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ABSTRACT ment to laminins selectively (10). As maturation proceeds, Igith
integrins and attachment to all matrix proteins are diminished coin-

In mammalian epidermis, expression of thew64 integrin is restricted ¢ 4ant with loss of viability and production of cornified squames. The

to the hemidesmosome complexes, which connect the proliferative basal - : S . . . .
cell layer with the underlying basement membrane. Keratinocyte differ- down-regulation oix634 integrin is associated first with proteolytic

entiation is associated with down-regulation of 684 expression and Cleavag.e of b,Oth thex6 and p4 Intggrln SUbum,tS and later with .
detachment of keratinocytes from the basement membrane. Neoplastic "ePression of integrin gene expression, suggesting that posttranscrip-
keratinocytes delay maturation, proliferate suprabasally, and retain the tional regulation ox6p4 is a primary consequence of commitment to
expression of thea6B4 integrin in suprabasal cells disassociated from the differentiation (10). In support of this concept, neoplastic keratino-
hemidesmosomes. We now show that the684 integrin is a substrate for ~ cytes delay maturation, proliferate suprabasally, and retain the expres-
serine phosphorylation by protein kinase C in keratinocytes. Further- sion of the 684 integrin in suprabasal strata (16, 17). Although
more, protein kinase C-mediated phosphorylation ofa6p4 is associated galterations ina6B4 integrin expression and function are well docu-
with redistribution of this integrin from the hemidesmosome to the ¢y-  mented in keratinocytes, the biochemical signals that control these
tosol. _Spemf_lcally,ln vitro kinase assays |dent|f|eq the proteln klnase ﬁ_as changes are not defined. Growth factor-mediated regulation of inte-
the primary 'S"fo”‘? ph_osphorylatmg a§ and B4 integrin SUb.un'ts' Us'ng. grin function has been linked to protein phosphorylation of integrin
recombinant protein kinase C adenoviruses, overexpression of protein . . . . .
kinase Cb but not protein kinase Ce in primary keratinocytes increased fsuburyts or phosphorylation Of dQCk'ng molecules assomated W'th
B4 serine phosphorylation, decreased6p4 localization to the hemides- integrin complexes (18). Modifications on both tyrosine and serine/
mosome complexes, and reduced keratinocyte attachment. Taken to- threonine moieties have been documented (13, 19, 20). Stimulation
gether, these results establish a link between protein kinase@mediated and phosphorylation by the serine/threonine PKamily has been
serine phosphorylation of a6p4 integrin and its effects ona6p4 subcel- linked to integrin activation (21-23). PKC is a known regulator of
lular localization and keratinocyte attachment to the laminin underlying  keratinocyte differentiation, cell adhesion, and migration (24-27). In

matrix. mammalian skin, PKGy, §, m, €, and{ have been localized in the
epidermis, and PKC activation modulates expression of maturation-
INTRODUCTION associated genes and is essential for terminal differentiation (24, 25,

28, 29). In several studies, specific isoforms of PKC have been
The interaction of basal and suprabasal cells of the epidermis withplicated in particular functions associated with keratinocyte matu-
the extracellular matrix via specific cell surface integrins provides aation (25, 26, 30, 31).
important level of control for both proliferation and cell maturation To evaluate PKC activation as a modifier of integrin interaction
(1). This relationship became apparent through studies of geneticallyh basement membrane ligands, we have studied the ability of
or pharmacologically modified integrins of cultured keratinocytes argkveral PKC activators to regulate tl&p4 integrin in cultured
transgenic mice with epidermal integrin modifications (2—7). Severptimary murine keratinocytes. We demonstrate specific changes in
integrin complexes are expressed in skin, including &@4- and «6B4 phosphorylation state and alterations of function as a result of
Bl-associated integrina3p1 anda2B1 (8—10). In normal epidermis, PKC activation. These changes @6p4 phosphorylation appear to
the «6B84 complex is expressed exclusively on the basal surface of thecur rather specifically through activation of PEO aken together,
basal layer apposing the basement membrane, where it is localizeduo results suggest that PlCegulation ofa684 function via phos-
the hemidesmosomes (10—-14). Commitment to keratinocyte matupherylation constitutes an important pathway associated with kerati-
tion and the detachment of basal cells from the basement membraneyte homeostasis.
initiates a cascade of biochemical events including the early down-
regula_tion c_)fa63_4, leaving adhesion cc_)mp_lexes such as pie |¥| TERIALS AND METHODS
associated integrins and cadherins to maintain cell-cell contacts (9, 10,
15). When cultured keratinocytes are induced to differentiate by Antibodies and Extracellular Matrix Molecules. The a6 rat antimouse
raising extracellular calcium, early loss @6B4 reduces cell attach- mAb (GoH3) was purchased from PharMingen (San Diego, CA). The rat mAb
directed against the extracellular domain of mopde(346-11A) was a gift
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Isolation and Culture of Murine Keratinocytes. Primary keratinocytes agarose slurry (Santa Cruz Biotechnology). Beads were washed once with
were isolated from newborn BALB/c mice. Keratinocytes were cultured iRIPA buffer and twice with 50 m Tris/HCI (pH 7.5). Thirty-five ul of
EMEM containing 8% Chelex (Chelex-100; Bio-Rad)-treated fetal bovineeaction buffer (1 m CaCl, 20 mv MgCl,, and 50 nm Tris-HCI, pH 7.5)
serum. To maintain a proliferative basal cell phenotype, the findf @an- were added to each assay. To each assayuBessay of a suspension of
centration was adjusted to 0.05vmas described (32). Experiments werephospholipid vesicles containing either DMSO or 10 MPA was added to
performed 5-7 days after plating. the slurry together with a standardized amount of specific PKC isozyme. The

