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Abstract

In mammalian epidermis, a6b4 integrin is expressed exclusively on the basal layer localized to the hemidesmosomes, where it

interacts extracellularly with the laminin-5 ligand. During differentiation, loss of a6b4 is associated with keratinocyte detachment

from the basement membrane and upward migration. The protein kinase C (PKC) family of isoforms participates in regulation of

integrin function and is linked to skin differentiation. Exposure of primary murine keratinocytes to PKC activators specifically

downregulates a6b4 expression. Utilizing recombinant adenoviruses, we selectively overexpressed skin PKC isoforms in primary

keratinocytes. PKCd and PKCf induced downregulation of a6b4 protein expression, leading to reduced keratinocyte attachment to

laminin-5 and enhanced gradual detachment from the underlying matrix. In contrast, PKCa upregulated a6b4 protein expression,

leading to increased keratinocyte attachment to laminin-5 and to the underlying matrix. Altogether, these results suggest distinct

roles for specific PKC isoforms in a6b4 functional regulation during the early stages of skin differentiation.

� 2003 Elsevier Inc. All rights reserved.
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Skin consists of stratified squamous epithelium in

which cells undergoing growth and differentiation are
strictly compartmentalized. In the physiologic state,

proliferation is confined to the basal cells, which adhere

to the basement membrane. Differentiation is associated

with the ability of the basal cells to detach and migrate

away from their basement membrane [1,2]. In previous

studies, we have shown that suprabasal migration in the

early stages of cell differentiation is associated with a

selective loss of the a6b4 integrin complex [3]. The a6b4
integrin is a laminin receptor associated with the hemi-

desmosomes localized to the basement membrane [4–6].

Several observations have supported a critical role for

a6b4 in mediation of cellular attachment to the base-

ment membrane via the hemidesmosome complex.
qAbbreviations: PKC, protein kinase C; TPA, phorbol 12-myris-

tate 13-acetate; EMEM, Eagle’s minimal essential medium; PMSF,

phenylmethylsulfonyl fluoride.
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In addition to its role in cell adhesion and hemidesmo-

some assembly, a6b4 has also been implicated in signal
transduction of cell proliferation, differentiation, and

apoptosis [7–9].

One of the important regulators of both skin kerati-

nocyte differentiation and adhesive characteristics is the

protein kinase C (PKC) family of serine/threonine ki-

nases. PKC plays an important regulatory role in a va-

riety of biological phenomena [10–12]. The family is

composed of at least 11 individual isoforms, which be-
long to 3 distinct categories, depending on their struc-

tural characteristics and cofactor requirements [13–15].

The type of isoform and pattern of distribution vary

among different tissues [15,16]. In skin, 5 PKC isoforms

have been identified including PKCs a, d, g, e, and f.
We and others have previously reported the involvement

of specific PKC isoforms in regulation of proliferation,

migration, and differentiation processes in skin [16–22].
Several lines of evidence indicate that PKC also has an

important role in integrin-mediated adhesion and

signaling events. Stimulation with pharmacological
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activators of PKC such as TPA causes increased adhe-
sion, spreading, and migration, which could be specifi-

cally blocked by the use of PKC inhibitors [23,24].

Furthermore, several PKC isoforms have been shown

to be activated following integrin activation [25–27].

Finally, integrin function is associated with activation of

downstream elements, including increased phospholi-

pase C and diacylglycerol levels, which are known to be

involved in PKC activation [23,28].
In order to identify the specific PKC isoform, which

could regulate a6b4 expression and function we have

used pharmacological and genetic approaches to study

their distinct effects on integrin expression in skin ke-

ratinocytes. We show here that while PKC activation

specifically regulates a6b4 expression, the various PKC

isoforms differentially regulate a6b4 integrin expression

and function, and specifically modulate the adhesive
characteristics of skin keratinocytes.
Materials and methods

Reagents and antibodies. Tissue culture media and serum were

purchased from Biological Industries (Beit HaEmek, Israel). The PKC

pharmacological activators bryostatin 1 and TPA were purchased

from ICN (ICN, CA, USA). The specific PKC inhibitor GF-109203X

was purchased from ICN (ICN, CA, USA). Laminin-5 was a gift from

Dr. R. Burgesson (Harvard U. Cambridge, MA). The a6 rat anti-

mouse mAb (GoH3) was purchased from PharMingen (San Diego,

CA). The rat mAb directed against the extracellular domain of mouse

b4 (346-11A) was a gift from Dr. S. J. Kennel (Oak Ridge National

laboratory, Oak Ridge, TN). The a3 rabbit anti-mouse antibody and

the b1 rat anti-mouse antibody were purchased from Chemicon

(Temecula, CA). Polyclonal antibodies to specific PKC isoforms were

purchased from Santa-Cruz (Santa-Cruz, CA). HRP-anti-rabbit IgG

was purchased from Bio-Rad (Bio-Rad Laboratories, Bio-Rad, Israel),

HRP-anti-rat IgG and HRP-anti-mouse IgG were purchased from

Jackson Laboratories (PA, USA).

