synchronization was 

evaluated by monitoring the expression of 

cyclin A and B1, whose expression peaks 

in the S/G2 phase and at the G2/M 

transition of the cell cycle. 

 

Immunofluorescence 

PA-JEB/β4 keratinocytes were seeded on 

glass coverslips and starved for 18 hours 

before treatment with or without EGF (50 

ng/ml) for 1 hour. The cells were fixed in 

1% paraformaldehyde (PFA) and 

permeabilized with 0.5% Triton X-100 for 5 

minutes. Cells were blocked with PBS 

containing 2% BSA for 1 hour and 

incubated with the primary antibodies for 

45 minutes. Cells were washed three times 

before incubation with the secondary 

antibody. After three wash-steps with PBS, 

the coverslips were mounted onto glass 

slides in Mowiol-DAPCO and studied by 

using a confocal microscope Sp2/AOBS 

(Leica, Mannheim, Germany). The 

sequentially acquired images were 

analyzed with the image processing 

program ImageJ. The co-localization of β4, 

plectin and BP230 in HDs was calculated 

from two 8-bit images in which the 

overlapping pixels, with an intensity of 50< 

and a ratio of 50%<, were highlighted. The 

percentage of HD1 represents the ratio of 

co-localization of β4 and BP230 (type I 

HDs) and of β4 and plectin (type I and II 

HDs). To exclude pixel overlap by 

unspecific events generated by background 

noise, the ratio of co-localization of plectin 

and BP230 (type HD) and of β4 and BP230 

(type I HD) was determined. 

 

Fluorescence recovery after 

photobleaching 

Fluorescence recovery after 

photobleaching (FRAP) experiments were 

performed with a Leica TCS SP2 confocal 

microscope (Leica, Mannheim, Germany).  

Clusters of HDs of PA-JEB/β4-EGFP 

keratinocytes were bleached using an 

Argon/Krypton laser for 2 seconds at 

maximal laser power. Recovery of 

fluorescence in the bleached region was 

analyzed from images collected every 15 

seconds for 10 minutes with a low laser 

power (20%). The fluorescence intensity 

was corrected for the background intensity 

outside the cell and normalized to the 

fluorescence intensity of a non-bleached 

region containing HDs. 

 

Cell migration assays 

For the wound-scratch assays, PA-JEB/β4 

keratinocytes were grown to confluency in 
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24-well plates coated with 10 μg/ml 

collagen-I (PureCol, Inamed Biomaterials, 

CA). After starvation in keratinocyte-SFM, a 

wound was introduced by scraping the 

monolayer with a 200 μl pipette tip, 

followed by two washes with PBS to 

remove cell debris. PA-JEB/β4 

keratinocytes were treated with EGF (50 

ng/ml) and cell migration was observed at 

three positions along the scratch by live cell 

imaging. Images were acquired every 5 

minutes for 24 hours using an AxioCam 

MRm Rev.3 camera equipped with a Zeiss 

Axiovert 200M inverted microscope. The 

images were analyzed by using the image 

processing program ImageJ and Matlab 

(Mathworks). In the scratch assyas, wound 

closure is defined as the area closed per 

second. The data shown represent the 

mean ± SEM of 3 independent experiments 

performed in triplicate.  

For the single cell migration assay, 

keratinocytes were sparsely seeded on 

laminin-332 rich Rac-11P matrices blocked 

with 0.5% BSA, serum-starved over night 

and transferred  on a Zeiss Axiovert 200M 

microscope at 37C and 5%CO2. Images 

were captured every 6-8 minutes using a 

10x 0.5 NA Plan objective with a Zeiss 

Axiocam camera. Gö6983 (100 nM), 

U0126 (100 nM) and EGF (50 ng/ml) were 

added at the indicated time points to inhibit 

PKC and MEK1/2 or stimulate migration, 

respectively. Cell tracks were automatically 

determined and quantified using polytrack 

[24] on Matlab (Mathworks). The graphs 

depict the average velocity over time 

(sliding average = 9) of 200-300 cells ± 

SEM. 

 

Statistics 

Data were analyzed using a non-

parametric t-test (Mann-Whitney) in which 

P<0.05 was considered statistically 

significant. Calculations were performed 

using Prism 3.0 GraphPad software (San 

Diego, CA).  

 

 

RESULTS 

 

PMA and EGF induce the 

phosphorylation of β4 on S1356 

and S1364 in keratinocytes.  

To obtain further insight into the role of 

β4 phosphorylation in the regulation of 

HDs, we produced polyclonal 

antibodies specific for the individual 

phosphorylated S1356, S1360 and 

S1364 residues. However, only those 

antibodies that were specific for the 

phosphorylated residues S1356 and 

S1364 reacted with β4 in lysates of 

EGF- and PMA-stimulated PA-JEB/β4 

keratinocytes (Fig. 1A), suggesting that 

S1360 is not phosphorylated after 

treatment with these agents. The 

polyclonal antibodies were specific for 

phosphorylated S1356 and S1364, as 

they did not react when these residues 

were substituted to alanine (Suppl. Fig. 

1). Furthermore, besides a reaction of 

the phospho-specific antibody against 

S1364 with another unidentified 

protein, no reactivity was observed 

with PA-JEB cells that lack integrin 

6β4 expression. As expected, p38 

MAPK and ERK1/2 phosphorylation 

increased after EGF or PMA 

stimulation of PA-JEB or PA-JEB/β4 

keratinocytes. In contrast, only PMA-

treatment led to a reduction in Akt 

phosphorylation. 
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Kinetic studies show that after 10 min 

of stimulation with PMA or EGF, the β4 

subunit was readily phosphorylated on 

both S1356 and S1364 and that this 

phosphorylation was sustained for 1-2 

hours after EGF- and for up to 4 hours 

after PMA-treatment (Fig. 1B). The 

difference in phosphorylation times 

likely reflects different kinetics of EGF 

receptor and PKC downregulation. We 

conclude that of the three serines 

located within the CS of β4 only S1356 

and S1364 are phosphorylated in 

PMA- and EGF-stimulated 

keratinocytes. 

 

EGF-induced phosphorylation of 

β4 is PKC independent.  

Previous studies suggested that EGF 

stimulates a PKC-dependent pathway 

that results in the phosphorylation of 

β4 on serine residues, and in its 

redistribution to actin-rich structures 

[12;25]. To investigate whether the 

EGF-induced phosphorylation of β4 in 

keratinocytes depends on PKC, we 

treated PA-JEB/β4 cells with the PKC 

inhibitor Gö6983 prior to and during 

their stimulation with EGF. 

Pretreatment with the inhibitor 

completely prevented the PMA-

induced phosphorylation of β4 on both 

Figure 1. EGF and PMA stimulated phosphorylation of β4 on S1356 and S1364 in PA-JEB/β4 

keratinocytes.  

A, PA-JEB and PA-JEB/β4 keratinocytes, starved overnight in growth factor free-medium, were left 

unstimulated or stimulated with either PMA or EGF for 10 min. The cells were lysed and 

phosphorylation of β4 was detected by immunoblotting using polyclonal antibodies specific for 

S1356 and S1364. Immunoblotting for total β4 verified that equal amounts of this protein were 

evaluated in the PA-JEB/β4 lanes. Additionally, cell lysates were immunoblotted for phospho-

ERK1/2, total ERK1/2, phospho-p38 MAPK, total p38 MAPK, phospho-Akt and total Akt.  

B, Growth factor-starved PA-JEB/ β4 keratinocytes were stimulated with either PMA or EGF for the 

indicated times, and immunoblotted to show phosphorylation of β4 on S1356 and S1364. 

A 

B 
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S1356 and S1364, while it has only a 

minor effect on the phosphorylation 

induced by EGF (Fig. 2). Moreover, 

downregulation of PKC by prolonged 

treatment with PMA prevented the 

phosphorylation of β4 by PMA, but not 

that by EGF. Both PMA and EGF 

stimulated the phosphorylation of 

ERK1/2 in PA-JEB/β4 keratinocytes. 

However, as was observed with the 

phosphorylation of β4, PKC activity 

was not required for EGF to stimulate 

phosphorylation of ERK1/2, consistent 

with previously published reports (26). 

These data indicate
 
that PKC and EGF 

independently induce MAPK signalling 

and phosphorylation of β4 in PA-

JEB/β4 keratinocytes. 

PMA- and EGF-stimulated 

phosphorylation of β4 is not 

mediated by PKA and p38MAPK.  

We have previously shown that S1364 

on the integrin β4 subunit is a PKA 

phosphorylation site in vivo [14]. To 

investigate whether PKA activation can 

result in the phosphorylation of S1364 

downstream of PMA and EGF 

treatment, we compared the 

phosphorylation of VASP, a known 

substrate of PKA with that of β4 [27]. 

Consistent with previous findings, 

stimulation of PA-JEB/β4 keratinocytes 

with forskolin/IBMX resulted in the 

phosphorylation of VASP, as well as 

that of S1364, but not of S1356 (Fig. 

3). However, as judged by 

the absence of VASP 

phosphorylation after EGF or 

PMA treatment, PKA is not 

activated downstream of the 

EGFR or PKC.  

Because PKC and EGFR 

activation result in the 

upregulation of p38MAPK 

activity and S1356 is 

localized in a consensus site 

for this proline-directed 

kinase, we treated the cells 

with sorbitol, a known 

p38MAPK activator [28]. 

Although a strong activation 

of p38MAPK occurred, it did 

not cause an increased 

phosphorylation of either 

S1356 or S1364. In fact, 

phosphorylation of S1364 

was below the basal levels 

usually observed in the 

Figure 2. PMA-, but not EGF-, stimulated 

phosphorylation of β4 depends on PKC.  

PA-JEB/β4 keratinocytes, starved overnight in growth factor 

free-medium and pretreated for 1 h with the PKC inhibitor 

Gö6983 (100 nM), were left unstimulated or stimulated with 

PMA or EGF for 10 min. Additionally growth factor-starved 

PA-JEB/β4 keratinocytes were pretreated with (+) or 

without (-) 100 nM PMA for 24 hours to deplete the activity 

of PKC and then stimulated. Cell lysates were analyzed by 

immunoblotting with antibodies specific to phosphorylated 

β4 (S1356 and S1364), total β4, phospho-ERK1/2 and total 

ERK1/2. Note that both EGF-stimulated phosphorylation of 

β4 and ERK1/2 do not depend on PKC.   
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absence of exogenous growth factor 

(Fig. 3). This may point to the 

activation of a phosphatase 

downstream of p38MAPK that 

specifically de-phosphorylates S1364. 

We conclude that neither PKA nor 

p38MAPK are involved in the 

phosphorylation of S1356 and S1364 

downstream of the EGFR or PKC.  

 

PMA- and EGF-induced 

phosphorylation of β4 

depends on ERK1/2 

activation.  

Next we investigated whether 

ERK1/2 kinases are involved 

in the phosphorylation of β4 

downstream of EGFR and 

PKC activation. These 

kinases are activated in 

EGFR and PKC signalling 

pathways and are proline-

directed kinases similar to 

p38MAPK. PA-JEB/β4 

keratinocytes were treated 

with two inhibitors (U0126 

and PD98059) of the 

upstream kinases MEK1/2 

which are known to 

phosphorylate and activate 

ERK1/2. As a control, and to 

further substantiate our 

finding that p38MAPK (α and 

β) does not mediate the 

phosphorylation of S1356, we 

also treated the cells with the 

p38MAPK inhibitor 

SB203580. Incubation with 

SB203580 had no effect on the 

phosphorylation of β4 on S1356 and 

S1364 when cells were stimulated with 

PMA or EGF, but induction of 

phosphorylation was completely 

abrogated by treatment with U0126 

and PD98059 (Fig. 4A). These results 

suggest that ERK or kinases activated 

downstream of ERK are responsible 

for the phosphorylation of β4 by PMA 

or EGF.  

Figure 3. PMA- and EGF-stimulated phosphorylation of 

β4 is not mediated by p38MAPK or PKA.  

Growth-factor starved PA-JEB/β4 keratinocytes were left 

unstimulated or stimulated with PMA, EGF, forskolin/IBMX 

or sorbitol. Cell lysates were immunoblotted for 

phosphorylated β4 (S1356 and S1364), total β4, phospho-

ERK1/2, total ERK1/2, phospho-p38-MAPK, total p38-

MAPK, or phospho-VASP. Note that ERK1/2 

phosphorylation and β4 phosphorylation at S1356 and 

S1364 are closely correlated. 
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To further address the importance of 

the ERK signalling pathway in the 

phosphorylation of β4 COS-7 cells 

were transiently transfected with a β4-

expressing construct or co-transfected 

with either wild-type ERK1- or kinase-

dead ERK1- and β4-expressing 

constructs. Overexpression of ERK1 

by itself was not sufficient to induce 

phosphorylation of β4 on S1356 or 

S1364. However, when the cells were 

stimulated with PMA or EGF, the 

phosphorylation level of S1356 was 

higher than that of control cells only 

Figure 4. PMA- and EGF-stimulated phosphorylation of β4 is dependent on ERK1/2 activation. 

A, PA-JEB/β4 keratinocytes, starved overnight in growth factor free-medium and pretreated for 1 h 

with U0126, PD98059 or SB203580, were left unstimulated or stimulated with PMA or EGF for 10 

min. Cell lysates were analyzed by immunoblotting with antibodies specific to phosphorylated β4 

(S1356 and S1364), total β4, phospho-ERK1/2, and total ERK1/2.  

B, COS-7 cells, transiently expressing β4 alone or together with ERK1 or a dominant-negative 

version of ERK1, were starved overnight in growth factor free-medium, and then left unstimulated or 

stimulated with EGF for 10 min. Phosphorylated β4 (S1356 and S1364), total β4, phospho-ERK1/2 

and total ERK1/2 were detected by immunoblotting.  

C, PA-JEB keratinocytes, stably expressing wild-type β4 (FAFP) or β4 with a mutated ERK docking 

site (AAAP), were starved overnight in growth factor free-medium, and then left unstimulated or 

stimulated with EGF or PMA for 10 min. Phosphorylated β4 (S1356 and S1364), total β4, phospho-

ERK1/2 and total ERK1/2 were detected by immunoblotting. The graphs show the fold increase in 

phosphorylation of S1356 and S1364 after EGF- or PMA-stimulation. The intensity of the bands 

corresponding to phosphorylated β4 were related to that of total β4 using ImageJ.  

A B 

C 
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expressing β4 (Fig. 4B and data not 

shown). In contrast, in cells 

overexpressing ERK1, phosphorylation 

of S1364 by PMA and EGF did not 

increase; suggesting that 

phosphorylation of this residue was 

already saturated by endogenous 

ERK1/2. Phosphorylation of both 

S1356 and S1364 by the activation of 

the endogenous MAPK signalling 

pathway was blocked upon expression 

of dominant-negative ERK1.  

Several substrates of ERK1/2 contain 

an FXFP motif, termed the MAPK 

docking site, which mediates direct 

interactions with ERK [29]. Analysis of 

the β4 sequence revealed a similar 

motif, localized 25 amino acids C-

terminal of S1356. To investigate the 

importance of this motif for ERK1/2-

dependent phosphorylation of β4, both 

phenylalanine residues were mutated 

to alanines, and PA-JEB keratinocytes 

were then created stably expressing 

mutant β4
mt (AAAP)

 and wild-type β4
wt 

(FAFP)
. As shown in Fig. 4C, mutation of 

the FXFP motif reduced the relative 

phosphorylation of S1356 and S1364 

following EGF- or PMA-stimulation 

substantially.  

Taken together these results show that 

phosphorylation of β4 on both S1356 

and S1364 is dependent on activation 

of the MAPK signalling pathway and 

suggest that phosphorylation of these 

residues depends on a direct 

interaction of ERK1/2 with β4. 

 

PMA- and EGF-induced 

phosphorylation of β4 on S1364 

depends on p90RSK activation.  

Although the data thus far indicated 

that β4 could be directly 

phosphorylated by ERK1/2, a 

downstream effector kinase of ERK1/2 

might also be involved in the 

phosphorylation of S1356 or S1364. 

P90RSK is a multifunctional ERK 

effector that participates in the 

regulation of diverse cellular processes 

and recognizes a consensus sequence 

(R-R-X-pS or R-X-R-X-X-pS), which 

closely resembles the sequence in 

which S1364 resides [30,31]. To 

investigate if p90RSK is involved in the 

phosphorylation of S1364, PA-JEB/β4 

keratinocytes were stimulated with 

PMA or EGF in the presence of the 

p90RSK inhibitor BI-D1870 [32]. 

Inhibition of p90RSK activity prevented 

the phosphorylation of S1364, and had 

little effect on the phosphorylation of 

S1356 (Fig. 5A). Furthermore, 

phosphorylation of ERK1/2, as well as 

phosphorylation of p90RSK by 

ERK1/2, was not affected by BI-

D1870. Taken together, the data 

suggests that S1364 phosphorylation 

is mediated through p90RSK.  

To substantiate this notion, we 

overexpressed β4 with either wild-type 

or dominant-negative p90RSK1/2 in 

COS-7 cells. In contrast to our findings 

with ERK1/2, overexpression of 

p90RSK1/2 by itself induced 

phosphorylation of S1364 (Fig. 5B). 

Stimulation of the cells with either PMA 

or EGF increased S1364 
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phosphorylation, while expression of a 

dominant-negative p90RSK1/2 

prevented PMA- and EGF-induced 

phosphorylation of S1364 by 

endogenously activated p90RSK (Fig. 

5B and data not shown). Interestingly, 

expression of both p90RSK1/2 and 

dominant-negative p90RSK1/2 

decreased PMA- and EGF-induced 

phosphorylation of S1356, suggesting 

                       

that they may compete with β4 for 

phosphorylation by ERK1/2.  

In conclusion, we identified ERK1/2 

and p90RSK1/2 as kinases that 

mediate phosphorylation of S1356 and 

S1364, respectively, downstream of 

PKC and EGFR. 