Attachment Assays. Twenty-four-well Petri plates (Greiner) were coatedreaction was initiated by adding l@/assay 125 m ATP (1.25 pCi/assay
with laminin 5 as described (32). After incubation, plates were washed apg*?P]ATP; Amersham) and allowed to continue for 10 min at 30°C. The
incubated with 0.1% BSA for 30 min at room temperature to block nonspecifiieads were then washed two times with RIPA buffer. Thidfgample protein
binding. Keratinocyte cultures were trypsinized briefly, and after detachmetdading dye (X Laemmli, 5% SDS) were added, and the samples were boiled
cells were resuspended; Keratinocytes(I0°) were added to the coated wellsfor 5 min in a water bath. Proteins were separated on 8.5% SDS-PAGE gel,
and incubated for 5 min at 37°C. Nonadherent cells were removed, the wetlnsferred onto Protran membranes (Schleicher & Schuell), and visualized by
were rinsed two times with PBS, and cells were extractedvnNaOH. Cell autoradiography. Phosphorylation of histones and phosphorylation of PKC
count was determined by protein concentrations using a modified Lowry assapstrate peptide were used as controls for PKC activity.

(Bio-Rad DC Protein Assay kit; Bio-Rad Laboratories). Results were calcu- P; Labeling and Immunoprecipitation. Primary keratinocytes were incu-
lated by percentage relative to untreated controls. bated overnight in 75% phosphate-free MEM and 25% MEM, followed by

Immunofluorescence. Primary keratinocytes were plated on lamininlabeling with 400u.Ci/100-mm dish HEO,*?P (DuPont/NEN) for 3 h. For the
5-coated glass slides. Two-day-old keratinocytes were infected either widist 30 min of incubation (or as detailed otherwise in the experimental proce-
PKC3, PKCe, or control adenoviruses for 1 h, washed two times with PBSjure), labeled keratinocytes were treated with bryostatin 1 (ICN, Costa Mesa,
and maintained in culture in low & EMEM. For PKC isoform staining CA) or TPA at given concentrations. In selected cultures, PKC activity was
analysis, 24-h-postinfection keratinocytes were fixed in methanol, rinsed witthibited by pretreatment for 30 min with &m GF-109203X (ICN) prior to
PBS, and incubated overnight at 4°C with P&@r PKCa-specific antibodies stimulation by TPA or bryostatin 1. Cells were harvested in 50®f 1%
diluted in 1% BSA in PBS. After incubation, slides were washed twice for 1Triton lysis buffer, left at 4°C for 30 min, and spun at 16,000y for 30 min
min with PBS and incubated with biotinylated secondary antirabbit antibo@t 4°C. Supernatants were transferred to a fresh tube. Immunoprecipitation of
for 20 min, washed two times in PBS, and incubated with Streptavidin-FIT€2Il lysates was carried out overnight at 4°C witlug/sample antx6/GoH3
for 20 min. For a6B4 staining analysis, keratinocytes were fixed in 4%PharMingen) and 3@l/sample protein A/G-Plus agarose slurry (Santa Cruz
paraformaldehyde for 30 min, followed by permeabilization with 0.2% TritoBiotechnology). Beads were washed three times with RIPA buffer. Thirty
for 5 min. The slides were incubated with an-antibody overnight, followed ul/sample protein loading dye £ Laemmli, 5% SDS) were added, and the
by incubation with biotinylated secondary antirat antibody, respectively, for Zamples were boiled for 5 min in a water bath. Proteins were separated on 8.5%
min, washed two times in PBS, and incubated with Strepavidin-FITC for 2BDS-PAGE, transferred onto Protran membranes (Schleicher & Schuell), and
min. After two washes in PBS, slides were mounted with glycerol bufferisualized by autoradiography.
containing 1%p-phenylenediamine (Sigma Chemical Co.), and fluorescence Two-Dimensional Phosphoamino Acid Analysis.For two-dimensional
was examined by laser scanning confocal imaging microscopy (MRC102#hosphoamino acid analysi€P-labeled proteins were purified and separated
Bio-Rad, Hemel Hampstead, United Kingdom). as above but transferred onto a PVDF membrane (Immobilon membranes;