Isolation and culture of murine keratinocytes. Primary keratinocytes

were isolated from newborn BALB/c mice. Keratinocytes were cul-

tured in Eagle’s minimal essential medium (EMEM) containing 8%

Chelex (Chelex–100)-treated fetal bovine serum (Bio-Rad). To main-

tain a proliferative basal cell phenotype, the final Ca2þ concentration

was adjusted to 0.05mM as described [29].

Cell fractionation and Western blot analysis. For membrane protein

fraction, cultures were scraped and extracted on ice into 500ll PBS
buffer containing 150mM NaCl; 50mM Tris, pH 7.5; 10mM EDTA;

10mM NaF; 10lg/ml aprotinin and leupeptin; 2 lg/ml pepstatin;

1mM PMSF; and 200lM NaVO4 (Sigma, St. Louis, MO). Following

four freeze/thaw cycles, lysates were centrifuged at 4 �C at 13,000 rpm

for 25min and the pellet was re-suspended with 250ll PBS buffer

containing 1% Triton X-100 with proteinase and phosphatase inhibi-

tors. Lysates were homogenized twice during 30min incubation on ice

and centrifuged at 13,000 rpm at 4 �C for 30min. Protein concentra-

tions of the supernatant membrane fraction were measured using a

modified Lowry assay (Bio-Rad DC Protein Assay Kit). For integrin

analysis under non-reducing conditions, Laemmli sample buffer with-

out 2-b-mercaptoethanol was added to 20 lg of membrane fractions.

For whole cell lysates, cells were scraped on ice into 500ll lysis buffer
containing 5% SDS, 20% 2-b-mercaptoethanol, and 0.5M Tris, pH

6.8, and homogenized. Protein samples were boiled before loading

onto SDS–PAGE gel and separated proteins were transferred to a

nitrocellulose membrane (Bio-Rad). Specific protein bands were
detected by immunoblotting using specific antibodies against different

PKC isoforms or integrin subunits. Bands were visualized by enhanced

chemiluminescence utilizing Pierce SuperSignal kit (Rockford,

Illinois).

Overexpression of PKC isoforms in keratinocytes. The b-galactosi-
dase (b-Gal) and the distinct PKC recombinant adenoviruses were

constructed as described previously [22,30]. Cultured keratinocytes

were incubated with either each one of the distinct viral supernatants

for 1 h, washed twice with PBS, and re-fed with 0.05mM Ca2þ con-

taining EMEM. Twenty-four hours following infection, cultures were

extracted for further analysis, as described.

Cell adherence assay. Primary skin keratinocytes were either unin-

fected or infected with either each one of the recombinant adenovi-

ruses. Twenty-four hours following infection, the fraction of cells

attached to, or detached from, the culture matrix, was analyzed. In

order to quantitate the detached cells from the culture dish, growth

medium from the different cultures was transferred to conic tubes and

centrifuged at 1000 rpm for 10min at 4 �C. Cell pellets were rinsed

twice with PBS and extracted in 1M NaOH. To quantitate the

remaining attached cells on the culture dish, following the medium

removal, cultures were rinsed twice with PBS and cells were extracted

in 1M NaOH. Cell counts were determined by protein concentrations

(lg protein/dish) using a modified Lowry assay.

Cell Attachment assay. Twenty-four well Petri plates (Greiner la-

bortechnic, Germany) were coated either with laminin-5 or 20 lg/ml

fibronectin, for 1 h at 37 �C. Following incubation, plates were washed

and incubated at 37 �C with 0.1% BSA in 0.05mM Ca2þ EMEM for

30min, to block non-specific binding. Keratinocyte cultures were ei-

ther stimulated with TPA (100 nM) or bryostatin 1 (500 nM) for

30min, or infected for 1 h with distinct recombinant adenoviruses.