 

 

Figure 5. PMA- and EGF-

stimulated phosphorylation of 

β4 at S1364 but not S1356 is 

dependent on RSK1/2 

activation. 

A, PA-JEB/β4 keratinocytes, 

starved overnight in growth factor 

free-medium and pretreated for 1 

h with the RSK1/2 inhibitor BI-

D1870 or the PKC inhibitor 

Gö6983, were left unstimulated or 

stimulated with PMA or EGF for 

10 min. Cell lysates were 

analyzed by immunoblotting with 

antibodies specific to 

phosphorylated β4 (S1356 and 

S1364), total β4, phospho-pan 

PKC (gamma Thr514), phospho-

ERK1/2, total ERK1/2 and 

phospho-p90RSK1. 

B, COS-7 cells, transiently 

expressing β4 alone or together 

with RSK1, RSK2 or a dominant-

negative version of these kinase, 

were starved overnight in growth 

factor free-medium, and then left 

unstimulated or stimulated with 

PMA for 10 min. Phosphorylated 

β4 (S1356 and S1364), total β4, 

phospho-RSK1/2  and ERK1/2 

were detected by immunoblotting. 

 

A 

B 
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Substitution of S1356 and S1364 

by phospho-mimicking aspartic 

acid prevents the binding of β4 

to the plectin-ABD resulting in 

defective adhesion to Ln-332.  
 

To investigate whether 

phosphorylation of S1356 and S1364 

modulates the binding of β4 to plectin, 

these residues were mutated to either 

phosphorylation-resistant alanines or 

phospho-mimicking aspartic acids. 

Interaction between mutant β4 

subunits and plectin-ABD was 

assessed by co-immunoprecipitation 

assay from lysates of COS-7 cells co-

transfected with the respective 

expression constructs. In agreement 

with previously reported findings, 

mutation of S1356 and S1364 to 

aspartic acids reduced binding to β4 

(Fig. 6A) [14]. In fact, binding of 

plectin-ABD to β4
S1356D/S1364D

 was 

reduced comparably to that of 

β4
R1218W

, a mutant that is unable to 

recruit plectin into HDs [6,20]. On the 

contrary, substitution of the two serines 

by alanine seemed to slightly increase 

the binding of β4 to the plectin-ABD. 

No significant interaction was seen 

between plectin-ABD and β1 integrin, 

indicating that plectin-ABD binding to 

β4 was specific.  
 

Because cellular adhesion to the ECM 

is influenced by the interaction of 

adhesion receptors with cytoskeletal 

elements, we measured the effect of 

β4 phosphorylation on the adhesion 

strength of keratinocytes to Ln-332. 

Using a spinning disc device [23] we 

subjected PA-JEB/β4
S1356A/S1364A

, and 

PA-JEB/β4
S1356D/S1364D

 keratinocytes to 

a variety of shear stress and measured 

the total of cellular detachment. We 

found that PA-JEB/β4
S1356A/S1364A

, 

keratinocytes adhered significantly 

more strongly to Ln-332 than cells 

expressing the phosphomimics (Fig. 

6B). The results shown indicate that 

phosphorylation of S1356 and S1364 

can potentially modulate the interaction 

between β4 and plectin and weaken 

cellular strength of adhesion.  
 

β4 is phosphorylated on S1356 

during mitosis.  

During mitosis, when keratinocytes 

undergo cellular rounding and 

adherence to their substrate is 

reduced, HDs are partially 

disassembled [19].  To investigate 

whether HD disassembly is 

accompanied by the phosphorylation 

of S1356 and S1364, we studied their 

phosphorylation levels at different 

times during the cell cycle. 

Keratinocytes were synchronized at 

the G0 phase by growth factor 

deprivation for 18 hours and then 

cultured for 15 hours in complete 

medium (G1 phase) before they were 

treated with nocodazole for 3.5 hours 

to enrich the content of cells at the 

G2/M phase. Additionally, mitotic cells 

were collected by a shake-off. A 

proportion of these cells were directly 

lysed, while the rest were re-plated in 

complete medium to allow them to re-

enter the G1 phase. Addition of 

complete medium transiently increased 

phosphorylation levels of S1356 and 

S1364 before returning to basal levels  
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after 15 hours (Fig. 7). However, 

phosphorylation of S1356 specifically 

increased in both nocodazole 

mediated G2/M phase arrested cells 

and the mitotic cell population obtained 

by shake-off. After replating mitotic 

cells, levels of S1356 phosphorylation 

decreased to basal levels (Fig. 7). 

Since ERK1/2 is not activated during 

mitosis, phosphorylation of S1356 

must have been mediated by another 

kinase, most likely the proline-directed 

cyclin-dependent kinase 1 (CDK1), 

which at this phase of the cell cycle 

becomes highly active. We conclude 

that during mitosis β4 is 

phosphorylated on S1356 but not on 

S1364. 

Figure 6. Mimicking phosphorylation at S1356 and S1364 of 4 reduces its binding to the 

plectin-1A ABD and decreases the strength of 64-mediated adhesion to Ln-332.  

A, COS-7 cells, transiently expressing β4
WT

, β4
R1281W

, β4
S1356A/S1364A

, or β4
S1356D/S1364D

 together with 

the HA-plectin-1A ABD, were lysed in M-PER containing 0.1% NP40. Lysates were 

immunoprecipitated with anti-β4 (mAb 450-11A) or anti-β1 (mAb TS2/16), and immunoblotted with 

antibodies against HA, β4 or β1. Total cell lysates were immunoblotted with the same antibodies to 

verify that equal amounts of proteins had been loaded.  

B, PA-JEB/β4
S1356A/S1364A

, and PA-JEB/β4
S1356D/S1364D

 keratinocytes were seeded on Ln-332, starved 

overnight in growth factor-free medium, and subjected to shear stress using a spinning disc device. 

The adherent fraction of cells is plotted as a function of shear stress including statistical analysis of  

τ50 (shear stress corresponding to 50% cell detachment).  Shown are data ±SEM of 6 discs spun in 

two independent experiments.  

A 

B 
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Phosphorylation of S1356 and 

S1364 partially prevents the 

assembly of type I and II HDs.  

Previous studies have shown that 

substitution with aspartic acid of 

S1356, S1360, and S1364 in β4 

compromise the formation of HDs in 

PA-JEB/β4 keratinocytes [14]. The 

findings here indicate that only two of 

these serines (S1356 and S1364) are 

phosphorylated upon EGF 

and PMA stimulation. This 

prompted us to investigate 

whether substitutions by 

alanines or aspartic acids 

affected the formation of 

HDs. First, we studied the 

effects of these mutations on 

the formation of all HDs (i.e. 

type I and II) by examining 

and comparing the 

subcellular distribution of 

both β4 and plectin in PA-

JEB keratinocytes that stably 

express β4
S1356A/S1364A

 or 

β4
S1356D/S1364D

 using double 

immunofluorescence 

microscopy. For comparison, 

we included PA-JEB 

keratinocytes expressing 

wild-type β4 and deprived of 

growth factors to minimize 

β4-phosphorylation. As 

shown in Fig. 8A, all three 

keratinocyte cell lines were 

able to form HDs. Scatter plot 

analysis revealed that less β4 

co-localized with plectin in the 

PA-JEB keratinocytes 

expressing β4
S1356D/S1364D

, 

compared to those 

expressing wild-type β4 or 

β4
S1356A/S1364A

. These results suggest 

that phosphorylation of S1356 and 

S1364 leads to a partial reduction in 

the formation of HDs in keratinocytes. 

We next determined the effect of 

phosphorylation on the formation of 

type I HDs. Cells were stained for β4 

and plectin, as well as for BP230, 

which served as a marker for type I 

Figure 7. Phosphorylation of β4 at S1356 during 

mitosis.  

PA-JEB/β4 cells were starved overnight in growth factor-

free medium and then stimulated with EGF in complete 

medium for the indicated time periods. After 15 hours, the 

cells were treated with nocadazole and harvested 1 and 4.5 

hours (G2/M cells) later. Mitotic (M) cells were collected by 

mechanically shake off from the cell cultures that had been 

incubated for 4.5 hours with nocadazole. G2-enriched cells 

were obtained from the cells that remained attached to the 

dish. A portion of the M cells were re-plated for progression 

into G1. Treated and untreated cells were lysed and 

immunoblotted with antibodies against phosphorylated β4 

(S1356 and S1364), total β4, phosphorylated ERK1/2 and 

p90RSK1, cyclin A, cyclin B and -tubulin.  
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HDs. Clusters of HDs that contain all 

three proteins were analyzed and the 

percentage of type I HDs was 

determined by dividing the colocalized 

signals of β4 and BP230 (type I HDs) 

by those of β4 and plectin (type I and II 

HDs). Growth-factor starved PA-JEB/ 

β4 keratinocytes contained 

approximately 80% type I HDs (Fig. 

8B,C). This percentage was 

significantly lower in cells expressing 

β4
S1356D/1364D

, and slightly higher in the 

β4
S1356A/1364A

-expressing PA-JEB 

keratinocytes. As a control, we 

determined the ratio of co-localization 

between that of β4 and BP230 and of 

plectin and BP230. Ideally, this value 

should be 1, which was indeed the 

case (Fig. 8C). Thus, under conditions 

in which the phosphorylation of β4 is 

minimized, the number of type I HDs in 

keratinocytes containing wild-type β4 is 

comparable to those expressing 

β4
S1356A/S1364A

. When treated with EGF, 

the percentage of type I HDs in the 

wild-type β4 expressing PA-JEB 

keratinocytes, but not in those 

expressing the mutant β4 subunits 

decreased from 80 to 65%.  Therefore, 

the percentage of type I HDs in the 

keratinocytes with wild-type β4 

became significantly lower than that in 

the β4
S1356A/1364A

-expressing 

keratinocytes and approached the 

percentage found in the β4
S1356D/1364D

-

expressing cells (Fig. 8B,C). Similar to 

what was observed in the untreated 

cells, the ratio of β4 and BP230 co-

localization to that of plectin and 

BP230 co-localization was close to 1 

(Fig. 8C).  

To further substantiate the role of 

EGF-induced phosphorylation in the 

regulation of type I and II HDs, we 

generated PA-JEB cells expressing 

GFP-tagged wild-type β4 and 

compared the β4 dynamics before and 

after EGF stimulation using 

fluorescence recovery after 

photobleaching (FRAP) (Fig. 8D,E). 

Under starved conditions β4 showed 

two distinct dynamic behaviors in HD 

clusters: it either recovers relatively 

slowly or much faster. These different 

recovery rates were likely represented 

by differences in the dynamic behavior 

of β4 within type I and II HDs, since in 

type I HDs, β4 is associated with 

BP180 and BP230 in addition to 

plectin. Indeed, staining of the clusters 

of HDs for both plectin and BP230 

after FRAP analysis, revealed that the 

two recovery populations of GFP-

tagged β4 represent those in type I 

and II HDs (Suppl. Fig. 4). After EGF 

stimulation, the recovery rates for β4 

ranged from slow to very fast. The β4 

molecules with the fastest mobility may 

represent those molecules that were 

clustered by laminin-332 (Ln-332) but 

were not associated with plectin. The 

recovery rate of this latter population is 

similar to that observed for GFP-

tagged β4
R1281W

 [19]. FRAP analysis of 

GFP-tagged β4
S1356A/S1364A

 and 

β4
S1356D/S1364D 

showed comparable 

dynamic behaviors as wild-type β4 

before and after EGF stimulation, 

respectively. These data suggest that 

phosphorylation of β4 does not change 

the dynamics of HDs already 

containing β4, but likely interferes with 
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Figure 8. Phosphorylation of S1356 and S1364 prevents the assembly of both type I and II 
HDs.  

A, PA-JEB/β4
WT

, PA-JEB/β4
S1356A/S1364A

, and PA-JEB/β4
S1356D/S1364D

 were starved overnight in growth 
factor free medium and the cells were immunolabeled with antibodies against β4 (red) and plectin 
(green). Co-localization is visualized in the overlay images (yellow). The scatter plots display the 

intensity of distribution and the degree of co-localization in the corresponding cells. In the right 
panels, high intensity co-localizing pixels are shown in yellow, non-colocalizing β4 pixels in red and 
non-colocalizing plectin pixels in green.  

B, PA-JEB/β4
WT

, PA-JEB/β4
S1356A/S1364A

, and PA-JEB/β4
S1356D/S1364D

 were starved overnight, with or 
without EGF-stimulation for 1 hour. The cells were immunolabeled with antibodies against β4 (red), 
plectin (green), and BP230 (blue) and their co-localization is visualized in the overlay image (white).  

C, The percentage of type I HDs is determined by the ratio of co-localization of β4 and BP230 (type 
I HDs), and that of β4 and plectin (type I and II HDs). As a control, the ratio between β4 and BP230, 
and that of plectin and BP230 was determined, which should be 1. 

A 

B C 
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Figure 8 (continued).  

D, PA-JEB cells stably expressing EGFP-tagged wild-type or mutant β4 subunits were starved 
overnight in growth factor-free medium and left untreated or treated with EGF for 60 min. The 
graphs show the kinetics of recovery of fluorescence intensity over time in bleached regions 

containing HDs of the indicated cell lines. The fluorescence intensity in the bleached region is 
expressed as relative recovery. Each line represents data obtained from a different region of a cell. 
Note the slow, intermediate and fast recovery of fluorescence in the different cell lines, which 

represents the mobility of β4 in type I (red), type II (green), mixed clusters of type I and II HDs 
(yellow) and β4 molecules that are not bound to plectin but are clustered by having bound to Ln-332 
deposits (purple).  

E, Representative images of PA-JEB/GFP- β4
WT

 cells left untreated or treated with EGF are shown 
pre-bleach, immediately after bleach (t=0) and post-bleach (t=10 min).  
 

D 

E 
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the formation of new HDs. 

 

Phosphorylation of S1356 and 

S1364 regulates keratinocyte 

migration.  

We have previously shown that binding 

of β4 to plectin reduced migration of 

PA-JEB/β4 keratinocytes [19]. Since 

phosphorylation of S1356 and S1364 

diminished the number of HDs and 

decreased the strength of α6β4-

mediated adhesion to Ln-332, we 

wanted to  determine if there was a 

functional consequence on cell 

migration using a wound-scratch 

assay. PA-JEB/β4 keratinocytes grown 

to confluency on collagen-I and 

deprived of growth factors for one day, 

were scrape-wounded and then 

stimulated with EGF. In the presence 

of EGF, PA-JEB/β4 cells expressing 

wild-type β4 migrated nearly as fast as 

those expressing the β4
R1281W

 (plectin-

binding deficient) mutant. Interestingly, 

substitution of S1356 and S1364 by 

alanine reduced cell migration by 30%, 

while the substitution by aspartic acid 

had an intermediate effect (Fig. 9A,B). 

As a control, integrin-subunit 

expression profiles and cell 

proliferating capacity were similar for 

each of the PA-JEB/β4 cell lines used 

(Suppl. Fig. 2).  

To directly assess the influence of 

S1356/S1364 phosphorylation of β4 on 

the velocity of migrating keratinocytes, 

we carried out single cell migration 

assays on Ln-332-rich matrices. The 

velocity of PA-JEB/β4
S1356D/S1364D

 

keratinocytes under starved conditions 

was highest, compared to cells 

expressing either β4
WT

 or 

β4
S1356A/S1364A

. After the addition of 

EGF, however, the migration of PA-

JEB/β4
WT

 keratinocytes increased 

considerably more strongly than that of 

PA-JEB/β4
S1356A/S1364A

. In fact, PA-JEB 

keratinocytes expressing β4
WT

 

migrated at a similar velocity as those 

expressing β4
S1356D/S1364D

 with PA-

JEB/β4
S1356A/S1364A

 keratinocytes 

migrating ~15% more slowly (Fig. 9C). 

The described increase in velocity after 

stimulation with EGF can at least in 

part be attributed to the activity of 

MEK1/2, since pretreatment with 10 

μM U0126 slowed down basal cell 

migration and completely abrogated 

the characteristic EGF response. 

Inhibiting PKC with 100 nM Gö6983 

did not affect basal cell migration, 

while it seemed to only slightly affect 

the acceleration after the addition of 

EGF (Suppl. Fig 3). PMA did not 

stimulate migration of PA-JEB/β4 cells, 

although it induced the 

phosphorylation of β4 (data not 

shown). In summary, these results 

show that phosphorylation of S1356 

and S1364 may contribute to, but is by 

itself not sufficient for increasing the 

migration of PA-JEB/β4 keratinocytes. 
 

 

DISCUSSION 
 

In this study, we identified ERK1/2 and 

p90RSK1/2 as the kinases that 

phosphorylate the integrin β4 subunit 

at S1356 and S1364 in response to 

stimulation of keratinocytes with EGF 
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or PMA. We show that the 

phosphorylation of S1356 and S1364 

leads to a reduced number of type I 

and II HDs in keratinocytes by 

hindering the association between β4 

and the plectin-ABD. Furthermore, we 

Figure 9. Phosphorylation of S1356 and S1364 is involved in the regulation of EGF-induced 

keratinocyte migration.  

A, PA-JEB/β4
WT

, PA-JEB/β4
R1281W

, PA-JEB/β4
S1356A/S1364A

, and PA-JEB/β4
S1356D/S1364D

 were cultured 

till confluency and starved overnight in growth factor free medium. A scratch was introduced prior to 

EGF-stimulation. Wound closure is illustrated at different time-points (0, 5, 10 and 15 hours).  

B, Data represent the mean ± SEM of three independent experiments performed in triplicate.  

C, Averaged velocities of single migrating PA-JEB/β4
WT

, PA-JEB/β4
S1356A/S1364A

, and PA-

JEB/β4
S1356D/S1364D

 keratinocytes on Ln-332 before and after the addition of EGF. Note that PA-

JEB/β4
WT

 behave like PA-JEB/β4
S1356A/S1364A

 keratinocytes in the absence, and like PA-

JEB/β4
S1356D/S1364D

 keratinocytes in the presence of EGF. Data represent the mean ± SEM of ~200 

keratinocytes per cell line pooled from two independent experiments.  