SDS-PAGE and Western Blot Analysis.For crude membrane fractions, Millipore). The membrane was washed three times in deionize@, Haind
lysates were prepared by scraping cells into PBS containinggl®l aproti- labeled protein bands were excised. Membrane fragments containing protein
nin, 10 png/ml leupeptin, 2ug/ml pepstatin (Boehringer Mannheim, Mann-bands were incubated in 2Q0 of 6n HCI at 110°C for 90 min. Samples were
heim, Germany), 1 m PMSF, 10 nm EDTA (Digene, Silver Spring, MD), spun briefly in a benchtop centrifuge, and the HCI extract was transferred to a
200 um NavVOQ,, and 10 nm NaF. After four cycles of freeze/thaw, cells werefresh tube. Samples were spun in a SpeedVac to dry. Samples were washed
centrifuged at 4°C at 16,00& g. The supernatant containing the solublethree times in 20Qul of deionized HO and dried after each wash by spinning
protein fraction was transferred to another tube. The pellet was resuspendeid in SpeedVac. Samples were combined withlulleach of 1 mg/ml stock
250 ul of PBS containing 1% Triton X-100 with proteinase and phosphataselution of nonradioactive phosphoserine, phosphothreonine, and phosphoty-
inhibitors. Cells were incubated for 30 min on ice and centrifuged absine/sample and spotted onto a TLC plate (Merck 5577). Samples were
16,000 X g at 4°C. The supernatant was transferred to a fresh tube. Thkectrophoresed in pH 1.9 buffer (15% acetic acid and 5% formic acid) at 500
remaining pellet contains cytoskeletal proteins. Protein concentrations w&téor 3 h, and the plate was allowed to air dry. The buffer was changed in the
measured using a modified Lowry assay (Bio-Rad DC Protein Assay kigpparatus to pH 3.5 (5% acetic acid and 0.5% pyridine). Blotters were wet
Twenty ng of protein were loaded onto SDS-PAGE gel in reducing (for PK@oroughly in the buffer, and plates were rotated 90° counterclockwise. For the
analysis) or nonreducing (for integrin analysis) conditions, and separatetond dimension, electrophoreses was carried out at pH 3.5, 1.6 kV for 16
proteins were transferred to a nylon membrane. Specific protein bands wer@. The locations of nonradioactive phosphoamino acid standards were
detected by incubating the protein blots with specific antibodies to the differerisualized by spraying with 0.2% ninhydrin in ethanol (Sigma Chemical Co.),
integrin subunits. Bands were visualized by enhanced chemiluminesceaoe radioactive amino acids were detected by autoradiography.
using the Renaissance kit (DuPont, Boston, MA). Overexpression of PKC Isoforms. PKC adenovirus constructs were con-

Cell Fractionation. Keratinocytes were extracted for 5 min on ice in lysisstructed as described previously (33, 34). Five-day-old keratinocytes were
buffer containing 0.2% Triton X-100, 150nmNacCl, and 50 mn Tris (pH 7.5) infected with distinct PKC adenoviruses for 1 h. Cultures were then washed
with protease and phosphatase inhibitors. After centrifugation at 14,000 rwice with PBS and refed with 0.05wCa " containing EMEM.B-Galacto-
for 30 min, supernatants were transferred to other tubes, the insoluble aiillase adenovirus was used as a control virus in all experiments. Twenty-four
extracts were washed two times in lysis buffer, and %0®f lysis buffer h after infection, cells were extracted for further analysis, as described.
containing 1% Triton X-100 were added to each sample. The soluble andAlkaline Phosphatase Digestion of PhosphoproteinsPrimary keratino-
insoluble lysates were used for immunoprecipitation as described. cytes were either infected with control adenovirus vector or with recombinant