Thirty minutes following PKC pharmacological stimulation, or 24

following infection, cultures were rinsed twice with PBS and trypsi-

nized briefly in 0.25% trypsin/0.02% EDTA solution, while incubated

at 37 �C. Upon detachment, cells were resuspended in 0.05mM Ca2þ

EMEM with FCS and centrifuged at 1000 rpm for 10min at 4 �C.
Pellets were resuspended in 1% BSA in 0.05mM Ca2þ EMEM without

FCS. Keratinocytes (1� l06) were added to the coated wells and al-

lowed to adhere to the laminin-5 or fibronectin matrices for 5min or

1 h, respectively, while incubated at 37 �C. Non-adherent cells were

removed, the wells were rinsed twice with PBS and cells were extracted

in 1M NaOH. Cell counts were determined by protein concentrations

using a modified Lowry assay. Non-specific keratinocyte attachment to

uncoated dishes was measured as blank measurements and reduced

from the obtained results of keratinocyte attachment to laminin-5 and

fibronectin coated dishes. Laminin-5 enriched matrix was prepared as

described previously [29].
Results

PKC activation downregulates a6b4 integrin expression

PKC activation is a major signaling pathway in-

volved in skin differentiation. Our previous results sug-

gest that downregulation of the a6b4 integrin is one of

the earliest events in keratinocyte differentiation leading
to cell detachment [3]. In order to determine whether

PKC activation is implicated in the regulation of a6b4,
we utilized the pharmacological PKC activators TPA

and bryostatin 1 and followed their effect on a6b4 ex-

pression. As seen in Fig. 1A, treating primary mouse

keratinocytes with bryostatin 1 or TPA led specifically

to downregulation of the a6 integrin subunit in a dose

and time dependent manner. Downregulation of a6



Fig. 1. PKC activation mediates a6b4 downregulation and cell adhesion to laminin-5. (A) Upper panel; Keratinocytes were either untreated (C) or

stimulated with bryostatin 1 (0.1, 1, and 500 nM Bryo) or TPA (10, 100 nM), for various time periods (6, 24 h). Twenty micrograms samples of

membrane proteins were immunoblotted with anti-a6 or anti-a3 antibodies and analyzed by ECL. The blots are representative of three different

experiments. (Lower panel) Scanning densitometry of the relative intensity of the presented immunoblots. (B) Left panel; Keratinocytes were either

untreated ()) or treated with bryostatin 1 (1, 500 nM Bryo) for 30min. 20 lg samples of membrane proteins were immunoblotted with anti-a6, anti-
b4, anti-a3 or anti-b1 antibodies and analyzed by ECL. The blots are representative of five different experiments. Right panel; Scanning densitometry

of the relative intensity of the presented immunoblots. (C) Upper panel; Keratinocytes were either untreated (C) or treated with bryostatin 1 (0.1, 1,

and 500 nM Bryo) in the absence ()) or presence (+) of 5lM GF 109203X for 30min. Membrane proteins samples (20lg) were immunoblotted with

anti-a6 or anti-a3 antibodies and analyzed by ECL. The blots are representative of three different experiments. Lower panel; Scanning densitometry

of the relative intensity of the presented immunoblots. (D) Keratinocytes were either untreated (C) or stimulated with TPA (100 nM) or bryostatin

(500 nM Bryo) for 30min. Cells were then trypsinized briefly and replated onto laminin-5 coated dishes for 5min at 37 �C and the attached cells were

quantitated, as described in “Materials and methods.” Results are presented as the percentage of attached cells of cultures treated with PKC ac-

tivators relative to untreated control cultures (100%). Results were calculated as means� SD of four wells in each experiment, repeated four times.

p < 0:01 for TPA and bryostatin 1 treatment vs control untreated cultures.
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integrin subunit by stimulation with PKC activators was

associated with downregulation of the b4 integrin sub-

unit, while neither a3 nor b1 integrin subunits were af-

fected (Fig. 1B). As expected from a PKC-mediated

event, treating the cells with the PKC inhibitor
GF109203X, which inhibits all PKC isoforms in kerat-

inocytes, abrogated downregulation of a6 following

bryostatin 1 stimulation (Fig. 1C). Next, we examine

whether PKC activation could modify a6b4 integrin

dependent cell adhesion. Primary keratinocytes were

exposed to TPA or bryostatin 1 and replated onto

laminin-5 coated dishes. Indeed, as shown in Fig. 1D,
both TPA and bryostatin 1 stimulation resulted in de-

creased keratinocyte attachment to laminin-5 (by 40%

and 30%, respectively), in comparison to untreated

cultures.