A 

B 

C 
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present data that suggest that 

phosphorylation of these two serine 

residues downstream of the EGFR 

decreased α6β4-Ln332-mediated 

adhesion strength, while it increased 

cell migration. Finally, β4 

phosphorylation at S1356 was shown 

to take place during mitosis. 

Rabinovitz et al. [12] have previously 

reported that β4 is phosphorylated on 

three serine residues, S1356, S1360 

and S1364 after EGFR activation and 

suggest that at least two of these 

residues are directly phosphorylated 

by PKCα by in vitro analysis. As we 

previously mentioned, the only serine 

of these three residues present in a 

PKC phosphorylation consensus site is 

S1360; however, in this study we were 

unable to obtain evidence that β4 is 

phosphorylated on S1360 downstream 

of the EGFR. Furthermore, we provide 

evidence that the phosphorylation of 

S1356 and S1364 downstream of the 

EGFR is PKC-independent. 

Additionally, we were also unable to 

detect phosphorylation of S1360 after 

PMA addition in these studies, contrary 

to our previously published results 

obtained from in vivo phosphopeptide 

mapping experiments [14]. We are 

unable to definitively explain this 

discrepancy except that we now 

believe that the reduced 

phosphorylation of β4 in the 

phosphopeptide experiment was due 

to a low expression level of S1360A 

mutant subunit. Consistent with this 

revised conclusion, it is of note that in 

the original mapping experiments 

mutation of S1360 resulted in the loss 

of two phosphopeptides, and not just 

of one as would have been expected. 

These considerations, combined with 

the consistent non-reactivity of our 

phospho-specific antibodies against 

S1360 with β4 from EGF- and PMA-

stimulated lysates, led us to modify our 

initial conclusion that S1360 is 

phosphorylated by PKC. We now 

conclude that this residue is not 

phosphorylated in keratinocytes 

stimulated with either PMA or EGF. 

Our data, however, does not rule out 

the possibility that S1360 becomes 

phosphorylated after treatment with 

other stimuli (e.g. growth factors and 

cytokines that are released during 

wound healing). 

Several reports document the 

activation of PKC downstream of 

EGFR activation. Rabinovitz et al. [12] 

argued that the activation of a PKCα-

dependent pathway downstream of the 

EGFR is responsible for the 

phosphorylation of the β4 subunit. 

However, this conclusion was based 

on in vitro phosphopeptide mapping 

experiments. We have been unable to 

verify that any of the three 

aforementioned serine residues are 

phosphorylated by PKC in vitro, and in 

fact, we have even witnessed the non-

specific phosphorylation of 

extracellular β4 peptides in these 

assays (data not shown). Moreover, a 

role of PKC in the phosphorylation of 

either S1356 or S1364 downstream of 

the EGFR could be excluded by the 

fact that in the presence of the PKC 

inhibitor Gö6983, as well as after 

depletion of PKC by overnight 
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incubation with PMA, EGF was still 

able to induce the phosphorylation of 

β4 on these residues.  It is interesting 

to note that the pan-pPKC (βII Ser660) 

antibody we used in our previous 

studies to monitor PKC activation 

downstream of the EGFR is directed 

against the phosphorylated serine 

residue in the hydrophobic loop (bulky 

ring motif, FXXFSF) of PKCβII [14]. 

This epitope also happens to be 

present in the C-terminal kinase of 

p90RSK1/2 and therefore, it most likely 

recognizes activated p90RSK1/2 

kinase as well.  

In line with previous work, we 

confirmed that PKA may phosphorylate 

β4 at S1364 in vivo [14]. However, we 

found no evidence that this kinase is 

activated downstream of PKC or the 

EGFR. Therefore, it is not likely to be 

responsible for the phosphorylation of 

S1364 in cells that have been 

stimulated with either PMA or EGF. In 

fact, our data clearly show that two 

different kinase classes, ERK1/2 and 

p90RSK1/2, phosphorylate β4 on 

S1356 and S1364, respectively. There 

is precedent in the literature for the 

phosphorylation of proteins by both 

ERK1/2 and p90RSK1/2, including that 

of c-Fos and LKB1 [33;34]. It has been 

suggested that the cooperation 

between ERK1/2 and p90RSK1/2 in 

protein regulation serves to ensure that 

they are selectively activated by the 

ERK/RSK signalling pathway and not 

by another kinase that has a substrate 

specificity overlapping with that of 

either ERK1/2 or p90RSK1/2 [35].  

CDK1 recognizes the same 

phosphorylation motif as ERK1/2 [36]. 

This kinase is active at the transition of 

G2 to M during mitosis and therefore 

might well be the kinase that 

phosphorylates β4 at S1356 at this 

stage of the cell cycle. We previously 

have shown that the phosphorylation 

of only one serine residue in the CS is 

not sufficient to prevent the interaction 

between β4 and plectin, and therefore, 

for the disassembly of HDs in mitotic 

cells other phosphorylation events 

might be necessary [14]. In this 

respect, it is interesting to mention that 

Germain et al. [37] have recently 

identified a novel phosphorylation site, 

S1424, on the β4 subunit that plays a 

role in the disassembly of HDs. 

Although this site is constitutively 

phosphorylated and is modestly 

intensified after EGF stimulation, we 

do not believe that it is involved in the 

EGF- or PMA-mediated regulation of 

HDs since our previous 

phosphopeptide mapping experiments 

show that only the two 

phosphopeptides containing phospho-

S1356 and/or S1364 increase in 

intensity after PMA- or EGF-stimulation 

of keratinocytes. However, a role of 

this site in the disassembly of HDs 

during mitosis cannot be excluded. 

In a previous article, we reported that 

there was no difference in the 

migration rates of keratinocytes 

expressing the wild-type β4 subunit 

and those expressing the 

S1356A/S1360A/S1364A or 

S1356D/S1360D/S1364D triple 

mutants [14]. Although double mutants 
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were used in this report, we believe 

that the discrepancy in the results can 

be explained as follows. The surface 

expression levels of the β4 mutants 

were not assessed in the first report 

and we now have evidence suggesting 

they were not equivalent. Additionally, 

the new data were obtained using 

tissue culture plates pre-coated with 

collagen-1 and the cells were 

stimulated to migrate with ten times 

more EGF (i.e. 5 ng/ml vs. 50 ng/ml). 

Therefore, the added effects of these 

differences may account for the 

observed differences in migration 

rates.  

Despite the fact that PMA induces the 

phosphorylation of β4 at S1356 and 

S1364, it did not stimulate migration of 

PA-JEB/β4 keratinocytes. This 

suggests that phosphorylation of β4 by 

itself is not sufficient to induce 

migration and that other signalling 

events, e.g. those that are activated 

downstream of the EGFR but not of 

PKC, are essential. Alternatively, PKC 

activation may negatively regulate a 

signalling pathway that is critical for 

supporting cell migration. Indeed, we 

have observed that PMA stimulation of 

PA-JEB/β4 keratinocytes leads to the 

inactivation of basal PI-3 kinase 

signalling in these cells, as evidenced 

by a diminution of Akt phosphorylation. 

PI3-kinase signalling supports cell 

migration by Rac-dependent 

remodeling of the actin cytoskeleton 

and focal contacts [38]. 

Before epithelial cells can migrate 

during wound healing, type I HDs have 

to be completely disassembled. 

However, the disassembly of type II 

HDs is likely to be part of a more 

dynamic process. These structures are 

found in rapidly migrating intestinal 

epithelial cells and their dynamic 

regulation may allow for rapid 

adhesion and de-adhesion necessary 

for an efficient migration. The 

disassembly of HDs in wounds occurs 

under the influence of many cytokines 

and growth factors, including EGF, 

which are released by different cell 

types present in the wound milieu [13]. 

However, since EGF only partially 

prevents the formation of HDs, it is 

anticipated that other cytokines also 

play a role in the prevention of their 

formation, and/or the disruption of 

these structures. These cytokines may 

induce the phosphorylation of β4 on 

other residues than those whose 

phosphorylation is induced by EGF, 

thereby augmenting the disruptive 

effects of EGF on the interaction 

between β4 and the plectin-ABD. For 

example, they may phosphorylate 

residues important for the binding of β4 

to the plakin domain of plectin. Binding 

of β4 to this domain of plectin is not 

sufficient to mediate the recruitment of 

plectin by β4 into HDs, but it may 

nevertheless facilitate and stabilize the 

binding of the plectin-ABD to β4 [9,10]. 

Other phosphorylation events may 

interfere with the binding of β4 to either 

BP180 or BP230, and/or the binding 

between BP180, B230 and plectin, and 

the intermediate filament system 

[39;40].  

Several reports have suggested that 

β4 is also phosphorylated on tyrosine 
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residues. Although most of these 

studies involved the use of carcinoma 

cells overexpressing the EGF receptor, 

data has also been presented that 

tyrosine phosphorylation may occur in 

normal keratinocytes [41]. We have not 

observed tyrosine phosphorylation of 

β4 in PA-JEB/β4 keratinocytes after 

EGF stimulation and therefore have 

excluded a role of such kinases in the 

regulation of HD disassembly. 

However, the tyrosine phosphorylation 

of β4 in carcinoma cells has been well 

documented and is likely to contribute 

to a more efficient disruption of HDs in 

these cells [16;42]. 

 

Acknowledgements 

We thank John Blenis, Philippe 

Lenormand, Takashi Hashimoto and 

Ulrike Mayer for providing reagents, 

and Jacco van Rheenen, Rob Wolthuis 

and Mike Ports for helpful discussions.  

This work was supported by grants 

from the Dutch Cancer Society and the 

Netherlands Science Organization 

(NWO/ALW).  

 

Abbreviations 

ABD, actin binding domain; CS, 

connecting segment; EGF, epidermal 

growth factor; EGFR, EGF receptor; 

ERK, extracellular signal regulated 

kinase; FnIII, fibronectin type III, HD, 

hemidesmosome; MSP, macrophage 

stimulating protein; PKC, protein 

kinase C; p90RSK, p90 ribosomal S6 

kinase 

 

 

REFERENCES 

 

1. Uematsu J, Nishizawa Y, Sonnenberg A, 

Owaribe K: Demonstration of type II 

hemidesmosomes in a mammary gland 

epithelial cell line, BMGE-H. J.Biochem. 

1994, 115:469-476. 

 

2. Borradori L, Sonnenberg A: Structure and 

function of hemidesmosomes: more 

than simple adhesion complexes. 

J.Invest.Dermatol. 1999, 112:411-418. 

 

3. Orian-Rousseau V, Aberdam D, Fontao L, 

Chevalier L, Meneguzzi G, Kedinger M, 

Simon-Assmann P: Developmental 

expression of laminin-5 and HD1 in the 

intestine: epithelial to mesenchymal 

shift for the laminin gamma-2 chain 

subunit deposition. Dev.Dyn. 1996, 

206:12-23. 

 

4. Chung HJ, Uitto J: Epidemolysis bullosa 

with pyloric atresia. Dermatol.Clin. 2010, 

28:43-54.  

 

5. Niessen CM, Hulsman EH, Oomen LC, 

Kuikman I, Sonnenberg A: A minimal 

region on the integrin beta4 subunit that 

is critical to its localization in 

hemidesmosomes regulates the 

distribution of HD1/plectin in COS-7 

cells. J.Cell Sci.1997, 110:1705-1716. 

 

6. Geerts D, Fontao L, Nievers MG, 

Schaapveld RQ, Purkis PE, Wheeler GN, 

Lane EB, Leigh IM, Sonnenberg A: Binding 

of integrin alpha6beta4 to plectin 

prevents plectin association with F-actin 

but does not interfere with intermediate 

filament binding. J.Cell Biol. 1999, 

147:417-434. 

 

7. de Pereda JM, Lillo MP, Sonnenberg A: 

Structural basis of the interaction 

between integrin alpha6beta4 and 

plectin at the hemidesmosomes. EMBO 

J. 2009, 28:1180-1190. 

 



EGF-induced MAPK signaling inhibits HD formation through phosphorylation of the integrin β4  

 

57 

 2 

8. Nikolopoulos SN, Blaikie P, Yoshioka T, 

Guo W, Puri C, Tacchetti C, Giancotti FG: 

Targeted deletion of the integrin beta4 

signaling domain suppresses laminin-5-

dependent nuclear entry of mitogen-

activated protein kinases and NF-

kappaB, causing defects in epidermal 

growth and migration. Mol.Cell Biol. 2005, 

25:6090-6102. 

 

9. Rezniczek GA, de Pereda JM, Reipert S, 

Wiche G: Linking integrin alpha6beta4-

based cell adhesion to the intermediate 

filament cytoskeleton: direct interaction 

between the beta4 subunit and plectin at 

multiple molecular sites. J.Cell Biol. 1998 

141:209-225. 

 

10. Koster J, van Wilpe S, Kuikman I, Litjens 

SH, Sonnenberg A: Specificity of binding 

of the plectin actin-binding domain to 

beta4 integrin. Mol.Biol.Cell 2004. 

15:1211-1223. 

 

11. Litjens SH, de Pereda JM, Sonnenberg A: 

Current insights into the formation and 

breakdown of hemidesmosomes. Trends 

Cell Biol. 2006, 16:376-383. 

 

12. Rabinovitz I, Tsomo L, Mercurio AM: 

Protein kinase C-alpha phosphorylation 

of specific serines in the connecting 

segment of the beta4 integrin regulates 

the dynamics of type II 

hemidesmosomes. Mol.Cell Biol. 2004, 

24:4351-4360. 

 

13. Barrientos S, Stojadinovic O, Golinko MS, 

Brem H, Tomic-Canic M: Growth factors 

and cytokines in wound healing. Wound 

Rep.Reg. 2008, 16:585-601. 

 

14. Wilhelmsen K, Litjens SH, Kuikman I, 

Margadant C, van Rheenen J, Sonnenberg 

A: Serine phosphorylation of the integrin 

beta4 subunit is necessary for epidermal 

growth factor receptor induced 

hemidesmosome disruption. Mol. Biol. 

Cell 2007, 18:3512-3522. 

 

15. Santoro MM, Gaudino G, Marchisio PC: 

The MSP receptor regulates alpha6beta4 

and alpha3beta1 integrins via 14-3-3 

proteins in keratinocyte migration. 

Dev.Cell 2003, 5:257-271. 

 

16. Margadant C, Frijns E, Wilhelmsen K, 

Sonnenberg A: Regulation of 

hemidesmosome disassembly by 

growth factor receptors. Curr.Opin.Cell 

Biol. 2008, 20:589-596. 

 

17. Schaapveld RQ, Borradori L, Geerts D, van 

Leusden MR, Kuikman I, Nievers MG, 

Niessen CM, Steenbergen RD, Snijders PJ, 

Sonnenberg A: Hemidesmosome 

formation is initiated by the beta4 

integrin subunit, requires complex 

formation of beta4 and HD1/plectin, and 

involves a direct interaction between 

beta4 and the bullous pemphigoid 

antigen 180. J.Cell Biol. 1998, 142:271-

284. 

 

18. Sterk LM, Geuijen CA, Oomen LC, Calafat 

J, Janssen H, Sonnenberg A: The 

tetraspan molecule CD151, a novel 

constituent of hemidesmosomes, 

associates with the integrin alpha6beta4 

and may regulate the spatial 

organization of hemidesmosomes. J.Cell 

Biol. 2000, 149:969-982. 

 

19. Geuijen CA, Sonnenberg A: Dynamics of 

the alpha6beta4 integrin in 

keratinocytes. Mol.Biol.Cell 2002, 

13:3845-3858. 

 

20. Koster J, Kuikman I, Kreft M, Sonnenberg 

A: Two different mutations in the 

cytoplasmic domain of the integrin beta 

4 subunit in nonlethal forms of 

epidermolysis bullosa prevent 

interaction of beta4 with plectin. 

J.Invest.Dermatol. 2001, 117:1405-1411. 

 

21. Litjens SH, Koster J, Kuikman I, van Wilpe 

S, de Pereda JM, Sonnenberg A: 

Specificity of binding of the plectin 

actin-binding domain to beta4 integrin. 

Mol.Biol.Cell 2003, 14:4039-4050. 



Chapter 2 

 

58 

22. Seed B, Aruffo A: Molecular cloning of 

the CD2 antigen, the T-cell erythrocyte 

receptor, by a rapid immunoselection 

procedure. Proc.Natl.Acad.Sci.USA. 1987, 

84:3365-3369. 

 

23. Boettiger D: Quantitative measurements 

of integrin-mediated adhesion to 

extracellular matrix. Methods Enzymol. 

2007, 426:1-25. 

 

24. de Rooij J, Kerstens A, Danuser G, 

Schwartz MA, Waterman-Storer CM: 

Integrin-dependent actomyosin 

contraction regulates epithelial cell 

scattering. J.Cell Biol. 2005, 171:153-164. 

 

25. Rabinovitz I, Toker A, Mercurio AM: 

Protein kinase C-dependent mobilization 

of the alpha6beta4 integrin from 

hemidesmosomes and its association 

with actin-rich cell protrusions drive the 

chemotactic migration of carcinoma 

cells. J.Cell Biol. 1999, 146:1147-1160. 

 

26. Shah BH, Olivares-Reyes JA, Catt KJ: 

Agonist-induced interaction between 

angiotensin AT1 and epidermal growth 

factor receptors. Mol.Pharmacol. 2005, 

67:184-194. 

 

27. Butt E, Abel K, Krieger M, Palm D, Hoppe 

V, Hoppe J, Walter U: cAMP- and cGMP-

dependent protein kinase 

phosphorylation sites of the focal 

adhesion vasodilator-stimulated 

phosphoprotein (VASP) in vitro and in 

intact human platelets. J.Biol.Chem. 1994 

269:14509-14517. 