PKC Immunokinase Assay. Purified and standardized PKC isozymesPKCs adenovirus for 1 h. Twenty-four h after infection, cultures were har-
were kindly supplied by Dr. P. Blumberg (National Cancer Institute, NIHyested in 50Qul of 1% Triton lysis buffer. Immunoprecipitation of cell lysates
Bethesda, MD) and Dr. Marcello G. Kazanietz (University of Pennsylvaniayas carried out overnight at 4°C withg/sample antz6 (PharMingen) and
School of Medicine, Philadelphia, PA). Primary keratinocytes were harvestgd ul/sample of protein A/G-Plus agarose slurry (Santa Cruz Biotechnology).
in 500 wl of 1% Triton lysis buffer (1% Triton X-100, 1@g/ml aprotinin and Beads were washed twice with PBS and once in Tris/M&@ffer, pH 7.5 (50
leupeptin, 2ug/ml pepstatin, 1 m PMSF, 1 nm EDTA, 200um Na2VO4, and mwm Tris-Cland 1 nm MgCl,). After centrifugation, beads were resuspended in
10 mv NaF in X PBS). Lysates were incubated at 4°C for 30 min and spu20 ul of Tris/MgCl, buffer and incubated for 10 min at 30°C. Twenty units of
at 16,000x g for 30 min at 4°C. Supernatants were transferred to a fresh tubmlf intestine alkaline phosphatase (Worthington, Lakewood, NJ) were added
Immunoprecipitation of cell lysates was carried out overnight at 4°C with t the reaction tubes, and samples were incubated for 15 min at 30°C. Adding
ng/sample ant6/GoH3 (PharMingen) and 3@l/sample of protein A/G-Plus an equal volume of 2 SDS-PAGE sample buffer terminated dephosphoryl-
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ation reactions. Samples were boiled for 5 min in a water bath, and prote A B.
were separated by 7.5% SDS-PAGE gel and transferred onto membrane fil
(Bio-Rad). Specific protein bands were detected by immunoblotting usil B4 ok ¢ TPA BRYOD
specific antibodies and visualized by enhanced chemiluminescence. I 1T 1 " - B4
c BRYO c BRYO p-ser ? ! 1 -

RESULTS 4. L .f | ser- OO (’

Thr- [ R 1 - C) (\ B

Our previous studies have identified two pharmacological activ =4 =il  pyr

tors of PKC that differ in their isoform specificity and in their effect™ - © & ™00 () =
on keratinocyte differentiation. TPA is a powerful activator of RKC
PKC8, PKCe, and PKG; and induces terminal differentiation and [ — P4
cornification of skin keratinocytes. Bryostatin 1 activates PKC trar Bt - ab

siently but fails to induce differentiation in primary keratinocytes ana Fio. 2. PKC-mediated bhosphorviation of the34 A Shosohoami i
s : . e . ig. 2. -mediated phosphorylation of thé34 protein.A, phosphoamino analysis
inhibits TPA-induced dlﬁ_eremlatlon' Bryostatin 1 down'mOdU|ate§f «6 and B4 proteins phosphorylated by bryostatin 1 stimulation. Primary mouse
PKCa, PKCe, and PKG) in a dose-dependent manner but protect&ratinocytes were metabolically labeled wifiP-R for 4 h asdescribed in Fig. 1. After

PKC$ from activation and down-modulation by TPA (35, 36). _30-min incupqtiop with SOOlwn brypstatin 1, cells were extracted and subjected to
immunoprecipitation with ant6 antibody. Immunoprecipitates were run on SDS-PAGE

To test the hypothesis of a potential link between the 'ntrace”u'aéls and transferred to PVYDF membranes. Metabolically labeled bands associated with the
responses elicited by PKC activation and the regulation and functi@®andp4 proteins were excised and subjected to phosphoamino analysis as described in
of the a6p4 integrin, we first examined the ability of PKC activation“Materials and Methods.” The results presented in the autoradiograph are representative