Effects of PKC isoform overexpression on integrins

In order to explore the involvement of specific PKC

isoforms in a6b4 downregulation, we overexpressed

distinct PKC isoforms in primary keratinocyte cultures,
utilizing the recombinant adenovirus delivery system. As

can be seen in the immunoblots presented in Fig. 2, 24 h



Fig. 2. Overexpression of PKC isoforms utilizing recombinant ade-

noviruses. Keratinocytes were either uninfected (C) or infected with

either each one of the control b-Gal, PKCa, PKCd, PKCg, PKCf or

PKCe recombinant adenoviruses. Twenty-four hours later, cultures

were extracted and protein lysates from equal cell amounts were im-

munoblotted with isoform specific anti-PKC antibodies and analyzed

by ECL. The blots are representative of eight different experiments.
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following infection of mouse keratinocyte cultures, a

significant increase in specific PKC protein expression
could be observed, in comparison to the endogenous

levels of these isoforms in the uninfected or control b-
galactosidase adenovirus infected cultures. The signifi-

cant elevation in the PKC expression levels was specific

to the distinct overexpressed isoforms (data not shown).

Next we explored the relationships between distinct

PKC isoforms and the a6b4 integrin. Initially, we

studied the effects of specific PKC isoforms on a6b4
protein expression. As can be seen in the immunoblots

presented in Fig. 3, only PKCd and PKCf isoforms were

able to downregulate a6b4 expression, in comparison to

a6b4 expression in control b-galactosidase adenovirus

infected cells. Overexpression of either PKCg or PKCe
isoforms did not significantly affect a6b4 expression
Fig. 3. Overexpression of PKC isoforms specifically regulates a6b4 integrin

control b-Gal, PKCa, PKCd, PKCg, PKCf or PKCe recombinant adenoviru

membrane proteins were immunoblotted with anti-b4, anti-a6, anti-b1 or an

five different experiments. Right panel; analysis of the average scanning de

calculated as means� SD of b4 immunoblots obtained in five different expe
levels. In contrast, overexpression of the PKCa isoform
resulted in a significant increase in a6b4 expression. At

the same time, neither a3 nor b1 integrin subunit ex-

pression levels were reduced. Nevertheless, the changes

in a6b4 expression were associated with distinct effects

on cell–matrix associations. Twenty-four hours follow-

ing infection, PKCd overexpression, and to a lesser ex-

tent PKCf overexpression, was associated with

enhanced cell detachment (up to 50% of the PKCd
overexpressing keratinocytes) from the culture matrix

(Fig. 4A). No significant cell detachment was observed

in keratinocytes overexpressing the PKCa, PKCg or

PKCe isoforms (Fig. 4A). Finally, in order to investigate

the link between a6b4 expression and keratinocyte

adhesion characteristics, we conducted adhesion assays

to the specific a6b4 ligand laminin-5 and to fibornectin

matrix proteins. As can be seen in Fig. 4B, in compar-
ison to control b-galactosidase infected keratinocytes,

overexpression of PKCa isoform increased keratinocyte

attachment to laminin-5, while overexpression of PKCd
and PKCf reduced cell attachment to this specific

ligand. At the same time, keratinocyte adhesion to

fibronectin was not altered.

Overall, these results suggest specific involvement of

PKCd and PKCf isoforms in regulation of a6b4
expression and keratinocyte attachment to laminin-5.
Discussion

The a6b4 integrin is localized to a specific cellular
location, the hemidesmosome complex, which mediates

keratinocyte adhesion to the underlying basement

membrane [31–33]. The importance of a6b4 integrin
expression. Keratinocytes were infected with either each one of the

ses. Twenty-four hours later, cells were extracted and 20lg samples of

ti-a3 antibodies and analyzed by ECL. The blots are representative of

nsitometry of the relative intensity of the b4 integrin subunit bands,

riments.



Fig. 4. Overexpression of PKCs a, d, and f distinctively effects kerat-

inocyte attachment to the underlying matrix. (A) Keratinocytes were

infected with either each one of the control b-Gal, PKCa, PKCd,
PKCg, PKCf or PKCe recombinant adenoviruses. The amount of

cells attached or detached from the culture matrix was analyzed 24 h

later, as described in “Materials and methods.” Results are presented

as detached cells/total cells (%), as measured by protein concentrations,

calculated as the means�SD of four wells in each experiment, re-

peated four times. p < 0:05 for PKCf and p < 0:01 for PKCd vs

control b-Gal infected cells. (B) Keratinocytes were infected with either

each one of the recombinant adenoviruses. Twenty-four hours fol-

lowing infection, cultures were trypsinized briefly and replated onto

laminin-5 or fibronectin coated dishes for 5min or 1 h, respectively.

Attached cells were quantitated as described in “Materials and meth-

ods.” Results are presented as microgram protein/dish, calculated as

means�SD of four wells in each experiment repeated four times.

p < 0:001 for PKCd and p < 0:01 for PKCa and f vs control b-Gal

infected cells, in the attachment to laminin-5.
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expression in epidermal integrity was corroborated in
both animal models and in human patients, where ab-

lation of the a6 or b4 subunits interferes with the for-

mation of normal hemidesmosomes and results in

epidermal shedding [34,35].