 

28. Chen Z, Gibson TB, Robinson F, Silvestro 

L, Pearson G, Xu B, Wright A, Vanderbilt C, 

Cobb MH: MAP kinases. Chem.Rev. 2001, 

101:2449-2476. 

 

29. Jacobs D, Glossip D, Xing H, Muslin A, 

Kornfeld K: Multiple docking sites on 

substrate proteins form a modular 

system that mediates recognition by 

ERK MAP kinase. Genes Dev. 1999, 

13:163-175. 

30. Anjum R, Blenis J: The RSK family of 

kinases: emerging roles in cellular 

signalling. Nat. Rev. Mol.Cell Biol. 2008, 

9:747-757. 

 

31. Leighton IA, Dalby KN, Caudwell FB, 

Cohen PT, Cohen P: Comparison of the 

specificities of p70 S6 kinase and 

MAPKAP kinase-1 identifies a relatively 

specific substrate for p70 S6 kinase: the 

N-terminal kinase domain of MAPKAP 

kinase-1 is essential for peptide 

phosphorylation. FEBS Lett. 1995, 

375:289-293. 

 

32. Sapkota GP, Cummings L, Newell FS, 

Armstrong C, Bain J, Frodin M, Grauert M, 

Hoffmann M, Schnapp G, Steegmaier M, 

Cohen P, Alessi DR: BI-D1870 is a 

specific inhibitor of the p90 RSK 

(ribosomal S6 kinase) isoforms in vitro 

and in vivo. Biochem.J. 2007, 401:29-38. 

 

33. Chen RH, Abate C, Blenis J: 

Phosphorylation of the c-Fos 

transrepression domain by mitogen-

activated protein kinase and 90-kDa 

ribosomal S6 kinase. 

Proc.Natl.Acad.Sci.USA 1993, 90:10952-

10956. 

 

34. Zheng B, Jeong JH, Asara JM, Yuan Y-Y, 

Granter SR, Chin L, Cantley LC: 

Oncogenic B-RAF negatively regulates 

the tumor suppressor LKB1 to promote 

melanoma cell proliferation. Mol.Cell 

2009, 33:237-247. 

 

35. Hauge C, Frödin M: RSK and MSK in MAP 

kinase signalling. J.Cell Sci. 2006, 

119:30210-3023. 

 

36. Lindqvist A, Rodríguez-Bravo V, Medema 

RH: The decision to enter mitosis: 

feedback and redundancy in the mitotic 

entry network. J.Cell Biol. 2009, 185:193-

202. 

 

37. Germain EC, Santos TM, Rabinovitz I: 

Phosphorylation of a novel site on the 

beta4 integrin at the trailing edge of 



EGF-induced MAPK signaling inhibits HD formation through phosphorylation of the integrin β4  

 

59 

 2 

migrating cells promotes 

hemidesmosome disassembly. 

Mol.Biol.Cell 2009, 20:56-67. 

 

38. Ridley AJ, Schwartz MA, Burridge K, Firtel 

RA, Ginsberg MH, Borisy G, Parsons JT, 

Horwitz AR: Cell migration: integrating 

signals from front to back. Science 2003, 

302:1704-1709. 

 

39. Kitajima Y, Aoyama Y, Seishima M: 

Transmembrane signaling for adhesive 

regulation of desmosomes and 

hemidesmosomes, and for cell-cell 

detachment induced by pemphigus IgG 

in cultured keratinocytes: involvement 

of protein kinase C.  

J.Investig.Dermatol.Symp.Proc. 1999, 

4:137–144. 

40. Malecz N, Foisner R, Stadler C, Wiche G: 

Identification of plectin as a substrate 

for p34cdc2 kinase and mapping of a 

single phosphorylation site. J.Biol.Chem. 

1996, 271:8203–8208. 

 

41. Mainiero F, Pepe A, Yeon M, Ren Y, 

Giancotti FG: The intracellular functions 

of alpha6beta4 integrin are regulated by 

EGF. J.Cell Biol. 1996, 134:241-253. 

 

42. Wilhelmsen K, Litjens SH, Sonnenberg A: 

Multiple functions of the integrin 

alpha6beta4 in epidermal homeostasis 

and tumorigenesis. Mol.Cell Biol. 2006, 

26:2877-2886. 

 

 



Chapter 2 

 

60 

 

 

 

 

 

 

Supplemental figure 1. Phosphospecificity of the generated antibodies.  

PA-JEB/β4 keratinocytes expressing different combinations of alanine substitutions of S1356, 

S1360 and S1364 were starved overnight in growth factor free-medium, and were left unstimulated 

or stimulated with either PMPA or EGF for 10 min, Cell lysates were immunoblotted with antibodies 

against β4 phosphorylated on S1356 and S1364 and against total β4.  
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Supplemental figure 2. Integrin expression and proliferative capacity of PA-JEB keratinocytes 

expressing wild-type or mutant β4 subunits. 

A, FACS analysis of the integrin expression profiles of PA-JEB/β4
WT

, PA-JEB/β4
R1281W

, PA-

JEB/β4
S1356A/S1364A

, PA-JEB/β4
S1356D/S1364D

 keratinocytes. Antibodies used in this analysis were 

10G11 against integrin α2, J143 against α3, JH8 against α6, TS2/16 against β1, and 450-9D 

against β4. Mouse IgG was used as negative control. 

B, Cell growth curves show no significant differences between the cell counts of the different PA-

JEB/β4
 
keratinocytes. The values are the mean ± SEM (n=2).  

A 

B 
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Supplemental figure 3. Migration of PA-JEB/β4
WT

 keratinocytes is dependent on MAPK, but no 

PKC activation.  

Averaged velocities of single PA-JEB/β4
WT

 keratinocytes. The keratinocytes were sparsely seeded 

and starved overnight in growth factor-free medium, pretreated with Gö6983 or U0126 at the 

indicated time points and finally stimulated with EGF. The data represent the mean ± SEM of 

approximately 300 tracked cells.  

PA-JEB/β4 
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Phosphorylation of threonine 1736 in the C-terminal 

tail of integrin β4 contributes to hemidesmosome 

disassembly 
 

Evelyne Frijns, Ingrid Kuikman, Sandy Litjens, Marcel Raspe, Kees Jalink, Michael 

Ports, Kevin Wilhelmsen and Arnoud Sonnenberg 

 

 

During wound healing, hemidesmome 

disassembly enables keratinocyte 

migration and proliferation. 

Hemidesmosome dynamics are altered 

downstream of EGF receptor activation, 

following the phosphorylation of 

integrin β4 residues S1356 and S1364, 

which reduces the interaction with 

plectin. However, this event is 

insufficient to drive complete 

hemidesmosome disassembly. In the 

studies reported here, we have used a 

FRET-based assay to demonstrate that 

the connecting segment (CS) and 

carboxy-terminal tail (C-tail) of the β4 

cytoplasmic domain interact, which 

facilitates the formation of a binding 

platform for the plakin domain of 

plectin. Additionally, analysis of a β4 

mutant containing a phospho-mimicking 

aspartic acid residue at threonine 1736 

(T1736) in the C-tail show that this 

residue regulates the interaction with 

the plectin-plakin domain. The aspartic 

acid mutation of β4 T1736 impaired 

hemidesmosome formation in PA-

JEB/β4 keratinocytes. 

Furthermore, we show that T1736 is 

phosphorylated downstream of PKC 

and EGF receptor activation and that it 

is a substrate for PKD1 in vitro and in 

cells, which requires the translocation 

of PKD1 to the plasma membrane and 

subsequent activation. In conclusion, 

we identify T1736 as a novel 

phosphorylation site that contributes to 

the regulation of hemidesmosome 

disassembly, a dynamically regulated 

process involving the concerted 

phosphorylation of multiple residues on 

β4.  

 

 

INTRODUCTION 

 

Hemidesmosomes (HDs) are 

junctional protein complexes that 

maintain epithelial tissue integrity. HDs 

mediate the stable adhesion of 

epithelial cells to the underlying 

basement membrane by linking the 

extracellular matrix to the intermediate 

filament system. In simple epithelia this 

link is formed by type II HDs, which 

consist of integrin α6β4 and plectin, 

the latter of which binds directly to the 

keratin filament system. In squamous 

and complex epithelia more stable type 

I HDs occur [1;2]. Type 1 HDs are 

formed via interaction between integrin 

α6β4 and plectin, with further 

stabilization occurring through 

interaction with Bullous Pemphigoid 

antigens 180 (BP180) and 230 

(BP230) [3]. Genetic mutations that 

alter the expression and/or function of 

any of these proteins result in tissue 
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integrity defects known as 

epidermolysis bullosa (EB) [4]. 

Two known sites of interaction exist 

between integrin α6β4 and plectin. The 

primary site is formed by the first pair 

of fibronectin type III (FnIII) domains 

and a small part of the connecting 

segment (CS) of β4 that binds to the 

actin-binding domain (ABD) of plectin 

[5;6]. This interaction is sufficient for 

the formation of HDs in cultured 

keratinocytes [7;8]. Moreover, HD 

formation was not impaired in mice 

carrying a targeted deletion of the C-

terminal cytoplasmic tail β4 up to 

residue 1355, which leaves the primary 

binding site for the plectin-ABD intact 

[9]. Further support for the importance 

of this primary interaction site in 

regulating HD dynamics comes from 

the occurrence of two missense 

mutations in the second FNIII domain 

of β4, identified in patients with non-

lethal forms of junctional Epidermolysis 

Bullosa (EB) [4;10]. Both mutations 

were shown to inhibit interaction with 

plectin-ABD [5;6;11]. The secondary 

binding site is formed between the 

carboxy-terminus of the CS, the 

carboxy-terminal tail (C-tail) of β4, and 

the plakin domain of plectin [12;13]. A 

nonsense mutation (Q1767X) in the C-

tail of β4 was identified in an EB 

patient displaying a relatively mild 

trauma-induced blistering of the skin 

[10]. This secondary interaction is 

predicted to stabilize the β4 and 

plectin-ABD complex, but its exact role 

in HD dynamics is not known. 

During the migration and proliferation 

of keratinocytes, HD assembly/ 

disassembly and adhesion to the 

extracellular matrix must be 

dynamically regulated. Several growth 

factors have been implicated in 

regulating HD disassembly, such as 

Epidermal Growth Factor (EGF), 

Hepatocyte Growth Factor (HGF) and 

Macrophage Stimulating Protein 

(MSP), [3;14-16]. These factors 

collectively induce the Ras/MAPK 

signaling pathway, and stimulate β4 

phosphorylation on serine residues in 

the CS [17;18]. Recently, we have 

shown that ERK1/2 and its 

downstream effector kinase 

p90RSK1/2 phosphorylate β4 on 

S1356 and S1364, respectively, 

destabilizing the interaction between 

the FNIII domains of β4 and the ABD 

of plectin [19], but the signaling 

mechanisms that regulate the 

interaction between the C- tail of β4 

and the plectin-plakin domain remain 

unknown. Protein Kinase D1 (PKD1) is 

an important regulator of proliferation, 

apoptosis and tumor cell invasion 

[20;21], processes that require the 

(partial) disassembly of HDs. Here we 

set out to determine if PKD1 has a 

putative role in regulating HD 

(dis)assembly and the interaction 

between the C-tail of β4 and plectin.  

We demonstrate that the C-tail is 

positioned in close proximity to the CS 

of β4 and that a β4 T1736 

phosphorylation mimic prevented the 

interaction between the C-tail of β4 

and the plectin-plakin domain. 

Furthermore, T1736 is directly 

phosphorylated by PKD1 in vitro or 

after the PMA- and EGF-induced 
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activation and membrane translocation 

of PKD1 in PA-JEB/β4 keratinocytes. 

In summary, our results suggest that 

multiple phosphorylation events are 

necessary to regulate the interaction of 

plectin with β4.  

 

 

MATERIALS AND METHODS 

 

Cell Culture 

The immortalized PA-JEB keratinocyte cell 

line derived from a PA-JEB patient has 

been described previously [8]. These 

keratinocytes were cultured in keratinocyte 

serum-free medium (SFM; InVitrogen, 

Rockville, MD) supplemented with 50 μg/ml 

bovine pituitary gland extract, 5 ng/ml EGF, 

100 U/ml penicillin and 100 U/ml 

streptomycin, as described previously. PA-

JEB/β4 and PA-JEB/β4+GFP-PKD1 

keratinocytes were generated by retroviral 

transduction, as described previously [22]. 

A431, COS-7 and HEK 293 cells were 

cultured in Dulbecco’s modified Eagle’s 

medium (DMEM; InVitrogen) supplemented 

with 10% fetal bovine serum, 100 units/ml 

penicillin, and 100 units/ml streptomycin. 

COS-7 or HEK293 cells were transiently 

transfected with 10 µg cDNA using the 

DEAE-dextran method or Fugene 

transfection agents respectively [23].  

 

Antibodies 

Polyclonal rabbit antibodies specific for β4 

phosphorylated on residue T1736 was 

raised against a synthetic peptide 

(CTQEFVSRTLTTSGTLSTHM) in which 

the underlined threonine residue contained 

a phosphate-group. To prevent recognition 

of unphosphorylated β4 in immunoblotting, 

the antiserum was used in combination 

with 30 μM of the synthetic peptide lacking 

the phosphate-group. The generation and 

specificity of the rabbit polyclonal 

antibodies that recognize phosphorylated 

S1356 or S1364 on the integrin β4 subunit 

have been described previously [19]. The 

rabbit polyclonal antibodies recognizing the 

first pair of FNIII domains (residues 1115-

1355) of β4 were generated as described 

previously [17]. The rabbit polyclonal 

antibodies against p-PKD (S916), p-PKD 

(S744/S748) and p-PKC (βII S660) were 

purchased from Cell Signaling (Beverly, 

MA) and the rabbit polyclonal antibody 

against TGN46 was purchased from Novus 

Biologicals (Huissen, the Netherlands). The 

mouse monoclonal antibodies against 

plectin (clone 31) (BD Biosciences, San 

Jose, CA), actin (clone C4) (Chemicon 

International Inc.), GFP (B34) (Covance, 

Princeton, NJ), anti-hemagglutinin (HA) 

epitope 12CA5 (Santa Cruz Biotechnology, 

Santa Cruz, CA) and β4 (clone 450-11A) 

were used. The secondary antibodies 

conjugated to TexasRed goat anti-mouse 

(T-862; InVitrogen) and goat anti-rabbit IgG 

conjugated to Cy5 649 (Jackson 

ImmunoResearch Laboratories, West 

Grove, PA) were used. Secondary 

antibodies linked to horseradish peroxidase 

(HRP) were purchased from GE Healthcare 

(UK).  

 

cDNA Constructs 

The construction of expression vectors 

encoding full-length β4 and the chimeric 

protein containing the extracellular and 

transmembrane domains of the IL2R fused 

to the intracellular domain of the IL2R/β4
cyto

 

have been described previously [7;24]. 

Point mutants of β4 T1727 and/or T1736 

were generated by site-directed 

mutagenesis with the PCR-based overlap 

extension method using Pwo DNA 

polymerase (Roche Molecular 

Biochemicals, Indianapolis, IN), and 

fragments containing the different 
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mutations were exchanged with 

corresponding fragments in the β4 pcDNA3 

or IL2R/β4
cyto

 vectors. Retroviral vectors 

containing mutant β4 cDNAs were 

generated by subcloning the mutant β4 

cDNAs into the EcoRI restriction site of the 

LZRS-MS-IRES-ZEO vector [22]. The 

plectin-1C ABD-plakin (1-1154) and plakin 

(284-1154) constructs were cloned into the 

pcDNA3-HA vector using EcoRI restriction 

sites [12]. Wild-type GFP-PKD1, kinase-

dead GFP-PKD (D733A) and constitutively 

active GFP-PKD (S744/748) were cloned in 

the pEF-plink2-GFPC3 expression vector 

[25;26].  

The β4 Venus-CFP recombinant fusion 

constructs used in this study, shown in 

Figure 1C, were cloned into pcDNA3 

(InVitrogen) in five steps. Firstly, the coding 

region of CFP with a stop codon was 

placed downstream of a sequence 

encoding five glycine residues and the 

complete coding sequence of the β4 

subunit, using the PCR-based overlap 

extension method. Subsequently, the 

resulting β4-CFP fragment was cloned into 

the EcoRV/EcoRI restriction sites of 

pcDNA3. Secondly, a PCR product 

containing the Venus (A206K) coding 

sequence flanked by XhoI restriction sites 

was generated and ligated into the pGEM-

T Easy Vector (Promega, Madison, WI). 

Thirdly, cDNA fragments of β4 with an XhoI 

restriction site either at the position of the 

CalX domain or in the CS at amino acid 

position 1450 were generated by the PCR-

based overlap extension method, using the 

Pwo DNA polymerase (Roche Molecular 

Biochemicals, Indianapolis, IN). The two β4 

PCR fragments were then exchanged with 

the corresponding fragments in full-length 

β4 cDNA in pUC18. Fourthly, the Venus 

coding sequence containing the point 

mutation A206K and flanked by XhoI 

restriction sites was inserted into full-length 

β4 using the XhoI restriction sites to 

generate the β4
ΔCalX, Venus

 and β4
1450, Venus 

constructs. Finally, the SfiI fragment of β4-

CFP was replaced by the corresponding 

fragments of β4
ΔCalX, Venus

 or β4
1450, Venus

, 

yielding β4
ΔCalX, Venus/CFP

 or β4
1450, Venus/CFP

, 

respectively.  

 

Immunofluorescence 

PA-JEB/β4 keratinocytes, grown on glass 

cover slips, were deprived of growth factors 

for 16 h. Cells were then stimulated with 50 

ng/ml EGF (Sigma-Aldrich, St. Louis, MO) 

for 1h, fixed in 1% paraformaldehyde (PFA) 

and permeabilized with 0.5% Triton X-100. 