. . R . . of four repeated experimentMarked circlesrepresent the locations of nonradioactive
to induce PKC-mediated phosphorylation of @34 integrin com-  phosphoamino acid standards, as visualized by spraying with ninh@rimmunoblot-
plex. The phosphorylation of the634 integrin complex was exam- ting of a6 andB4hproteins sti(rjnulated vvlith zryo:;tatin l(or;)’PAB Primary mt()use k)erati—

. . . . nocytes were either untreated or stimulated with TPA (1@ or bryostatin 1 (500 m
ined in p”mary keratmocytes Iabeled.WﬁFF'R and exposed to TPA for 30 min. Samples were immunoprecipitated with ariantibody, run on SDS-PAGE
or bryostatin 1 for 30 min. As seen in Fig. 1,M, 200,000 protein gels, and immunoblotted with polyclonal anti-phosphoserine, monoclonal anti-phospho-
corresponding to thg4 chain was constitutively phosphorylated irfyrosine, and monoclonal ani4 antibodies. The blots are representative of eight different
. : experiments.
untreated control keratinocytes, whereas no phosphorylation was de-

tected in thew6 chain. TPA and bryostatin 1 increased phosphoryla-

tion of both 34 anda& integrin subunits (Fig. A). As expected of a horylation on the34 subunit and prevented the phosphorylation of

PKC-medlqted even@, treatment with GF'10920.3X1 a specific inhi Fe 6 subunit induced by the PKC activators (Figg) 1LPhosphoryl-
tor of PKC isoforms in keratinocytes, reduced significantly the pho%’ted bands corresponding with taé and g4 subunits were trans-

ferred to a PVDF membrane, and extracted proteins were subjected to
A B phosphoamino acid analysis (FigA)2 Under control conditions,
" . c _ RYG serine phosphorylatloh was Qetected in bothdBeand theB4 chains.
S : - m'? T '__+' Phosphorylated tyrosine residues were detected to a lesser extent but
only on theB4 subunit. Treatment of cells with bryostatin 1 increased
- e B8

o -

serine phosphorylation in both subunits (Figy)2In parallel experi-
ments,a6B4 immunoprecipitates were analyzed by anti-phosphoty-
rosine and anti-phosphoserine antibodies on Western blots (Bjg. 2
confirming that both TPA and bryostatin 1 increased serine phospho-
rylation of the 34 anda6 subunits. However, an increase in tyrosine
phosphorylation of the34 subunit could not be detected by this
B4 ab method. Altogether, these results suggest a direct link between PKC
2500 activation and serine kinase-mediated phosphorylation ofatéd
2000 integrin subunits.
1500 To determine whether PKC activation and consequent phosphoryl-
1000 ation modifies the association of th&p4 integrin with the cytoskel-
500 eton and the assembly of the hemidesmosomes, we examined the
R ) Triton X-100 solubility of a6p4 extracted from bryostatin 1- and
¢ TPA BRYO ¢ TPA BRYO TPA-treated primary keratinocytes (FigAB The «684 protein was
Fig. 1. Phosphorylation oB4 and a6 integrin subunits by PKC activation, Pkc  distributed evenly between the soluble and the cytoskeletal fractions
activators phosphorylat@4 and o6 integrin subunits in a dose-dependent mannerin untreated keratinocytes. Treatment of cells with TPA or bryostatin
Primary mouse keratinocytes were isolated and plated in EMEM, 8% FCS, and Q.05 T caused a shift of thg4 subunit to the soluble fraction, which was
C&" as described in “Materials and Methods.” After 5 days in culture, cells were . . . ! X
transferred to low phosphate-containing medium overnight, metabolically labeled w@Pparent in cells 30 min after treatment with TPA and bryostatin 1
zzoP-P_. fO(r: 4”h, and stimulat%d'wiRtTP}Ps %10 or %jOtholr bryostatinfl (Lor sgon) for  (Fig. 3A). These results suggest that PKC-mediated phosphorylation
min. Cells were extracted in uffer, and equal amounts of extracted proteins wer . . - .
subjected to immunoprecipitation with arté antibody. Immunoprecipitates were ana- 8\?ems (_:(_)UId determl_ne the subcellular dlstrlbutlo_ru654 and the
lyzed by SDS-PAGE gels and transferred proteins exposed to X-ray film. The autorad@g®@mposition of hemidesmosomes. Indeed, by immunofluorescent
graph is representative of five different experimeBisttom panelrelative absorbance of analysis, localization of:684 to the hemidesmosomes was signifi-
a6 and B4 phosphorylation relative to the expression of the integrin subunits as deter- ’ . .
mined by Western blot analysis of the same blB(sGF-109203X, a specific inhibitor of Cantly reduced after TPA or bryostatin 1 treatment as compared with