In both physiological settings, as well as in patho-

logical conditions, a6b4 expression is dynamically reg-

ulated and is intimately associated with the adhesive and

migratory characteristics of cells. Specifically, in skin,
the expression of a6b4 is linked to the proliferative basal

layer compartment of the epidermis, and upon differ-

entiation, the loss of a6b4 is associated with detachment

of keratinocytes from the underlying basement mem-

brane followed by suprabasal migration [1,3]. In path-

ological settings in vitro and in vivo, increased

suprabasal expression of a6b4 is localized away from the

hemidesmosome structures and is associated with the
migrating epithelia in wound healing and skin cancer

[36–43].

It is clear that the activation of specific protein ki-

nases can alter integrin function in cell adhesion and

migration. While progress has been made in elucidating

the biochemical pathways associated with integrin–li-

gand interactions, details are still elusive regarding the

regulation of integrin expression via the interplay be-
tween the various adaptor proteins and kinases. The

linkage between the PKC family of isoforms and inte-

grin-mediated signaling events was established in pre-

vious studies, where it was shown that exposure of

keratinocytes to PKC activators resulted in integrin

activation, leading to integrin binding to specific ligands,

enhancing cell attachment, and spreading on distinct

matrices. These effects could be blocked by pre-exposure
of cultures to specific PKC inhibitors [23–25]. Moreover,

PKC activation was shown to enhance cell adhesion to

distinct matrices through the formation of focal adhe-

sions and regulation of integrin–cytoskeleton interac-

tions [44–48]. In addition, indirect activation of PKC by

phospholipid metabolism, including the generation of

physiological activators as diacylglycerol (DAG) and

inositol triphosphates (IP3), as well as PI3-K activation
in response to integrin stimulation, has all been impli-

cated in both integrin inside-out as well as outside-in

signaling [23,28]. Finally, previous studies have sug-

gested the involvement of different overexpressed PKC

isoforms in regulation of integrin-mediated signaling

pathways [27]. Much of the information on the cellular

and physiological functions of the PKC isoforms has

been gathered by utilizing pharmacological activators as
TPA and bryostatin 1, as also was done in this study. In

primary murine keratinocytes, PKC activation by

pharmacological stimulation induced specific downreg-

ulation of the a6b4 complex with no effect on expression

of other b1 integrins expressed in skin, such as a3b1.
Furthermore, reduced a6b4 protein expression led to

functional changes in keratinocyte adhesion properties.
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These results could also account for the downregulation
of a6b4 during keratinocyte differentiation in vivo and

explain the dramatic sloughing of primary keratinocytes

observed following TPA stimulation.

The existence of multiple PKC isoforms, which are

distinct in their tissue distribution, cellular localization,

and substrate specificity, suggests specific roles for each

one of these isoforms in PKC-mediated events. There-

fore, we next studied the contribution of distinct PKC
isoform activation to the regulation of a6b4 expression

and the resulting biological consequences. Utilizing re-

combinant adenovirus delivery system, we could achieve

efficient overexpression of distinct PKC isoforms, which

resulted in 5- to 10-fold increase in specific protein ex-

pression above endogenous basal levels. Moreover, each

of the PKC isoforms differentially and specifically af-

fected a6b4 protein expression and cellular distribution.
Overexpression of PKCd and PKCf isoforms reduced

a6b4 protein expression, whereas in contrast, overex-

pression of PKCa markedly increased the expression of

the a6b4 integrin complex.

The expression levels of a6b4 correlated with the

adhesive characteristics of the cells to the underlying

matrix. Moreover, as shown, PKCd and PKCf overex-

pression resulted in gradual detachment from the un-
derlying matrix and specifically reduced cell adhesion to

laminin-5. In contrast, PKCa overexpression was asso-

ciated with cell attachment to the underlying matrix and

increased adhesion to laminin-5. These results suggest

the activation of PKCd and PKCf as the possible trig-

ger, which could initiate the loss of basal cell attachment

to the basement membrane in the early stages of kerat-

inocyte differentiation. Indeed, these results are in
agreement with the previously described roles of distinct

PKC isoforms in skin proliferation and differentiation

[26,28], and with the studies suggesting a role for PKC

activation in regulation of a6b4 integrin expression and

function [9,49]. Interestingly, our previous results linked

the downregulation of a6b4 integrin and loss of cell

attachment to laminin-5 to PKCd-mediated serine

phosphorylation of the a6b4 [17]. However, our current
study supports a role for both PKCd and PKCf in

downregulation of a6b4 integrin expression, and in

contrast a role for PKCa in upregulation of a6b4 ex-

pression, suggesting both phosphorylation dependent as

well as phosphorylation independent pathways in regu-

lation of a6b4 integrin.