Cells were blocked with PBS containing 

2.5% BSA (Sigma-Aldrich) for 1 hour and 

incubated with the appropriate primary and 

secondary antibodies for 45m each. Cover 

slips were mounted onto glass slides in 

Mowiol-DAPCO and visualized using an 

AOBS confocal microscope (Leica, 

Mannheim, Germany). Co-localization 

between β4 and plectin was analyzed in 

sequentially acquired images using a 

custom-made Visual Basic (v6.0) program 

that depicted results in a scatter plot as 

described previously [17]. 

PA-JEB/β4 keratinocytes, expressing GFP-

PKD1 were grown on glass coverslips and 

serum-starved overnight. Cells were 

stimulated with 100 ng/ml PMA for 10 

minutes and slides were prepared and 

visualized as described previously. The 

trans-Golgi apparatus and GFP-PKD1 were 

visualized in a maximal projection.  

PA-JEB/β4+GFP-PKD1 were grown on 

glass coverslips and serum-starved 

overnight. Fluorescence and transmission 

images were taken before and after 

stimulation with 100 ng/ml PMA or 50 ng/ml 

EGF. GFP-PKD1 translocation was 

analyzed using ImageJ. 
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Immunoblotting and co-

immunoprecipitation Assays 

PA-JEB/β4 and PA-JEB/β4+GFP-PKD1 

keratinocytes were starved overnight in 

growth factor-free keratinocyte-SFM and 

COS-7 and A431 cells were starved 

overnight in DMEM without FCS. Cells 

were stimulated with or without 50 ng/ml 

EGF, 100 ng/ml PMA or 50 nM Calyculin A 

(Cell Signaling, Beverly, MA) for 15 

minutes. In some experiments, growth-

factor-deprived PA-JEB keratinocytes were 

incubated with keratinocyte-SFM 

supplemented with 50 μg/ml extract of 

bovine pituitary gland, 5 ng/ml EGF and 50 

nM Calyculin A for 25 minutes and serum-

starved COS-7 cells were incubated with 

DMEM supplemented with 10% FCS and 

50 nM Calyculin A. For studies with the 

PKD inhibitor kb-NB 142-70 (TOCRIS 

Biosciences, Bristol, UK), A431 cells were 

pretreated with the compound for 30 

minutes before they were stimulated with 

PMA. COS-7 cells of the PKD1 

overexpression assays were lysed in 1% 

NP-40 lysis buffer supplemented with 

protease inhibitor cocktail (Sigma-Aldrich, 

St. Louis, MO) and 50 nM Calyculin A and 

cells of the other experiments were lysed in 

radio immunoprecipitation assay (RIPA) 

buffer supplemented with 1.5 mM Na3VO4, 

15 mM NaF, 50 nM Calyculin A. The cell 

lysates were cleared by centrifugation at 

20.000 x g for 60 minutes at 4°C. Proteins 

were separated using 4-12% NuPAGE 

Novex Bis-Tris gels (Invitrogen) and 

transferred to Immobilon-P transfer 

membrane (Millipore Corp., Billerica, MA) 

for immunoblot analysis.  

COS-7 cells co-transfected with the HA-

tagged plectin
1-1154

 and β4 CFP-Venus 

cDNAs were lysed in 1% NP-40 lysis buffer 

supplemented with protease inhibitors. Cell 

lysates were cleared by centrifugation and 

incubated for 4 hours with the mouse 

monoclonal 12CA5 antibody and 

subsequently incubated with GammaBind 

G-Sepharose (Amersham Biosciences) to 

precipitate HA-tagged plectin
1-1154

. The 

immunoblots were analyzed with antibodies 

against integrin β4 and HA and secondary 

antibodies linked to HRP. Results were 

visualized by chemiluminescence (GE 

Healthcare, UK). 

 

Fluorescence Resonance Energy 

Transfer 

COS-7 cells transfected with cDNAs 

encoding β4 CFP-Venus recombinant 

fusions were serum-starved in DMEM 

overnight and treated or not with 50 nm 

Calyculin A for 25 minutes. Cells were 

lysed in 1% NP-40 lysis buffer 

supplemented with protease inhibitors and 

cleared. Phosphate groups were removed 

by incubating cell lysates with alkaline 

phosphatases (60 units/ml) (Roche, 

Mannheim, Germany) at 37°C for different 

periods of time. CFP was excited in the 

whole cell lysates with 390 nm and the 

emission spectrum was collected between 

450 and 600 nm with a 3-nm step size and 

a 2 second integration time using the 

spectrofluorimeter (PTI quantamaster, MD-

5020). The data were normalized for 508 

nm after substraction of the background 

emission signal.  

Frequency domain FLIM measurements 

were obtained with Li-FLIM hard- and 

software (Lambert Instruments, Roden, the 

Netherlands) with a Il18MD MCP and a 

Vosskühler (CCD-1300D) camera coupled 

to the microscope (Leica DMIRE2, Leica 

Microsystems, Heidelberg, Germany) with 

a 63x objective (NA 1.3, glycerine). A 1W, 

442 nm LED was modulated at 36 MHz 

and emitted light (480 +/- 15 nm) was 

collected from transiently transfected PA-

JEB keratinocytes on 24 mm coverslips. 

The keratinocytes were placed in 



Chapter 3 

 

72 

preheated (37°C) Hepes buffered saline 

(140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 

mM CaCl2, 10 mM Glucose and 10 mM 

Hepes, pH 7.4). All the experiments were 

done at 37˚C. 

 

Yeast Two-Hybrid Assay 

Yeast two-hybrid interaction assays were 

performed as described previously [6;12]. 

Constructs were generated using standard 

cloning techniques in which plasmid inserts 

were generated using restriction enzyme 

digestion or PCR using the Pwo DNA 

polymerase (Roche Molecular 

Biochemicals, Indianapolis, IN). For the 

yeast GAL4 BD or GAL4 AD fusion 

proteins, the pAS2.1 or pACT2 expression 

vectors were used respectively (Clontech). 

 

Phosphopeptide mapping 

From COS-7 cell lysates expressing 

IL2R/β4, β4 was immunoprecipitated using 

mAb 450-11A and subsequently incubated 

in vitro with purified PKD1 (Upstate-

Millipore Corp., Billerica, MA) in the 

presence of 50 μCi [γ-
32

P] 

(orthophosphate), 50 mM Tris-HCl, pH 7.5, 

10 mM MgCl2, 1 mM DTT, 20 μg/ml PS, 8 

μg/ml DAG and 0.5 mM EGTA  for 1 hour 

at 30°C. The samples were subjected to 

SDS-PAGE and the gel was dried. The film 

was exposed for 10 minutes at room 

temperature. Radioactive β4 was isolated 

from the gel and digested with trypsin. 

Phosphopeptide mapping was performed 

as described previously [17;27]. 

 

 

 

 

 

 

 

 

RESULTS 

 

Mimicking phosphorylation of 

T1727 or T1736 prevents 

interaction between the C-

terminal tail of β4 and the plectin 

plakin domain. 

We have previously shown that the C-

tail (amino acids 1667-1752) of the β4 

cytoplasmic domain is important for 

binding to the plakin domain of plectin, 

and that phosphorylation of S1356 and 

S1364 in the CS disrupts the 

interaction with the ABD of plectin 

[17;19]. To determine whether 

phosphorylation events can also 

potentially regulate the interaction of 

the C-tail with the plakin domain of 

plectin, putative phosphorylation sites 

in the C-tail of β4 were screened using 

the Netphos program. Threonines 

1727 and 1736 were identified to 

contain consensus sequences for 

PKD1-mediated phosphorylation (L/V-

X-R-X-X-pS/T). Importantly, both 

threonines are evolutionarily 

conserved among several species 

(Figure 1A).  

To investigate whether 

phosphorylation of T1727 and T1736 

regulate the interaction of β4 with the 

plectin-plakin domain, yeast two-hybrid 

and co-immunoprecipitation (co-IP) 

assays were performed. In agreement 

with previous studies, an interaction 

between a fragment of β4 comprising 

the fourth FNIII domain and C-tail 

(amino acids 1570-1752), and the 

plakin domain of plectin (amino acids  
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Figure 1. Mimicking phosphorylation of β4 on T1727 or T1736 prevents binding of the C-tail of 

β4 to the plakin domain of plectin. 

A, Amino acids sequence (1721-1742) alignment of β4 from different species using ClustalW. 

Besides the residues T1727 and T1736, the leucine, valine and arginines (arrows) are highly 

conserved. 

A 

B C 

D 

E 

F G H 

 

 

 β4
WT 

β4
1450 Venus / CFP 

β4
ΔCalX Venus / CFP 
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284-1154, spectrin repeats 1-6) was 

observed in yeast (Figure 1B) 

[12;13;28]. This interaction was 

prevented by the substitution of either 

T1727 or T1736 by a phospho-

mimicking aspartic acid, but not an 

alanine. In agreement, co-IP 

experiments from transiently 

transfected cells confirmed the binding 

of the plectin-plakin domain to the β4 

cytoplasmic domain (Figure 1C). 

Furthermore, as observed in yeast, 

binding of the plakin domain to the β4 

cytoplasmic domain was prevented by 

the substitution of T1727 and T1736 by 

aspartic acid, but not alanine. Taken 

together these data suggest that the 

interaction between β4 and the plakin 

domain of plectin is regulated by the 

phosphorylation of T1727 and/or 

T1736. 
 

Analysis of intermolecular 

interaction of the β4 cytoplasmic 

domain by FRET. 

The interaction between β4 and the 

plectin-plakin domain depends on both 

the C-tail of β4 and a specific region 

within the CS (1382-1436), which 

interact with each other as suggested 

by yeast two-hybrid and blot overlay 

assays [12;13]. It is not known, 

however, whether the interaction of the 

C-tail and the CS occurs within the full- 

Figure 1 (continued).  

B, Substitution of T1727 or T1736 on β4 by a phosphomimicking aspartic acid residue resulted in 

loss of binding of the fourth FNIII repeat and C-tail of β4 to the plectin plakin domain in a yeast two-

hybrid interaction assay. 

C, Co-immunoprecipitation from lysates of COS-7 cells transfected with different IL2R/β4 chimeric 

and HA-tagged plectin plakin constructs showed association of the plakin domain of plectin with the 

cytoplasmic domains of wild-type β4 and mutant β4 in which T1736 had been replaced by alanine. 

Replacement of T1736 by aspartic acid eliminated binding. 

D, Two β4 Venus-CFP fusion constructs were generated in which a CFP fluorophore was fused to 

the C-terminus and a Venus fluorophore was placed either as a substitute of the non-functional 

CalX domain (β4
ΔCalX, Venus/CFP

) or in the CS at amino acid 1450 (β4
1450, Venus/CFP

), where in β4B there 

is an insertion of 53 amino acids .
 
 

E, COS-7 cells transiently transfected with β4
CFP

, β4
1450, Venus

, combination of β4
CFP

 and β4
1450, Venus

, 

β4
ΔCalX, Venus/CFP

, or β4
1450, Venus/CFP

 were lysed and the expression levels of the different β4 Venus-

CFP fusion proteins were compared using immunoblotting. 

F, G, COS-7 cells transiently expressing the indicated β4 Venus-CFP fusion proteins were serum-

starved overnight and lysed. The emission spectra of the cell lysates after excitation with 390 nm 

using spectrometry were analyzed and plotted in a graph. The expression of β4
1450, Venus/CFP

 resulted 

in a FRET signal at 527 nm, indicating that the C-tail is in close proximity to the CS of β4.  

Substitution of T1727 and T1736 by an alanine or aspartic acid did not change the emission spectra 

significantly. 

H, Serum-starved COS-7 cells transiently expressing the indicated β4 Venus-CFP fusion proteins 

were either left untreated or were treated with Calyculin A (50 nM) in growth medium 

(DMEM+10%FCS) for 25 minutes, before lysis. An aliquot of the lysates from the Calyculin A-

treated cells was incubated with alkaline phosphatases (AP, 60 units/ml) at 37°C for 30 minutes. 

The emission spectra of the cell lysates after excitation with 390 nm using spectrometry were 

analyzed and plotted in a graph. Treatment of the lysates with Calyculin A or AP did not change the 

emission spectra significantly. 
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length β4 molecule. Fluorescence 

Resonance Energy Transfer (FRET), 

where the excited CFP fluorophore 

(donor) photons transfers energy to a 

Venus fluorophore (acceptor) when in 

close proximity (<10 nm) and at the 

right dipole orientation, was utilized to 

study the β4 C-tail/CS tertiary structure 

further. Two β4 Venus-CFP fusion 

proteins were generated. The CFP 

fluorophore was fused to the C-

terminus and the Venus fluorophore 

either replaced the non-functional CalX 

domain (β4
ΔCalX, Venus/CFP

) or was placed 

in the CS at position 1450 (β4
1450, 

Venus/CFP
) (Figure 1D). Rationale for 

Venus fluorophore positioning within 

the CalX domain of β4 was based on 

previous findings that deletion of this 

domain did not alter HD dynamics [7]. 

Consistent with these findings, 

introduction of CFP and/or Venus at 

these different positions did not affect 

the function of β4: the two β4 fusion 

proteins were efficiently co-precipitated 

with the ABD of plectin (Supplemental 

Figure 1A). β4 Venus-CFP fusion 

proteins were transfected into COS-7 

cells and FRET was measured by 

recording the fluorescence emission 

spectra of lysates after excitation of 

CFP. Differences in emission spectra 

could not be ascribed to any variations 

in protein expression, as the 

expression levels of all β4 Venus-CFP 

fusion proteins were comparable 

(Figure 1E and Supplemental Figure 

1B). Excitation of CFP in COS-7 cell 

lysates expressing β4
CFP

 resulted in an 

emission peak at 475 nm, 

corresponding to CFP emission 

(Figure 1F-H). A FRET signal was 

detected after excitation of CFP in 

lysates of COS-7 cells expressing 

β4
1450, Venus/CFP

, as sensitized Venus 

fluorescence emission at 527 nm was 

detected in addition to the CFP 

emission at 475 nm (Figure 1F). 

Minimal 527 nm signal was detected in 

the lysates of COS-7 cells expressing 

β4
ΔCalX, Venus/CFP

. These results indicate 

that the C-tail is in close proximity to 

the CS of β4, but not to the CalX 

domain. Additionally, co-expression of 

β4
CFP

 and β4
1450, Venus

 did not result in a 

FRET signal, indicating that 

intramolecular rather than 

intermolecular FRET is detected. To 

confirm the existence of intramolecular 

FRET between the C-tail and the CS of 

β4 in live cells, we applied 

Fluorescence Lifetime Imaging 

Microscopy (FLIM) to PA-JEB 

keratinocytes transiently expressing 

β4
1450, Venus/CFP

 or β4
ΔCalX, Venus/CFP

. PA-

JEB keratinocytes that express β4
CFP

 

showed an average lifetime value of 

2.44 ± 0.0019 ns. A significant 

decrease in donor fluorophore (CFP) 

lifetime values, indicative of FRET, 

occurred in cells expressing β4
1450, 

Venus/CFP
 or β4

ΔCalX, Venus/CFP
 

(Supplemental Figure 2). Similar to the 

results of the FRET determinations in 

cell lysates, a higher FRET efficiency 

was observed in cells expressing 

β4
1450, Venus/CFP

 than in β4
ΔCalX, Venus/CFP

 

cells. These data suggest that the β4 

cytoplasmic domain supports 

intramolecular association between the 

C-tail and the CS, not only in cell 

lysates, but also in living cells.  
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Substitution of T1727 and T1736 

by phospho-mimicking aspartic 

acids does not alter the 

conformation of the β4 

cytoplasmic domain. 

To investigate whether intramolecular 

conformation is regulated by 

phosphorylation, aspartic acids or 

alanines were introduced into the 

putative phosphorylation sites T1727 

and T1736 in β4 Venus-CFP. Both 

sets of amino acid substitutions (i.e. 

T1727A/T1736A and T1727D/T1736D) 

had no effect on FRET efficiency 

(Figure 1G). Moreover, no change in 

FRET signal was detected for β4
1450, 

Venus/CFP
 in lysates from cells pretreated 

with Calyculin A, an inhibitor of protein 

phosphatases-1 and -2A, and 

incubated with or without alkaline 

phosphatase (AP) (Figure 1H and 

Supplemental Figure 3). The same 

results were obtained in a different cell 

line, HEK293T, and by using FLIM to 

measure FRET (unpublished 

observations). Together, the data show 

that β4 residues T1727 and T1736, 

which prevent the interaction of β4 with 

the plectin-plakin domain, do not 

disrupt the intramolecular interaction 

between the CS and the fourth FnIII 

domain/C-tail of β4 integrin. 

 

Integrin β4 is phosphorylated on 

T1736 by PKD1 in vitro.  

With the knowledge that aspartic acid 

substitution of the PKD1-consensus 

phosphorylation sites T1727 and 

T1736 prevented the interaction 

between β4 and the plectin-plakin 

domain, we next wanted to determine 

whether PKD1 could phosphorylate β4. 

To this end, an in vitro kinase assay 

was performed in which PKD1 was 

incubated with either wild-type or 

mutant β4 proteins, in which one or 

both threonine residues were replaced 

by an alanine. Subsequent phospho-

Figure 2. The integrin β4 subunit is phosphorylated on T1736 by PKD1 in vitro. 

Phosphopeptide maps of chimeric proteins consisting of the extracellular and transmembrane 

domains of the IL2R fused to the cytoplasmic domain of β4
WT

, β4
T1727A/T1736A

, β4
T1727A

 and β4
1736A

,  

isolated from transfected COS7 cells and phosphorylated in vitro by PKD1. As a control, precipitates 

prepared with anti-β4 mAb 450-11A from untransfected COS-7 cells were incubated with PKD1, 

analyzed by gel-electrophoresis and an equivalent area of the gel where IL2R/β4 would run was 

excised and subjected to phosphopeptide analysis. Substitution of T1736 by an alanine residue 

resulted in the loss of a single phosphopeptide (encircled in red), indicating that T1736 is a 

phosphorylation site for PKD1 in vitro.  
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peptide mapping showed that wild-type 

β4 is phosphorylated on several 

residues, while substitution of T1736, 

but not of T1727, resulted in the loss of 

a single phospho-peptide (Figure 2). 