PKC, prEvents phosphorylation gﬂranﬁalfi k?yl TdeAﬁ %aﬁnd ?ryosrt]atindl- Thbe gjday;old abp4 localization to hemidesmosomal densities in Triton X-100-
rimary keratinocytes were metabolically labele: -R, for 4 h asdescribed in Fig. : :

?.A. At)é.S h, 5p.MyGF was added to theyculture dishes, IfoIIowed by 30-min stimulgatioﬁ)(traCted Cel_ls of control keratmOCytes_ _(FI®)3 .

with TPA (100 nv) or bryostatin 1 (500 m). Cells were harvested in radioimmunopre- 10 determine whethe&634 is a specific substrate for a particular

cipitation assay buffer, and protein extracts were subjected to immunoprecipitation WK C isoform expressed in keratinocytes, the ability of specific PKCs

anti-a6 antibody. Immunoprecipitates were run on SDS-PAGE gels, and transferrged . . . . .

proteins were exposed to X-ray film and analyzed by autoradiography. The autora -g_phosphorylatex6[34 was tested in am vitro immunokinase assay

graph is representative of three different experiments. Fig. 4). Thea6 andp4 subunits from membrane immunoprecipitates
4593
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A ation by the anti-phosphoserine antibody was further confirmed by
e c TPA BRYO alkaline phosphatase treatment, which specifically reduced detection
' LI LI | 1 of B4 serine phosphorylation (Fig. 7). Overexpression of BKIZ
Sol Ins Sol Ins Sol Ins not change the tyrosine phosphorylation of g#esubunit (Fig. 7). To

examine whether PKC-mediated phosphorylation could mae{y4
B4 e W R e integrin-dependent cell adhesion, keratinocytes overexpregaing
galactosidase, PK& PKC3, or their kinase-inactive mutants were
subjected to adhesion assay on laminin 5-coated dishes (Fig. 8).
PKCs-overexpressing keratinocytes significantly prevented adhesion
to laminin 5. In contrast, PK& overexpression resulted in increased
attachment to laminin 5 (Fig. 8). The specific affects of distinct PKC
isoform overexpression on keratinocyte adhesion was confirmed by
using dominant-negative mutants of P&@nd PKG isoforms. Over-
expression of the mutant isoforms abolished the affects on adhesion to
laminin 5 obtained by overexpressing the wild-type PKC isoforms

= 79+ (Fig. 8). These results suggest that RKa&hd PKGy have distinct and
§' sod [ contrasting effects on the hemidesmosomal localization6#4 and
‘.g- o] [EEE its effects on keratinocyte adhesion. Furthermore, BPKit not
-.E 40 | PKCa induces serine phosphorylation of thég4 integrin, which in
£ a0 | turn reduceda6B4 localization to the hemidesmosomes and influ-
!? 20 4 ' enced keratinocyte adhesion to the underlying matrix.
\ |
8 DISCUSSION
DMSO TPA Bryo
Fig. 3. PKC activation regulates6p4 integrin association with the cytoskeletok. Studies defining the biochemical pathways mediating intracellular

localization ofg4 integrin subunit in subcellular fractions. Primary mouse keratinocytesignaling associated with integrin-ligand interactions are in progress
were stimulated with bryostatin 1 or TPA for 30 min and differentially extracted in 0.02% : . . . .

(So) or 1% Triton X-100 (ns) as described in “Materials and Methods." One hundred ih several Iabora_torles. Protein _phosphorylatlon_ is one of the earliest
of protein were immunoprecipitated with anté antibody, and precipitates were run on €vents detected in response to integrin stimulation in many cell types

SDS-PAGE gels and immunoblotted with apd-antibody. The blot is representative of (37, 38). Modification of certain integrins by phosphorylation can
an experiment repeated seven timBsimmunolocalization oix6 integrin subunit to the '

hemidesmosome. Primary keratinocytes were plated on laminin 5-coated glass indes,'Ql%Jce qonfprmathnal C_hanges that_ enhance the afflnlty Of'the inte-
keratinocyte cultures were maintained in low"G2&EMEM for 48 h. Cultured keratino- grin for its ligand, inducing ligand binding and cytoskeletal interac-
cytes were left untreated\| or stimulated with TPA (100m; B) or bryostatin 1 (500 m; ; f ; ;