Overall these results suggest that PKC isoforms could

play a role in initiating the loss of basal cell attachment
to the basement membrane, via a6b4 integrin regulation

in the early stages of keratinocyte differentiation.

Therefore, future studies will be aimed at assessing the

distinct signaling elements which contribute to each of

the pathways leading to keratinocyte differentiation and

to the complex interplay between specific PKC isoforms

and the a6b4 integrin. These studies should reveal
important mechanisms designed to maintain the integ-
rity of the normal epidermis and to contribute to our

understanding of the changes, which occur during nor-

mal differentiation and the pathology of skin cancer.
Acknowledgments

This work was supported in part by the bi-national Israel-Germany

DKFZ grant, Israeli Science Foundation Grant (ISF), and Yael

Research Fund, Israel.
References

[1] F.M. Watt, Terminal differentiation of epidermal keratinocytes,

Curr. Opin. Cell Biol. 1 (1989) 1107–1115.

[2] E. Fuchs, Epidermal differentiation, Curr. Opin. Cell Biol. 2

(1990) 1028–1035.

[3] T. Tennenbaum, L. Li, A.J. Belanger, L.M. De Luca, S.H. Yuspa,

Selective changes in laminin adhesion and a6b4 integrin regulation

are associated with the initial steps in keratinocyte maturation,

Cell Growth Differ. 7 (1996) 615–628.

[4] R.E. Burgeson, A.M. Christiano, The dermal-epidermal junction,

Curr. Opin. Cell Biol. 9 (1997) 651–658.

[5] J. Falk-Marzillier, S.Z. Domanico, A. Pelletier, L. Mullen, V.

Quaranta, Characterization of a tight molecular complex between

integrin alpha 6 beta 4 and laminin-5 extracellular matrix,

Biochem. Biophys. Res. Commun. 251 (1998) 49–55.

[6] K.J. Green, J.C. Jones, Desmosomes and hemidesmosomes:

structure and function of molecular components, FASEB J. 10

(1996) 871–881.

[7] F.G. Giancotti, Integrin signaling: specificity and control of cell

survival and cell cycle progression, Curr. Opin. Cell Biol. 9 (1997)

691–700.

[8] F.G. Giancotti, E. Ruoslahti, Integrin signaling, Science 285

(1999) 1028–1032.

[9] F. Mainiero, C. Murgia, K.K. Wary, A.M. Curatola, A. Pepe, M.

Blumemberg, J.K. Westwick, C.J. Der, F.G. Giancotti, The

coupling of a6b4 integrin to Ras-MAP kinase pathways mediated

by Shc controls keratinocyte proliferation, EMBO J. 16 (1997)

2365–2375.

[10] Y. Nishizuka, The molecular heterogeneity of PKC and its

implications for cellular regulation, Nature 334 (1988) 661–665.

[11] Y. Nishizuka, Studies and perspectives of protein kinase C,

Science 233 (1986) 305–312.

[12] C.A. Kanashiro, R.A. Khalil, Signal transduction by protein

kinase C in mammalian cells, Clin. Exp. Pharmacol. Physiol. 25

(1998) 974–985.

[13] A.C. Newton, Protein kinase C: structural and spatial regulation

by phosphorylation, cofactors, and macromolecular interactions,

Chem. Rev. 101 (2001) 2353–2364.

[14] A.C. Newton, Protein kinase C: structure, function, and regula-

tion, Journal of Biological Chemistry 270 (1995) 28495–28498.

[15] G.C. Blobe, S. Stribling, L.M. Obeid, Y.A. Hannun, Protein

kinase C isoenzymes: regulation and function, Cancer Surv. 27

(1996) 213–248.

[16] A.A. Dlugosz, S.H. Yuspa, Coordinate changes in gene expression

which mark the spinous to granular cell transition in epidermis are

regulated by protein kinase C, J. Cell Biol. 120 (1993) 217–

225.

[17] A. Alt, M. Ohba, L. Li, M. Gartsbein, A. Belanger, M.F.

Denning, T. Kuroki, S.H. Yuspa, T. Tennenbaum, Protein kinase

Cdelta-mediated phosphorylation of alpha6beta4 is associated

with reduced integrin localization to the hemidesmosome and



A. Alt et al. / Biochemical and Biophysical Research Communications 314 (2004) 17–23 23
decreased keratinocyte attachment, Cancer Res. 61 (2001) 4591–

4598.

[18] S. Shen, A. Alt, E. Wertheimer, M. Gartsbein, T. Kuroki, M.