This indicates that T1736, but not 

T1727, is a PKD1 phosphorylation site 

in vitro.  
 

Generation and characterization 

of phosphorylated T1736 

specific antibodies.  

To evaluate whether T1736 is 

phosphorylated in keratinocytes, we 

generated a rabbit polyclonal antibody 

against a phospho-T1736 peptide and 

characterized the specificity of the 

antibody by immunoblot (IB). Lysates 

from PA-JEB and PA-JEB/β4 

keratinocytes treated with or without 

Calyculin A were analyzed by T1736 

phospho-specific antibody IBs (Figure 

3A, top panel). Antibody specificity for 

β4 was determined by IB analysis of 

β4 IPs (Figure 3, fourth panel) and was 

confirmed on lysates from PA-JEB 

keratinocytes expressing either wild-

type or mutant β4 subunits. No 

reaction was obtained with β4 carrying 

a T1736A or T1736D mutation, 

whereas a reaction was observed with 

β4 carrying a T1727A or T1727D 

mutation (Figure 3B). These results 

show that our antibody specifically 

recognizes β4 when phosphorylated 

on T1736.  

Figure 3. The integrin β4 subunit is phosphorylated on T1736 in PA-JEB/β4 keratinocytes. 

A, PA-JEB and PA-JEB/β4 keratinocytes were deprived of growth factors overnight and incubated 

with keratinocyte medium with or without bovine pituitary extract, EGF and 50 nM Calyculin A for 25 

minutes. The cells were lysed and β4 was immunoprecipitated using mAb 450-11A. The 

phosphorylation of β4 was detected by immunoblotting using an antibody specifically recognizing 

phosphorylated β4 on T1736. The total levels of β4 were verified using an antibody against β4. 

B, PA-JEB keratinocytes reconstituted with wild-type or mutant β4 in which T1727 or T1736 were 

substituted by an alanine or aspartic acid, were deprived of growth factors overnight and incubated 

with keratinocyte medium with or without bovine pituitary extract, EGF and 50 nM Calyculin A for 25 

minutes. The cells were lysed in 1% NP-40 buffer and analyzed by immunoblotting using an 

antibody directed against phosphorylated β4 on T1736.  

 

A B 
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Figure 4. PMA-induced plasma membrane translocation and activation of PKD1 result in the 

phosphorylation of β4 on T1736 in transfected COS-7 and PA-JEB keratinocytes. 

A, COS-7 cells transiently transfected with β4 with or without wild-type (WT), constitutively active 

(CA) or kinase-dead (KD) GFP-PKD1 constructs, were starved overnight and were left unstimulated 

or stimulated with 100 ng/ml PMA for 15 minutes. Cells were lysed in 1% NP40 lysis buffer 

supplemented with protease and phosphatase inhibitors (50 nM Calyculin A) and analyzed by 

immunoblotting using antibodies directed against β4 phosphorylated on T1736. Activation of PKD1 

was verified using antibodies specific for phosphorylated PKD1 (S916), whereas the total levels of 

PKD1 were verified using anti-GFP.  

 

A 

C 

B 
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PKD1 mediates PMA-stimulated 

phosphorylation of T1736 on β4. 

To further address the involvement of 

PKD1 in the phosphorylation of β4 on 

T1736, β4 was co-expressed with 

either wild-type, constitutively active 

(S744E/S748E) or kinase-dead  GFP-

PKD1 (D733A) fusion proteins. PKD1 

is activated by diacylglycerol (DAG) 

produced by Gβγ and/or growth factor-

stimulated activation of phospholipase 

C (PLC), as well as artificially by 

phorbol esters that mimic DAG [29;30]. 

Treatment of transiently transfected  

cells with PMA resulted in the 

phosphorylation of β4 on T1736 in 

cells expressing wild-type or active 

PKD1, but not kinase-dead PKD1 

(Figure 4A). Compared to wild-type 

PKD1, co-expression of β4 with the 

active mutant resulted in a more 

pronounced increase in 

phosphorylation of β4 on T1736. 

Interestingly, despite the fact that the 

constitutively active PKD1 is kept in an 

active conformation, as shown by the 

phosphorylation of S961, 

phosphorylation of β4 on T1736 was 

minimal in the absence of PMA. Next, 

we investigated whether β4 is 

phosphorylated by PKD1 in 

keratinocytes. To this end, we 

generated PA-JEB/β4 keratinocytes 

stably expressing either wild-type, 

constitutively active or kinase-dead 

GFP-PKD1 fusion proteins. Similar to  

the results obtained in transiently 

transfected COS-7 cells, PMA-

stimulation increased T1736 

phosphorylation on β4 in cells that 

express wild-type or constitutive active, 

but not kinase-dead PKD1 (Figure 4B). 

Thus, in co-expression experiments 

using COS-7 cells and PA-JEB 

keratinocytes, PKD1 mediates the 

phosphorylation of β4 on T1736 in a 

PMA-dependent manner. 

 

PMA-induced plasma membrane 

translocation of PKD1 is 

required for phosphorylation of 

β4.  

The finding that phosphorylation of β4 

by active PKD1 requires PMA 

stimulation suggests that, in addition to 

PKC-mediated phosphorylation of 

S744/748 in the activation loop of 

PKD1, its membrane translocation is 

also necessary to stimulate 

phosphorylation of T1736 on β4. To 

Figure 4 (continued).  

B, PA-JEB/β4 keratinocytes stably expressing wild-type (WT), kinase-dead (KD) or constitutively 

active (CA) GFP-PKD1, were deprived of growth factors and were left unstimulated or were 

stimulated with 100 ng/ml PMA for 15 minutes. Cells were lysed and analyzed by immunoblotting 

using antibodies directed against phosphorylated β4 (T1736), total levels of β4, phosphorylated 

PKD1 (S916) or total levels of PKD1 (anti-GFP). 

C, The localization of GFP-PKD1
WT

, GFP-PKD1
KD

, GFP-PKD1
CA

 in PA-JEB/β4 keratinocytes that 

were deprived of growth factors overnight was analyzed using confocal microscopy in a 

fluorescence-, transmission-, and an overlay-image. Stimulation with 100 ng/ml PMA, induced a 

rapid translocation of PKD1 from the cytoplasm and TGN to the plasma membrane, whereas 

stimulation with 100 ng/ml EGF did not. The translocation of PKD1 is visualized by plotting the 

fluorescent intensity of the dotted white line before (black curve) and after (green curve) stimulation. 
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visualize a possible translocation, we 

performed immunofluorescence 

analysis of the localization of GFP-

PKD1 fusion proteins in PA-JEB/β4 

keratinocytes. In unstimulated cells, 

wild-type and active PKD1 are 

primarily localized in the cytoplasm, 

with a small fraction of them being 

associated with the Golgi apparatus. 

The kinase-dead mutant, however, 

was predominantly found at the Golgi 

apparatus, as judged by 

immunostaining of the trans-Golgi 

network (TGN) (Supplemental Figure 

4A). Stimulation with PMA induced a 

rapid and near complete translocation 

of all three PKD1 fusion proteins to the 

plasma membrane (Figure 4C) [25;30]. 

Quantification of the fluorescence 

intensity of the cytoplasm over time 

revealed that the translocation of will-

type PKD1 is completed within 2 

minutes after PMA-stimulation 

(Supplemental Figure 4B). In contrast, 

EGF was considerably less potent in 

stimulating the translocation of wild-

type PKD1 and only a modest 

translocation of PKD1 to the plasma 

membrane was observed (Figure 4C, 

lower panel). Moreover, this 

translocation was highly transient and 

seemed to be associated with 

membrane ruffling induced by EGF. 

This suggests that EGFR signaling in 

PA-JEB/β4 cells does not lead to a 

sufficiently strong activation of PLCγ 

and production of DAG to mediate 

membrane translocation of PKD1. In 

conclusion, the phosphorylation of β4 

on T1736 requires both the activation 

of PKD1 and its translocation to 

plasma membrane bound β4.  

 

EGF-stimulated phosphorylation 

of T1736 on β4 is not mediated 

by PKD1.  

Next, we determined whether 

endogenous PKD1 mediates 

phosphorylation of β4 in PA-JEB/β4 

cells. Cells were stimulated with PMA 

or EGF, the latter known to activate the 

PLCγ-DAG-PKC signaling pathway. 

Analysis of the phosphorylation state 

of PKD1 showed that only PMA 

stimulated PKD1 activation (Figure 5). 

This result is in line with our findings 

that PMA, but not EGF, induces 

translocation of PKD1 to the plasma 

membrane, where it is phosphorylated 

and activated by PKC. As with EGF-

stimulated phosphorylation of T1736, 

the Calyculin A-inhibited 

dephosphorylation of this residue is not 

dependent on the activation of PKD1. 

Thus, while PKD1 might be involved in 

the phosphorylation of β4 on T1736 

after PMA stimulation, another kinase 

may phosphorylate T1736 in response 

to EGF and Calyculin A. Similar results 

were obtained using A431 epidermoid 

carcinoma cells, yet PMA and EGF 

induced a stronger stimulation of 

phosphorylation on T1736 in these 

cells than in PA-JEB/β4 keratinocytes 

(Figure 5). PMA and EGF also induced 

ERK1/2 activation and β4 

phosphorylation on S1356 and S1364 

in PA-JEB/β4 keratinocytes, consistent 

with previous results [19]. In contrast, 

A431 cells showed only a modest 
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 3 increase in β4 phosphorylation at 

S1356 and S1364 following PMA and 

EGF stimulation. A431 cells also 

demonstrate constitutive β4 

phosphorylation, which is likely due to 

the high basal level of EGFR 

expression and activation in these 

cells. Thus, stimulation of PA-JEB/β4 

keratinocytes and A431 epidermoid 

carcinoma cells with both PMA and 

EGF induces T1736 phosphorylation, 

but kinases in addition to PKD1 may 

be involved.  

 

The PKD inhibitor kb NB 142-70 

suppresses PMA and EGF-

induced phosphorylation of β4 

on T1736.  

To further investigate the role of PKD1 

in PMA-induced phosphorylation of β4 

on T1736, we compared the 

relationship between the activation of  

PKD1 and the phosphorylation of β4 in 

A431 cells treated with PMA (Figure 

6A). The kinetics of PKD1 (S916) 

phosphorylation, a measure used to 

indicate activity, was similar to that of 

β4 phosphorylation. Maximal 

phosphorylation of both PKD1 and β4 

was observed at 20-30 min and 

sustained for at least 2 hours following 

stimulation. Next, we examined the 

effect of kb-NB 142-70, a potent and 

selective PKD inhibitor, on T1736 

phosphorylation [31]. PMA-induced 

phosphorylation of β4 was reduced in 

a dose-dependent manner and 

 

 

Figure 5. EGF and PMA 

stimulates phosphorylation of β4 

on T1736 in PA-JEB/β4 

keratinocytes and A431 

epidermoid carcinoma cells. 

PA-JEB/β4 (left panel) and A431 

(right panel) keratinocytes were 

deprived of growth factors 

overnight, left untreated or were 

stimulated with 100 ng/ml PMA or 

50 ng/ml EGF for 15 minutes. The 

cells were lysed in RIPA buffer and 

analyzed for the phosphorylation of 

β4 on T1736, S1356 and S1364, 

PKD1 on S744/748 or S916, p42 

and p44, PKC (βII on S660) and for 

total levels of β4 using 

immunoblotting. 
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significant inhibition was detectable at 

0.5 and 2 μM kb-NB 142-70, 

concentrations which had no 

noticeable effect on PKD1 (S916) 

phosphorylation (Figure 6B). Maximum 

inhibition of PKD1 and β4 

Figure 6. Time course of PMA-induced phosphorylation of β4 at T1736 and inhibition of T1736 

phosphorylation by the PKD inhibitor kb-NB 142-70.  

A, Time courses of PMA-stimulated phosphorylation of β4 and PKD1 in A431 cells. Growth-factor-

starved A431 cells were stimulated with PMA for the indicated times. Cell lysates were analyzed by 

immunoblotting with antibodies specific for phosphorylated β4 (T1736) and PKD1 (S916). 

B, Inhibition of PMA-induced β4 phosphorylation at T1736 in A431 cells. A431 cells were pretreated 

with the indicated concentrations of kb-NB 142-70 for 30 min and then stimulated with 100 ng/ml 

PMA for 15 min. Cell lysates were analyzed by immunoblotting with antibodies specific for 

phosphorylated β4 (T1736), PKD (S916), PKC (βII S660) and p44/p42 MAPK. Immunoblotting for 

total β4 and PKD1 verified that equal amounts of these proteins were evaluated in the A431 lanes. 

C, Inhibition of EGF-induced β4 phosphorylation on T1736 in A431 cells. A431 cells were pretreated 

with the indicated concentrations of kb-NB 142-70 for 30 minutes and then stimulated with 50 ng/ml 

EGF for 15 minutes. Cell lysates were analyzed by immunoblotting with antibodies specific for 

phosphorylated β4 (T1736), PKD (S916), β4 and PKD1. 

 

A B 
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phosphorylation was seen at 25 μM 

and 10 μM kb-NB 142-70, respectively. 

The compound kb-NB 142-70 also 

inhibited the EGF-induced 

phosphorylation of β4 on T1736, only 

slightly less efficiently than it inhibited 

the PMA-induced phosphorylation of 

β4 on T1736 (Figure 6C). This 

inhibition was unexpected, since PKD1 

is not obviously activated downstream 

of EGFR and suggests that kinases 

other then PKD1 may also be inhibited 

by the compound. These kinases are 

likely to be structurally related to PKD1 

and to belong to the CAMK family; 

nonetheless, to further control for off-

target effects, the compound was 

shown to not interfere with the 

activation and phosphorylation of PKC 

and ERK1/2 (Figure 6B).  

 

Mimicking phosphorylation of 

T1736 induces HD disassembly. 

The data thus far demonstrate that 

phosphorylation of β4 on T1736 

prevents the binding of β4 to the 

plectin plakin domain, suggesting a 

role of T1736 phosphorylation in the 

regulation of HD (dis)assembly. To 

investigate whether this interaction in 

necessary for HD formation in cells, we 

performed immunofluorescence 

microscopy of PA-JEB keratinocytes 

stably expressing wild-type or mutant 

β4 constructs in which T1736 has been 

substituted by either aspartic acid or 

alanine. As shown in Figure 7, all three 

PA-JEB/β4 cell lines were able to 

assemble HDs as demonstrated by the 

co-localization of β4 and plectin. 

However, when PA-JEB keratinocytes 

expressing β4
T1736D

 are deprived of 

growth factors to reduce basal β4 

phosphorylation, fewer HDs are 

present in comparison to PA-JEB 

keratinocytes expressing wild-type β4 

or β4
T1736A

. A further reduction in the 

number of HDs in PA-JEB 

keratinocytes expressing β4
T1736D

 is 

observed when the cells are also 

stimulated with EGF, which induces 

the phosphorylation of β4 on S1356 

and S1364 and disrupts the interaction 

between the ABD of plectin and β4 

(Figure 5) [17;19]. Together these data 

show that HD (dis)assembly is a tightly 

regulated process involving the 

phosphorylation of several residues on 

β4, including T1736, S1356 and 

S1364.  

 

 

DISCUSSION 

 

In this study, we show that the 

phosphorylation of T1736 in the C-tail 

of β4 augments HD (dis)assembly. 

Mimicking the phosphorylation of β4 on 

T1736 by an aspartic acid prevented 

the interaction between the C-tail of β4 

and the plectin-plakin domain. We 

present evidence that β4 can be 

phosphorylated on T1736 by PKD1, an 

event that required both the activation 

and membrane translocation of PKD1 

following PMA stimulation in cells.  

Previous studies have shown 

enhanced HD dynamics and β4 

phosphorylation on residues S1356 

and S1364 downstream of activated 

EGFR [17-19]. These phosphorylation 

events prevent the binding of the 

A B 
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plectin-ABD to a region of β4 

comprising he first pair of FNIII 

domains and a small fragment of the 

CS (1115-1355). Here, the T1736D 

mutation augmented disassembly of 

HDs when PA-JEB/β4 keratinocytes 

were stimulated with EGF, suggesting 

phosphorylation of this particular 

amino acid in conjunction with the 

phosphorylation sites S1356 and 

S1364, regulates the interaction with 

plectin through a series of post-

translational modifications.  

Two other regions on β4 that mediate 

binding to the plakin domain of plectin 

are located in the C-terminal part of the 

CS (1382-1436) and the C-tail (1667-

1752). These two β4 fragments are 

separated in the primary structure by a 

stretch of amino acids that forms the 

second pair of FNIII domains. Using a 

FRET- or FLIM-based assay, we 

demonstrate that in the tertiary 

structure these two regions are in 

close proximity, forming a binding 

platform for the plakin domain. Three 

proline residues present in the 

relatively large segment that connects 

Figure 7. The assembly of HDs in PA-JEB/β4 keratinocytes is prevented by mimicking the 

phosphorylation of β4 on T1736, which contributes to the EGF-induced HD disassembly. 