C) for 30 min. After fixation and extraction with 0.2% Triton-X-100, slides were subjectectilonS (20’ 39) Epldermal b,asal cells I,nt,eraCt with ,the basement
to immunofiuorescent analysis with antb antibodies as described in “Materials andMembrane via the:6g4 integrin located within the hemidesmosome,
N:eth60ds.”Arrovl\:heac_ishemidesmosomal structure?ar:, SOMT. Bclxlttom plfin_ggna!ysis a multiprotein receptor complex (40). In addition to adhesion, the
of a6-positive keratinocytes as a percentage of the total cell populatifpositive : ; : i
staining was designated as staining « protein localized to the hemidesmosomes.h?ml_desmosome may fun_Ctlon to transdu_ce S_Ignals between the lami
Results were calculated by counting té-positive keratinocytes in at least five distinct NiN-rich extracellular matrix and the cell interior (13, 19). Although
fields in each experiment and represent data obtained from three independent experiments.

were used as phosphate acceptors in PKC assays using baculovirus
recombinant PKC isoforms in the presencepffP]JATP. A marked TPA
specific phosphorylation of6 and B4 subunits was observed with
PKCS, even in the absence of TPA stimulation, but not withZ, e,
and 7. In contrast, all isoforms phosphorylated histone iH6vitro B4 —
(Fig. 4B). To directly assess the ability of PKGsoform to modify
a6B4 proteinin vivo, PKCS and PKGr were overexpressed in primary
keratinocytes using recombinant PKC adenoviruses (Fig. 5). Eighteen
h after infection, exogenous PKC protein could be efficiently detected
by immunofluorescent analysis in primary keratinocytes (Fig. 5). No
change in expression levels of all other PKC isoforms was observed
(data not shown). Similar to PKC activation by TPA and bryostatin 1, B
overexpression of PK& also interfered with the incorporation of
a6B4 integrin into the hemidesmosomes, as determined by immun-
ofluorescent analysis and shown in Fig. 5. RiK@erexpressing cells
displayed reducedv6B4 staining associated with the hemidesmo-
somes after extraction with Triton X-100 (Fig. 5). In contrast, over- Fid. 4. Specific recombinant PKC isoforms are able to phosphorylate@pé protein

. . . . in vitro. A, 5-day-old primary keratinocytes were extracted in RIPA buffer, a6f4
expression of PK@ induced hemidesmosomal localization of theoteins were immunoprecipitated using aniantibodies. Precipitates were subjected to
a6[34 subunit (Fig, 5)_ Although both PK& and PKGy were effi- in vitro kinase assays usingyf?PJATP and recombinant baculovirus-purified PKC

i ; : : H ; _ isoformsa, 8, m, €, and{ as described in “Materials and Methods.” After completion of
Clently eXpressed In primary keratmOCytes (FI@) abnly in PKCS the 10-min kinase reaction, beads containing &g4 complex were washed in RIPA

overexpressing keratinocytes, serine phosphorylation of3theub-  puffer and separated on SDS-PAGE gels, and transferred proteins were exposed to X-ray

unit was constitutively elevated (FigBh This suggests that PKC film. Associated bands were visualized by autoradiography. The autoradiograph is rep-

but not PKGy i ki . lved i h h lati P Fi resentative of three separate experimeBistecombinant PKC isoforms catalyzed the
utno IS a Kinase Involved in phosphoryla 'w n VIVO( 19. hosphorylation of histone H6 in vitro kinase assays as describediand in “Materials

6B). The specificity of induction and detection of serine phosphoryénd Methods.”
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o 80 J
3._2, Fig. 5. PKC overexpression effects hemidesmosomal localization ef@aé
@ 70 integrin. The 5-day-old primary mouse keratinocytes grown on laminin 5-coated
5, slides were infected with PK&adenovirus € andF), PKCa adenovirus B and
g B0 E), or a control adenovirus vectoA(and D), as described in “Materials and
£ 50 J Methods.” A full 24 h after infection, keratinocytes were fixed with methanol
*E (A-C) or 4% paraformaldehyde after extraction with 0.2% Triton X-1D6FK) as
& a0 J described in “Materials and Methods.” Cells were analyzed for RKE), PKCS
= (A andC), and hemidesmosomal localization of #@ integrin subunitD-F) by
L 30 immunofluorescenceBars, 50 um. Bottom panelanalysis ofa6-positive kera-
% - tinocytes as a percentage of the total cell populatiedrpositive staining was
o y designated as staining o6 protein localized to the hemidesmosomes. Results
oy 10 4 were calculated by counting thes-positive keratinocytes in at least five distinct
'g fields in each experiment and represent data obtained from four independent
0 experiments.
PKCa PKC3a
Overexpression