Ohba, L. Braiman, S.R. Sampson, T. Tennenbaum, PKCdelta

activation: a divergence point in the signaling of insulin and IGF-

1-induced proliferation of skin keratinocytes, Diabetes 50 (2001)

255–264.

[19] Y.S. Lee, A.A. Dlugosz, R. McKay, N.M. Dean, S.H. Yuspa,

Definition by specific antisense oligonucleotides of a role for

protein kinase Ca in expression of differentiation markers in

normal and neoplastic mouse epidermal keratinocytes, Mol.

Carcinogen. 18 (1997) 44–53.

[20] M.F. Denning, A.A. Dlugosz, E.K. Williams, Z. Szallasi, P.M.

Blumberg, S.H. Yuspa, Specific protein kinase C isozymes

mediate the induction of keratinocyte differentiation markers by

calcium, Cell Growth Differ. 6 (1995) 149–157.

[21] M.F. Denning, A.A. Dlugosz, D.W. Threadgill, T. Maguson, S.H.

Yuspa, Activation of the epidermal growth factor receptor signal

transduction pathway stimulates tyrosine phosphorylation of

protein kinase C, J. Biol. Chem. 271 (1996) 5325–5331.

[22] M. Ohba, K. Ishino, M. Kashiwagi, S. Kawabe, K. Chida, N.H.

Huh, T. Kuroki, Induction of differentiation in normal human

keratinocytes by adenovirus-mediated introduction of the eta and

delta isoforms of protein kinase C, Mol. Cell. Biol. 18 (1998)

5199–5207.

[23] J.S. Chun, B.S. Jacobson, Requirement for diacylglycerol and

protein kinase C in HeLa cell-substratum adhesion and their

feedback amplification of arachidonic acid production for opti-

mum cell spreading, Mol. Biol. Cell 4 (1993) 271–281.

[24] P. Defilippi, M. Venturino, D. Gulino, A. Duperray, P. Boquet, C.

Fiorentini,G.Volpe,M.Palmieri, L. Silengo,G.Tarone,Dissection

of pathways implicated in integrin-mediated actin cytoskeleton

assembly. Involvement of protein kinase C, Rho GTPase, and

tyrosine phosphorylation, J. Biol. Chem. 272 (1997) 21726–21734.

[25] E. Vuorio, E. Ruoslahti, Activation of protein kinase C precedes

a5b1 integrin-mediated cell spreading on fibronectin, J. Biol.

Chem. 268 (1993) 21459–21462.

[26] R.L. van Leeuwen, S.K. Dekker, J.L. Arbiser, B.J. Vermeer, J.A.

Bruijn, H.R. Byers, Phorbol ester induced rapid attachment and

spreading of melanoma cells and the role of extracellular matrix

proteins, Int. J. Cancer 57 (1994) 894–900.

[27] C.K. Miranti, S. Ohno, J.S. Brugge, Protein kinase C regulates

integrin-induced activation of the extracellular regulated kinase

pathway upstream of Shc, J. Biol. Chem. 274 (1999) 10571–10581.

[28] W. Kolanus, B. Seed, Integrins and inside-out signal transduction:

converging signals from PKC and PIP3, Curr. Opin. Cell Biol. 9

(1997) 725–731.

[29] A.A. Dlugosz, A.B. Glick, T. Tennenbaum, W.C. Weinberg, S.H.

Yuspa, Isolation and utilization of epidermal keratinocytyes for

oncogene research, in: P.K. Vogt, I.M. Verma (Eds.), Methods in

Enzymology, Academic Press, New York, 1995, pp. 3–20.

[30] T. Kuroki, M. Kashiwagi, K. Ishino, N. Huh, M. Ohba,

Adenovirus-mediated gene transfer to keratinocytes—a review, J.

Investig. Dermatol. Symp. Proc. 4 (1999) 153–157.

[31] J.C.R. Jones, M.A. Kurpakus, H.M. Cooper, V. Quaranta, A

function for the integrin a6b4 in the hemidesmosome, Cell Regul. 2

(1991) 427–438.

[32] A. Sonnenberg, J. Calafat, H. Janssen, H. Daams, L.M. van der

Raaij-Helmer, R. Falcioni, S.J. Kennel, J.D. Aplin, J. Baker, M.

Loizidou, D. Garrod, Integrin a6=b4 complex is located in

hemidesmosomes, suggesting a major role in epidermal cell-

basement membrane adhesion, J. Cell Biol. 113 (1991) 907–917.
[33] L. Borradori, A. Sonnenberg, Hemidesmosomes: roles in adhe-

sion, signaling and human diseases, Curr. Opin. Cell Biol. 8 (1996)

647–656.