PA-JEB keratinocytes expressing wild-type or mutant β4 in which T1736 is substituted by alanine or 

aspartic acid were starved overnight, stimulated with or without 50 ng/ml EGF for 60 minutes and 

fixed for immunolabeling of β4 (red) and plectin (green). The degree of co-localization of β4 and 

plectin is visualized in the overlay image (yellow) and using a scatter plot, in which the intensity of 

β4 (y-ax) and plectin (x-ax) for each pixel is plotted. The color code is a measure for the number of 

pixels with similar β4/plectin intensity. The right panels displays pixels in which β4 and plectin are 

strongly co-localized (yellow), and β4 (red) and plectin (green) are not colocalized. 
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the third and fourth FNIII domains may 

be important for conferring a bent 

conformation on this region of the β4 

cytoplasmic domain, thereby bringing 

the CS (1382-1436) and C-terminal tail 

(1667-1752) of β4 closer together 

(Figure 8). Although the two regions 

are dispensable for the formation of 

HDs in vitro, their role in stabilizing the 

binding of β4 to the plectin-ABD is 

suggested because a nonsense 

mutation Q1767X (Q1714X in the 

mature protein) was identified in an EB 

patient with a mild skin blistering 

condition [10]. This mutation is 

interesting because it introduces a 

premature stop codon resulting in the 

deletion of 39 amino acids from the C-

terminus of β4. T1727 and T1736, the 

threonine residues that modulated the 

interaction with the plakin domain of 

plectin, are located in this 39 amino 

acid stretch. However, as the binding 

site for the ABD of plectin remains, we 

predict that HDs are still formed with 

this truncated variant of the integrin β4, 

resulting in only a relatively mild skin 

blistering condition.  

The same regions involved in the 

binding of β4 to the plakin domain 

have also been identified in yeast two-

hybrid and dot blot assays to mediate 

intramolecular and/or intermolecular 

interaction [12;13]. Our FRET data are 

in agreement with a model that 

predicts these two regions interact in 

the β4 molecule. However, because no 

FRET signal was obtained when the 

Venus and CFP fluorophores were 

presented in separate β4 molecules 

(β4
1450, Venus

 and β4
CFP

), we have no 

evidence yet that these regions are 

also involved in self association of β4 

molecules. An inherent low affinity 

between the CS and C-tail regions of 

β4 and a relatively low protein 

concentration is likely responsible for 

the fact that intermolecular interaction 

could not be demonstrated by FRET in 

cell lysates. Since the substitution of 

T1736 by aspartic acid does not affect 

the intramolecular interaction of β4, the 

binding site on the C-terminal region 

for the CS might be different from that 

for the plakin domain of plectin. 

However, it should be realized that the 

results on the intramolecular 

interaction and the binding of the β4 to 

the plakin domain to plectin were 

obtained by different assays and that 

an effect of the T1736D mutation on 

the interaction between β4 and the 

plakin domain of plectin may remain 

undetected in the FRET-based assay. 

In the C-tail of β4, T1736 resides in a 

highly conserved consensus sequence 

for PKD1 (L/V-X-R-X-X-S/Tp). PKD1 is 

a member of the PKD family of CAMK 

(Ca
2+

/calmodulin-dependent kinase)-

related protein kinases, and is 

activated in response to multiple 

stimuli including growth factors, 

phorbol esters and G-protein coupled 

receptors [20]. Our data show that 

PKD1 phosphorylates β4 on T1736 in 

vitro and when it is overexpressed 

together with β4 in COS-7 or PA-JEB 

cells. In both cell types, PMA 

stimulation was required for the 

phosphorylation of β4 on T1736 by 

PKD1. PMA appeared not only to be 

essential for PKD1 activation, but also 
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for its translocation to the plasma 

membrane. Thus, PKD1 might 

contribute to HD disassembly at the 

plasma membrane. This is in 

agreement with results of previous 

studies, in which PKD1 expression 

levels were correlated with the 

proliferation of keratinocytes, a 

process that requires HD disassembly 

to occur [22;32].  

Together, the correlation between PKD 

activation, β4 phosphorylation kinetics 

and the inhibition of PMA-induced 

phosphorylation of β4 by the PKD 

inhibitor NB 142-70, implies that PKD1 

is also the kinase that endogenously 

regulates β4 phosphorylation on 

T1736. However, the finding that β4 

phosphorylation is suppressed already 

at concentrations that do not inhibit 

PKD1 activity (as judged by the 

phosphorylation of PKD1 at S916), 

suggests that not PKD1 but another 

kinase phosphorylates β4 on T1736. 

Moreover, the finding that kb-NB 142-

70 inhibited EGF-induced 

phosphorylation, which is independent 

of PKD1 activity, indicates that the 

drug inhibits more targets than 

previously reported [31]. Thus, it 

Figure 8. Model for phosphorylation-induced dissociation of the β4-plectin complex. 

Phosphorylation of β4 on T1736 by PKD1 or other CAMK-like kinases results in the dissociation of 

the C-tail and the plakin domain of plectin, while phosphorylation of β4 at S1356 and S1364 by 

ERK1/2 and p90RSK1/2 causes a loss of plectin-ABD binding. Subsequent binding of plectin to F-

actin or Ca2+/calmodulin may shift the equilibrium towards complete disassociation of the β4-plectin 

complex. 
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remains possible that both PMA- and 

EGF-induced phosphorylation of β4 on 

T1736 is mediated by the same kinase 

and that this kinase could differ from 

PKD1. Consistent with the fact that 

PKD1 was not activated downstream 

of EGFR activation, this kinase was 

also not or only minimally translocated 

to the plasma membrane upon 

stimulation of PA-JEB/β4 keratinocytes 

with EGF.  

The substitution of T1736 by a 

phospho-mimicking aspartic acid 

results in a relatively small effect on 

the formation and stability of HDs in 

PA-JEB/β4 keratinocytes. This 

observation is consistent with previous 

findings that show that HD formation is 

primarily regulated through the 

interaction of β4 with the ABD of 

plectin [6;8]. Concomitantly, EGF-

mediated phosphorylation of S1356 

and S1364 on β4 further enhanced the 

T1736D-mediated dissociation from 

plectin. Thus we propose a model in 

which several kinases cooperate to 

regulate the interaction between the 

two binding sites of β4 and plectin: 

phosphorylation of T1736 by PKD1, or 

another CAMK-like kinase, initiates β4 

C-tail dissociation from the plectin-

plakin domain, and ERK1/2 and 

p90RSK1/2-mediated phosphorylation 

of S1356 and S1364, through a 

proposed mechanism of 

phosphorylation-dependent auto-

inhibition, disrupts the interaction 

between the first pair of FNIII domains 

and the plectin ABD [3]. 

Phosphorylation enables a dynamic 

interaction between β4 and plectin; 

however, for complete disassociation, 

binding of either β4 or plectin to other 

molecules may still be required. 

Indeed, the plectin-ABD can bind 

directly to F-actin and binding of β4 

and F-actin to plectin was found to be 

mutually exclusive [6;33]. Additionally, 

there is evidence that calmodulin binds 

to the ABD of plectin in a calcium-

dependent manner and inhibits the 

association of plectin with β4 [34]. 

Thus, binding of the plectin-ABD to 

either F-actin or calmodulin can shift 

the equilibrium towards a more 

complete dissociation of the two 

molecules (Figure 8). Recent data 

suggest that other mechanisms may 

also control HD disassembly. For 

example [35] showed that a novel β4 

phosphorylation site, S1424, regulates 

HD disassembly in the trailing edge of 

migrating keratinocytes. Additionally, 

T1727 might be another residue that is 

involved in the regulation of HDs (this 

study). Although there is no evidence 

yet that T1727 is phosphorylated, the 

finding that a phospho-mimic, but not 

an unphosphorylatable amino acid 

substitution, prevented the binding of 

β4 to the plakin domain of plectin 

makes this residue an interesting 

target for further investigation. 
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Supplemental figure 1 

A, COS-7 cells transiently expressing HA-tagged plectin
1-1154)

 (ABD-plakin) and wild-type β4A, β4B 

or the β4 Venus-CFP fusion proteins were lysed in 1% NP-40 lysis buffer. Lysates were 

immunoprecipitated with anti-HA (12CA5) and precipitates were immunoblotted with antibodies 

against β4 or HA. Whole cell lysates (WCL) were immunoblotted with the same antibodies to verify 

the expression and loading of the proteins expressed. 

B, COS-7 cells transiently expressing β4
CFP

, wild-type or mutant β4
1450, Venus/CFP

  in which T1727 and 

T1736 were substituted by either alanine or aspartic acid residues were starved overnight and either 

were left untreated or were incubated with DMEM supplemented with 10% FCS and Calyculin A for 

25 minutes. The cells were lysed and the expression levels of the different β4 Venus-CFP fusion 

proteins under the starved or Calyculin A treated conditions were compared using immunoblotting. 

 

A 

B 
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Supplemental figure 2  

Fluorescence Lifetime Imaging Microscopy (FLIM) of PA-JEB keratinocytes transiently expressing 

β4
CFP

, β4
1450, Venus/CFP

, or β4
ΔCalX, Venus/CFP

.  

A, representative fluorescence intensity images of β4
1450, Venus/CFP

 and β4
ΔCalX, Venus/CFP

 expressing 

cells, with the corresponding lifetimes presented in pseudo-color scales ranging from 2.0 to 2.4 ns, 

respectively.  

B, The graph presents the average lifetime of  β4
CFP

, β4
1450, Venus/CFP

, or β4
ΔCalX, Venus/CFP

 expressing 

cells. The lifetime of β4
1450, Venus/CFP

 expressing cells is lower than that for β4
ΔCalX, Venus/CFP

 expressing 

cells, indicating closer proximity of Venus to CFP for β4
1450, Venus/CFP

 than for  β4
ΔCalX, Venus/CFP

 (data 

are the mean +/- SEM, n ≥ 11). 

 

Supplemental figure 3 

COS-7 cells transiently expressing β4
1450, 

Venus/CFP
 were starved overnight and were 

incubated with DMEM supplemented with 10% 

FCS and Calyculin A for 25 minutes. The cells 

were lysed and the phosphate groups were 

removed by incubation with alkaline 

phosphatases (60 units/ml) at 37°C for the 

indicated lengths of time. Phosphorylation of 

β4 on T1736 was detected by immunoblotting 

using polyclonal antibodies specific for β4 

phosphorylated on T1736. Total β4 levels were 

detected with a polyclonal antibody against β4. 
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Supplemental figure 4 

A, PA-JEB/β4 keratinocytes expressing wild-type, constitutively active or kinase-dead GFP-PKD1 

were deprived of growth factors overnight and immunolabeled with antibodies against PKD1 or a 

marker of the trans-Golgi Network (TGN). The images (maximal projection) show that PKD1 (red) is 

localized throughout the cytoplasm and at the TGN (green). The overlay image displays the part of 

PKD1 localized in the TGN (yellow).  

B, PA-JEB/β4 keratinocytes expressing wild-type (black curve), constitutively active (green curve) or 

kinase-dead (red curve) GFP-PKD1 were starved overnight and stimulated with 100 ng/ml PMA. 

The graph shows the kinetics of the GFP-PKD1 translocation to the plasma membrane over time, 

measured by the normalized fluorescent intensity of the cytoplasm. 
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Growth-factor-induced hemidesmosome disassembly 

in normal keratinocytes and carcinoma cells 
 

 

Hemidesmosomes: dynamically 

regulated multiprotein adhesive 

structures 

Hemidesmosomes (HDs) are important 

for maintaining epithelial tissue 

integrity by mediating the adhesion of 

basal epithelial cells to the underlying 

basement membrane. HDs are 

multiprotein complexes and any 

defects in their assembly result in a 

blistering disorder, also known as 

Epidermolysis Bullosa (EB) [1-3]. HDs 

are composed of several proteins: the 

integrin α6β4, plectin, Bullous 

Pemphigoid 180 (BP180) and 230 

(BP230), and CD151. One of the first 

steps in HD assembly is the interaction 

between the integrin α6β4 and the 

cytoskeletal linker protein plectin, by 

which a type II HD is formed (Figure 

4). When integrin α6β4, that binds to 

Ln-332 in the basement membrane, 

interacts with plectin, that binds to the 

keratin filament system, a link is 

created that protects the cell against 

mechanical stress. Next, BP180, that 

weakly interacts with Ln-332 and 

Collagen IV in the basement 

membrane, can bind to the 

extracellular domain of α6, to the 

cytoplasmic domain of β4 and to 

plectin. The subsequent recruitment of 

BP230 completes the assembly of a 

type I HD [2-5]. The stability of HDs is 

built on the interaction between the 

integrin β4 subunit and plectin and has 

therefore been the main focus of many 

studies regarding HD assembly over 

the past few years. 

There are circumstances under which 

the stable adhesion of keratinocytes, 

mediated by HDs, has to be prevented. 

During wound healing, the migration 

and proliferation of keratinocytes 

requires the (partial) disassembly of 

HDs. These cellular processes are 

stimulated by the release of growth 

factors such as epidermal growth 

factor (EGF) or macrophage 

stimulating protein (MSP) [6;7]. In 

carcinoma cells, the growth-factor-

induced regulation of the 

(dis)assembly of HDs is often 

disturbed, which facilitates their 

invasion capacity and metastatic 

spread [8]. To prevent these malignant 

transformations, it is important to 

understand the regulation of HD 

disassembly by growth factors in 

normal keratinocytes. In this chapter is 

the contribution and mechanism of the 

growth-factor-induced HD 

(dis)assembly in normal keratinocytes 

and carcinoma cells discussed. Both 

the role of serine/threonine 

phosphorylation events as well as the 

signal pathways regulating the 

interaction between the integrin β4 and 

plectin will be addressed. 
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The role of serine/threonine 

phosphorylation in the 

regulation of hemidesmosome 

disassembly 

To date, several residues on the 

integrin β4 subunit have been 

suggested to play a role in the 

regulation of the interaction between 

β4 and plectin [3;9-11]. Not all of these 

claims were fully supported by all 

investigators, with the exception of the 

phosphorylation of two serine residues, 

S1356 and S1364. Phosphorylation of 

β4 on S1356 and S1364, located in the 

connecting segment (CS) of β4, 

prevents the interaction between β4 

and the plectin ABD, which is the 

primary site of interaction [10]. 

Interestingly, neither of the serine 

residues are part of the region on β4 

that binds to the plectin- ABD. 

Therefore two possible mechanisms 

for S1356 and S1364 phosphorylation-

induced HD disassembly have been 

presented: phosphorylation might 

either induce a conformational change 

of β4 (1), or might lead to the 

recruitment of a third protein (2) [8].  

Firstly, phosphorylation on S1356 and 

S1364 might induce a conformational 

change of β4 in which the connecting 

segment (CS) of β4 phosphorylated on 

S1356 and S1364 folds over the 

plectin-binding site, formed by R1225 

and R1281, on the second FNIII repeat 

of β4 (Figure 1) [12;13]. Both arginine 

residues on β4 are needed to establish 

an interaction between β4 and the 

plectin ABD, as can be concluded from 

crystal structure analysis or missense 

Figure 1. Model of S1356 and S1364 phosphorylation-dependent regulation of HD 

disassembly.  

The primary interaction between β4 and the plectin ABD involves the second FNIII repeat of β4, 

including residues R1225 and R1281W (encircled in green). Phosphorylation of β4 on S1356 and 

S1364 prevents this primary interaction, possibly by inducing a conformational change of β4, in 

which the CS folds over a basic groove formed by R1225 and R1281. 



Growth-factor-induced HD disassembly in normal keratinocytes and carcinoma cells 

 

99 

 4 

mutations, R1225W or R1281W, in 

patients that cause EB [12;14-16]. To 

investigate if the CS, when 

phosphorylated on S1356 and S1364, 

can interact with the second FNIII 

repeat of β4, a fluorescence 

polarization (FP) binding assay was 

performed. A FP binding assay 

monitors changes in the rotational 

speed of a fluorophore, like 5-

caboxytetramethylrodamine (TAMRA), 

after binding to different molecular 

weight moieties. This is recorded by 

variations in fluorescence polarization 

after excitation of TAMRA with linearly 

polarized light. When TAMRA is part of 

a high molecular weight complex, it 

rotates relatively slowly, resulting in the 

emission of highly polarized light after 

excitation. We generated a β4 peptide 

of the CS, including amino acids 1350 

to 1368, to which a TAMRA molecule 

was conjugated (β4
1350-1368

-TAMRA) 

and a β4 peptide of the second FNIII 

repeat, including amino acids 1115 to 

1355 (β4
1115-1355

). No interaction 

between the CS and the second FNIII 

repeat was detected, not even when 

S1356 and S1364 were 

phosphorylated, as the fluorescence 

polarization of the emitted light by 

TAMRA did not decrease after 

increasing the concentration of β4
1115-

1355
 (Figure 2). Additionally increasing 

the reaction time from 4 hours up to 96 

hours did not result in a decrease in 

fluorescence polarization. Even the 

use of other techniques, like the 

Biacore System, did not enable us to 

detect an interaction between the CS 

and the second FNIII repeat of β4. 

Thus, despite many efforts to detect a 

phosphorylation-dependent interaction 

between the CS and the second FNIII 

repeat of β4, no evidence for such an 

intramolecular conformation of β4 has 

yet been found. This suggests that a 

third protein might be involved in the 

Figure 2. The CS of β4 does not interact with the second FNIII repeat in vitro after 

phosphorylation of S1356 and S1364.  

With a polarization assay using TAMRA, no intramolecular interaction of β4 is observed under 

unphosphorylated (black line) or S1356/S1364 phosphorylated (red line) conditions. Both increasing 

the concentration of β4
1115-1350

 peptide or extending the reaction time from 4 hours up to 96 hours 

does not result in a detectable intramolecular interaction of β4 as the polarization of TAMRA does 

not decrease.  
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S1356 and S1364 phosphorylation-

induced HD disassembly.  

Secondly, phosphorylation of β4 on 

S1356 and S1364 might result in the 

recruitment of 14-3-3 proteins, which 

would hinder the binding of the plectin 

ABD to β4. Santoro et al. detected an 

interaction between 14-3-3 proteins 

and β4 after stimulation of 

keratinocytes with MSP [17]. We were 

able to confirm an interaction between 

β4 and 14-3-3 in immunoprecipitation 

assays in COS-7 cells co-expressing 

β4 and 14-3-3σ (Figure 3). However, 

initial experiments indicate that 

mimicking the phosphorylation of β4 on 

S1356 and S1364 does not result in a 

loss of interaction between β4 and 14-

3-3 proteins (data not shown). 

Moreover, using immunoprecipitation 

assays in COS-7 cells co-expressing 

14-3-3δ and β4 truncated proteins, we 

obtained preliminary evidence that the 

interaction between 14-3-3δ and β4 

most likely involves the amino acids 

780 to 1218 on β4 (Figure 3C). 

Although in this fragment of β4, S1114 

is located in a consensus sequence 

(R-X-F-X-Sp-X-M) recognized by 14-3-

3 proteins, no evidence has been 

found that this residue can be 

phosphorylated. In fact, the binding of 

14-3-3 proteins to the region 780-1228 

of β4 appeared not to be dependent on 

the phosphorylation of β4, casting 

doubt on the significance of this 

interaction. Thus we can conclude that 

the interaction between 14-3-3 proteins 

and β4 is not regulated by the 

phosphorylation of β4 on S1356 and 

S1364. More research is needed to 

find the mechanism responsible for the 

S1356 and S1364 phosphorylation-

induced HD disassembly. 

 

Although phosphorylation of β4 on 

S1356 and S1364 prevents the 

interaction between β4 and the plectin 

ABD, it does not result in a complete 

disassembly of HDs [10]. We recently 

discovered a novel phosphorylation-

site, T1736, located in the C-tail of β4. 

Mimicking the phosphorylation of 

T1736 by an aspartic acid resulted in a 

loss of interaction between β4 and the 

plectin plakin domain, which is the 

secondary site of interaction. Only 

when both the primary interaction 

between β4 and plectin ABD and the 

secondary interaction between β4 and 

plectin plakin domain are lost, HD 

disassembly is more complete. This 

involves multiple residues on the 

cytoplasmic domain of β4, including 

S1356, S1364 and T1736 (Figure 4). 

 

The (dis)assembly of HDs is a 

dynamically regulated process and for 

a more complete HD disassembly the 

Figure 3. β4 interacts with 14-3-3σ.  

14-3-3σ is co-immunoprecipitated with β4 

after overexpression of both β4 and 14-3-3σ 

in COS-7 cells. 
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interaction of other proteins with the 

β4-plectin binding sites might be 

required (Figure 4). The plectin-binding 

site might be shielded by a third 

protein, such as F-actin, as the binding 

of β4 and F-actin to the plectin-ABD 

was found to be mutually exclusive 

[18;19]. Additionally, the plectin-ABD 

can bind in a calcium-dependent way 

to calmodulin, thereby preventing the 

interaction between β4 and plectin 

[20]. However, more research is 

needed to identify all the proteins 

involved in the regulation of HD 

disassembly. 

 
Signal pathways involved in the 

regulation of hemidesmosome 

disassembly 

Many studies have shown the 

involvement of the activation of the 

EGF receptor (EGFR) in the 

disassembly of HDs by 

phosphorylation of β4 on S1356, 

S1364 and T1736 [3;9;10;21]. 

Activation of the EGFR in 

keratinocytes has shown to result in 

the phosphorylation of β4 on S1356 

and S1364 by ERK1/2 and p90RSK1/2 

respectively, thereby preventing the 

interaction between β4 and the plectin 

ABD (Figure 4). However, the kinase 

responsible for the phosphorylation of 

β4 on T1736 downstream EGFR 

activation in keratinocytes, has not 

been identified yet. PKD1 is an 

important regulator of keratinocyte 

proliferation and migration and has 

shown to phosphorylate β4 on T1736 

in vitro [22]. However, this required its 

activation and translocation to the 

plasma membrane, events that have 

been described to be mediated by 

DAG. EGFR activation results in the 

production of DAG by the recruitment 

of PLCγ and the subsequent hydrolysis 

of PI(4,5)P2 to DAG and IP3. Under 

these conditions, activation and 

translocation of PKD1 to the plasma 

membrane would not only contribute 

directly to the EGF-induced HD 

disassembly by the phosphorylation of 

β4 on T1736, but would also indirectly 

lead to a sustained activation of the 

MEK/ERK/p90RSK pathway [23-25]. It 

has been shown that PKD1 can 

phosphorylate RIN on S351, thereby 

preventing its interaction with RAF, 

which is mediated by the recruitment of 

14-3-3 proteins [25]. This potentially 

could lead to an increased duration of 

the phosphorylation of β4 on S1356 

and S1364. However, EGFR activation 

was not sufficient to induce activation 

and translocation of PKD1. Thus, in 

keratinocytes, not PKD1, but a 

different, not yet identified, kinase is 

responsible for the phosphorylation of 

β4 on T1736 downstream EGFR 

activation. According to the literature, 

Ca
2+

/calmodulin-dependent protein 

kinases II (CAMKII) are highly 

homologous with PKD1 and can 

recognize the consensus sequence (R-

X-X-Tp) that covers T1736. 

Downstream EGFR activation, IP3 

mediates the release of Ca
2+

 from 

intracellular sources, thereby activating 

CAMKII. Despite the fact that this 

would point towards an important role 

for CAMKII in the regulation of HD 
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disassembly, no such role has yet 

been found. However, it is not unlikely 

that other signal pathways contribute 

to the EGF-induced HD disassembly.  

 

The role of the integrin β4 

subunit in cancer progression 

During tumor progression, the number 

of HDs is reduced, facilitating the 

proliferation and invasion of tumor cells 

[10;26;27]. A recently published paper 

Figure 4. Model of EGF-induced HD disassembly by phosphorylation of β4 on S1356, S1364 

and T1736.  

The interaction between β4 and plectin occurs via two binding-sites: the first and second FNIII 

repeat and part of the CS of β4 interact with the plectin ABD (1) and the C-tail and part of the CS of 

β4 interact with the plectin plakin domain (2). This second site of interaction, which most likely 

requires the proline-rich region between the third and fourth FNIII repeat, is regulated by the 

phosphorylation of the C-tail of β4 on T1736, which can be induced by PKD1 and/or CAMK after 

EGF- or PMA-stimulation of PA-JEB/β4 keratinocytes. Phosphorylation of T1736 by PKD1 requires 

the activation and translocation of PKD1 to the plasma membrane, mediated by DAG. Additionally, 

PKD1 can indirectly regulate the primary site of interaction, by inducing a sustained activation of the 

Raf/MEK/ERK/p90RSK pathway by phosphorylation of Rin. Activation of ERK1/2 results in the 

phosphorylation of the CS of β4 on S1356, whereas activation of p90RSK1/2 results in the 

phosphorylation of β4 on S1364. HD disassembly is even further completed by the intramolecular 

folding of β4 or the binding of a third protein, such as 14-3-3 proteins. Additionally, F-actin or the 

calcium dependent calmodulin could bind to the plectin ABD, thereby preventing the interaction 

between β4 and plectin. 
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by Kashyap et al., showed that 

invasive squamous cell carcinoma 

(SCC) cells have increased levels of 

β4 phosphorylated on S1356, 

compared to cells in carcinoma in situ 

or normal keratinocytes. This 

correlated well with a reduction in the 

number of HDs and an increase in cell 

migration [28]. Interestingly, during 

mitosis, β4 is phosphorylated on 

S1356, suggesting that the metastatic 

potential of invasive SCC cells is 

driven both by increased cell migration 

and proliferation [10;28]. Gefitinib, a 

chemotherapeutic agent used in the 

treatment of certain types of SCC, has 

shown to inhibit phosphorylation of β4 

on S1356, leading to a reduction in cell 

migration by increasing the number of 

HDs. It is important to note that in the 

SCC cells, the phosphorylation of β4 

on S1356 was independent of EGF, 

suggesting that these cells have an 

intrinsic mechanism to activate ERK1/2 

pathways. Interestingly, silencing β4 

reduced cell migration, suggesting that 

migration is stimulated by signal 

pathways directly activated by β4 [28]. 

Previous studies have described a role 

for tyrosine phosphorylation of the 

cytoplasmic domain of β4 in the 

activation of signal pathways involved 

in carcinoma progression [8]. Although 

many conflicting results have been 

presented on the growth-factor 

induced tyrosine phosphorylation, it did 

seem to affect β4 signaling mostly by 

inducing its association with other 

receptors, like ErbB2, EGFR or c-MET, 

or with adaptor proteins such as Shc or 

Shp2 [8;26;27;29-35]. These signaling 

events can subsequently result in the 

hyperactivation of the Akt/PI3K- and 

the Ras/ERK/p90RSK-pathways, 

which have been shown to drive 

uncontrolled cell migration and 

proliferation. This is in contrast with 

normal keratinocytes, in which cell 

migration is most likely controlled by 

PKC, that negatively regulates the 

basal PI3 kinase signaling [10]. Thus in 

carcinoma cells, β4 seems to have 

conflicting functions in cell migration 

and proliferation; β4 can prevent these 

processes by initiating HD assembly, 

but β4 can also stimulate these 

processes by activating tyrosine-

induced signal pathways. More 

research is needed to elucidate the 

complex role of the integrin β4 subunit 

in carcinoma progression. 
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Summary 

 

 
Hemidesmosomes (HDs) are protein 

complexes that are important for 

maintaining the integrity of epithelial 

tissues. HDs mediate stable adhesion 

of the basal epithelial cells to the 

underlying basement membrane, by 

linking the keratin filament system to 

the extracellular matrix. This link 

consists of the integrin α6β4, that 

binds to Ln-332 in the basement 

membrane, and plectin, that binds to 

the keratin filament system.   

The stable adhesion of the basal 

keratinocytes to the underlying 

basement membrane is not desired 

when cells have to migrate and 

proliferate during wound healing. In 

order to allow migration of 

keratinocytes, HDs have to be 

disassembled. The production of 

cytokines and growth factors, such as 

EGF, during wound healing, have been 

shown to be important in the regulation 

of HD disassembly. In this study we 

investigated the mechanism of growth-

factor-induced HD (dis)assembly. An 

overview of the background of HD 

(dis)assembly and the signal pathways 

involved in the phosphorylation of 

residues in normal keratinocytes and in 

carcinoma cells is given in chapter 1. 

EGFR activation can induce HD 

disassembly by phosphorylation of 

serine/threonine residues on the 

intracellular domain of the integrin β4 

subunit. Phosphorylation of tyrosine 

residues seems to be restricted to 

carcinoma cells, as these 

phosphorylation events stimulate the 

growth factor signaling pathways 

activated during tumor cell proliferation 

and invasion.  

The interaction between the integrin 

α6β4 and plectin is essential for HD 

assembly and is mediated by two sites 

of interaction. The primary site of 

interaction involves the first and 

second FNIII repeat and part of the CS 

of β4 and the plectin ABD, whereas the 

secondary site of interaction involves 

the C-tail of β4 and the plectin plakin 

domain.  

In chapter 2, we studied the regulation 

of the primary site of interaction 

between β4 and the plectin ABD by 

serine phosphorylation of the integrin 

β4 subunit downstream activation of 

the EGFR. In contrast to previous 

studies, we have shown that 

stimulation with EGF or PMA did not 

induce the phosphorylation of the 

integrin β4 subunit on S1360, but on 

S1356 and S1364 instead. Moreover, 

we found that ERK1/2 and p90RSK1/2 

phosphorylate β4 on S1356 and 

S1364 respectively. Phosphorylation of 

β4 on both serine residues prevented 

the primary interaction between β4 and 

the plectin ABD. Moreover, this 

induced the disassembly of both type I 

and II HDs by affecting the dynamic 

behavior of β4 and this led to a 

decreased strength of keratinocyte 

adhesion to Ln-332. Furthermore, we 
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showed that phosphorylation of β4 on 

S1356 is implicated in mitosis, when 

cell rounding reduces the overall cell-

substrate area and the number of HDs.  

The role of the secondary site of 

interaction between β4 and the plectin 

plakin domain in HD (dis)assembly is 

further addressed in chapter 3. We 

have shown that the C-tail is in close 

proximity to the CS of β4, thereby 

forming a scaffold binding platform for 

the plectin plakin domain. Mimicking 

the phosphorylation of β4 on the 

conserved T1736 disrupted the 

interaction between the C-tail of β4 

and the plectin plakin domain and 

contributed to the disassembly of HDs 

in keratinocytes. Furthermore, we 

showed that β4 is phosphorylated on 

T1736 by PKD1 and that this required 

not only the activation of PKD1, but 

also its translocation to the plasma 

membrane where β4 is primarily 

located after stimulation with PMA.

    

Both the EGF-induced phosphorylation 

of β4 on S1356 and S1364 and the 

phosphorylation of β4 on T1736 by 

PKD1 are important for a more 

complete HD disassembly in 

keratinocytes. Nevertheless, the 

regulation of HD disassembly is a 

complex and dynamically regulated 

process involving many signaling 

pathways. The regulation and 

mechanism of the phosphorylation 

induced HD disassembly in normal 

keratinocytes and carcinoma cells are 

further discussed in chapter 4.  
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Samenvatting 

 

 
Hemidesmosomen (HDs) zijn eiwit 

complexen die belangrijk zijn voor de 

integriteit van epitheliale weefsels. 

HDs zorgen ervoor dat de basale 

epitheelcellen stevig aan de 

onderliggende basaal membraan zijn 

verankerd, doordat ze het keratine 

filament systeem met de extracellulaire 

matrix verbinden. Deze verbinding 

wordt gevormd door de integrine α6β4, 

die aan Ln-332 in de basaal 

membraan bindt, en plectine, die aan 

het keratine filament systeem bindt. 

De stevige hechting van de basale 

keratinocyten aan de onderliggende 

basaal membraan is niet altijd 

gewenst. Zo hindert het migratie en 

proliferatie tijdens wondheling. Om 

keratinocyten te laten migreren, 

moeten HDs worden ontbonden. Het is 

duidelijk dat de productie van 

cytokines en groeifactoren, zoals EGF, 

tijdens wondheling, belangrijk zijn in de 

regulatie van de ontbinding van HDs. 

In deze studie hebben we het 

mechanisme van de groeifactor 

geïnduceerde HD ontmanteling 

onderzocht. Een overzicht van de 

informatie over HDs en de signalen 

die, door middel van fosforylering van 

residuen op β4, betrokken zijn bij de 

ontmanteling van HDs in normale 

keratinocyten en carcinoma cellen, 

wordt gegeven in hoofdstuk 1. 

EGFR activatie induceert HD 

ontmanteling door de fosforylering van 

serine/threonine residuen in het 

intracellulaire gedeelte van de 

integrine β4 subunit. Fosforylering van 

tyrosine residuen lijkt voornamelijk te 

gebeuren in carcinoma cellen, 

waardoor de groeifactor geïnduceerde 

signalen, die actief zijn tijdens tumorcel 

proliferatie en invasie, ondersteund 

worden. 

 

De interactie tussen de integrine α6β4 

en plectine is essentieel voor de 

vorming van HDs en wordt tot stand 

gebracht door middel van twee 

gebieden van interactie. De primaire 

interactie tussen β4 en plectine vindt 

plaats tussen het eerste en tweede 

FNIII domein en een gedeelte van de 

CS van β4 en het ABD van plectine. 

De secondaire interactie wordt 

gevormd doordat de C-staart van β4 

aan het plakin domein van plectine 

bindt. 

In hoofdstuk 2 worden de resultaten 

beschreven van onze studies over de 

regulatie van de primaire interactie 

tussen β4 en het ABD van plectine 

door de fosforylering van serine 

residuen op de integrine β4 subunit na 

activatie van de EGFR. In tegenstelling 

tot in andere studies, hebben wij laten 

zien dat na stimulatie met EGF of PMA 

de integrine β4 subunit niet wordt 

gefosforyleerd op S1360, maar op 

S1356 en S1364. We hebben zelfs 

laten zien dat ERK1/2 en p90RSK1/2 

β4 respectievelijk fosforyleren op 

S1356 en S1364. Fosforylering van β4 
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op beide residuen resulteerde in een 

verlies van de primaire interactie 

tussen β4 en het ABD van plectine. 

Het leidde er zelfs toe dat zowel type I 

als type II HDs werden ontbonden, 

doordat ze het dynamische gedrag van 

β4 veranderden waardoor de 

aanhechting van de keratinocyten aan 

Ln-332 verminderde. Verder hebben 

we laten zien dat β4 op S1356 werd 

gefosforyleerd tijdens mitose. 

De rol van de secondaire interactie 

tussen β4 en plectine in HD 

disassembly wordt verder behandeld in 

hoofdstuk 3. We hebben laten zien 

dat de C-staart dicht bij de CS van β4 

ligt, waardoor er een platform wordt 

gevormd waar het plakin domein van 

plectine aan kan binden. Benaderen 

van de fosforylering van β4 op het 

geconserveerde residue T1736, 

zorgde ervoor dat de interactie tussen 

de C-staart van β4 en het plakin 

domein van plectine werd verstoord en 

dat dit aan de ontmanteling van de 

HDs in keratinocyten bijdroeg. Verder 

hebben we laten zien dat β4 op T1736 

door PKD1 werd gefosforyleerd en dat 

hiervoor niet alleen activatie van PKD1 

door PMA noodzakelijk was, maar ook 

translocatie van PKD1 naar de plasma 

membraan, waar β4 zich bevindt. 

Zowel de EGF-geïnduceerd 

fosforylering van β4 op S1356 and 

S1364 als de fosforylering van β4 op 

T1736 door PKD1 zijn noodzakelijk om 

een meer volledige ontmanteling van 

HDs in keratinocyten tot stand te 

brengen. Desondanks is de regulatie 

van de ontmanteling van HDs een 

complex en dynamisch gereguleerd 

proces waarbij meerdere signalen 

betrokken zijn. De regulatie en 

mechanismen van de fosforylering-

geïnduceerde HD disassembly in 

normale keratinocyten en carcinoma 

cellen wordt verder besproken in 

hoofdstuk 4. 
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