[34] J. Dowling, Q.C. Yu, E. Fuchs, Beta4 integrin is required for

hemidesmosome formation, cell adhesion and cell survival, J. Cell

Biol. 134 (1996) 559–572.

[35] E. Georges-Labouesse, N. Messaddeq, G. Yehia, L. Cadalbert, A.

Dierich, M. Le Meur, Absence of integrin alpha 6 leads to

epidermolysis bullosa and neonatal death in mice, Nat. Genet. 13

(1996) 370–373.

[36] C.A. Geuijen, A. Sonnenberg, Dynamics of the alpha6beta4

Integrin in keratinocytes, Mol. Biol. Cell 13 (11) (2002) 3845–

3858.

[37] B.P. Nguyen, M.C. Ryan, S.G. Gil, W.G. Carter, Deposition of

laminin 5 in epidermal wounds regulates integrin signaling and

adhesion, Curr. Opin. Cell Biol. 12 (2000) 554–562.

[38] L.E. Goldfinger, S.B. Hopkinson, G.W. deHart, S. Collawn, J.R.

Couchman, J.C. Jones, The alpha3 laminin subunit, alpha6beta4

and alpha3beta1 integrin coordinately regulate wound healing in

cultured epithelial cells and in the skin, J. Cell Sci. 112 (1999)

2615–2629.

[39] G. Giannelli, S. Astigiano, S. Antonaci, M. Morini, O. Barbieri,

D.M. Noonan, A. Albini, Role of the alpha3beta1 and alpha6be-

ta4 integrins in tumor invasion, Clin. Exp. Metastasis 19 (2002)

217–223.

[40] C. Herold-Mende, J. Kartenbeck, P. Tomakidi, F.X. Bosch,

Metastatic growth of squamous cell carcinomas is correlated with

upregulation and redistribution of hemidesmosomal components,

Cell Tissue Res. 306 (2001) 399–408.

[41] C.M. Witkowski, G.T. Bowden, R.B. Nagle, A.E. Cress, Altered

surface expression and increased turnover of the alpha6beta4

integrin in an undifferentiated carcinoma, Carcinogenesis 21

(2000) 325–330.

[42] T. Tennenbaum, A.K. Weiner, A.J. Belanger, A.B. Glick, H.

Hennings, S.H. Yuspa, The suprabasal expression of a6b4 integrin
is associated with a high risk for malignant progression in mouse

skin carcinogenesis, Cancer Res. 53 (1993) 4803–4810.

[43] J.A. Varner, D.A. Cheresh, Integrins and cancer, Curr. Opin. Cell

Biol. 8 (1996) 724–730.

[44] A. Besson, T.L. Wilson, V.W. Yong, The anchoring protein

RACK1 links protein kinase C epsilon to integrin beta chains.

Requirements for adhesion and motility, J. Biol. Chem. 277 (2002)

22073–22084.

[45] M.H. Disatnik, T.A. Rando, Integrin-mediated muscle cell

spreading. The role of protein kinase c in outside-in and inside-

out signaling and evidence of integrin cross-talk, J. Biol. Chem.

274 (1999) 32486–32492.

[46] M.H. Disatnik, S.C. Boutet, C.H. Lee, D. Mochly-Rosen, T.A.

Rando, Sequential activation of individual PKC isozymes in

integrin-mediated muscle cell spreading: a role for MARCKS

in an integrin signaling pathway, J. Cell Sci. 115 (2002) 2151–

2163.

[47] P. Defilippi, C. Olivo, M. Venturino, L. Dolce, L. Silengo, G.

Tarone, Actin cytoskeleton organization in response to integrin-

mediated adhesion, Microsc. Res. Tech. 47 (1999) 67–78.

[48] G.E. Hannigan, C. Leung-Hagesteijn, L. Fitz-Gibbon, M.G.

Coppolino, G. Radeva, J. Filmus, J.C. Bell, S. Dedhar, Regula-

tion of cell adhesion and anchorage-dependent growth by a new

b1-integrin-linked protein kinase, Nature 379 (1996) 91–96.

[49] J. Wei, L.M. Shaw, A.M. Mercurio, Regulation of mitogen-

activated protein kinase activation by the cytoplasmic domain of

the alpha6 integrin subunit, J. Biol. Chem. 273 (1998) 5903–5907.


	tennet@mail.biu.ac.il
	Differential regulation of alpha6beta4 integrin by PKC isoforms in murine skin keratinocytes
	Materials and methods
	Results
	PKC activation downregulates alpha6beta4 integrin expression
	Effects of PKC isoform overexpression on integrins

	Discussion
	Acknowledgements
	References