the molecular nature of the putative signaling events is not definexijerexpression of distinct PKC isoforms regulated integrin-associated
serine/threonine kinases, mitogen-activated protein kinases, and gigmaling (21). Specifically, regarding thég4 integrin, studies have
small GTPase family of proteins such as c-ras, R-ras, and Rho A hatewn thata684 ligation can cause activation of the ras as well as
all been implicated (41-44). The contribution of PKC to inside-oythosphatidylinositol 3-kinase-mediated pathways (19, 49, 50). How-
signaling via integrins was suggested because treatment with PEer, although PKC activation is functionally linked to integrin action,
activators “activated” integrin binding to specific ligands, enhancingrevious studies in K562 cells failed to find a significant influence of
cell attachment and spreading (22, 23, 45). These effects could Ri€C-mediated serine phosphorylation of thé integrin on ligand
blocked by specific PKC inhibitors. PKC activation also was shown tainding. Furthermore, serine mutations introduced into the cytoplas-
enhance cell adhesion through the formation of focal adhesions anit domain of thex6 subunit did not reduce adhesion to laminins (51,
regulation of integrin-cytoskeletal interactions (46, 47). In additior2). However, irk631-expressing cells, the integrin localizes to focal
PKC indirect stimulation by phospholipid metabolism including theontacts that differ significantly from the hemidesmosomes where
generation of diacylglycerol and inositol-3-phosphate as well as aci6B4 integrin is localized in basal keratinocytes. In agreement with
vation of phosphatidylinositol 3-kinase in response to integrin stinthis concept, in previous studies in A431 carcinoma cells expressing
ulation have all been implicated in both integrin inside-out as well &se «634 integrin, constitutive and PKC-induced serine phosphoryl-
outside-in signaling (22, 48). Finally, recently it has been shown thation of the 4 subunit was demonstrated (53, 54). Furthermore,
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A expression did not increasebB4 serine phosphorylation, stabilized
= C Ad-PKCa C Ad-PKC3 abB4 expression to the hemidesmosomes, and increased adhesion to
laminin. These results are in agreement with studies where activation
or inhibition of PKC produced differing or even contradictory results,
IB:PKCa ~— @B 1B: PKC3 k- =3 depending on the model system or end points under study (27, 45, 48).
For example in keratinocytes, inhibition of Plik@xpression restores
differentiation of neoplastic keratinocytes, whereas overexpression of
PKCn induces keratinocyte differentiation (31, 33). PK@®@as shown
to participate in apoptosis (56, 57), proliferation and differentiation
(58, 59), and cell cycle arrest (60, 61) in specific cell types. Specific
B Overexpression substrates have been associated with BigBosphorylatiorin vitro
" IP: a6p4 - including elongation factor (62), adducin (63), and a high affinity
immunoglobulin E receptor (64). Another specific feature of BHE
its ability to be phosphorylated on tyrosine residues, in response to
cytokines such as platelet-derived growth factor (65), neurotransmit-
ters (58), epidermal growth factor (66), and by the oncogenic form of
c-Ha-ras (67) and v-Src (68). Thus, PEK@ould be involved in
complex cross-talk between tyrosine kinases and other signaling com-
ponents, a property of PK&hat could be relevant in modification of

IB: K14 - - IB: K14 -

c PKCa PKC3

IB: p-ser

IB: p4

gy IP: a6
5 12
8 4 C OE.}
o
= 0 AP - + - +
L= -
2 4] IB: pser = ® &
® 24 | |
= o
Ptyr Py -
o PKCa  PKC?
Overexpression B4 ' ' ' .
Fig. 6. Overexpression of PKregulatesa6p34 integrin phosphorylation. Primary

mouse keratinocytes were either infected with control adenovirus vector or wittd BKC Fig. 7. B4 integrin subunit phosphorylation by PKCPrimary mouse keratinocytes
PKCa adenoviruses as described in “Materials and Methods.” A full 24 h after infectioyere either infected with control adenovirus vector or with Br@enovirus, as described
cultures were extracted, 20 ug of total protein extracts were subjected to SDS-PAGER “Materials and Methods.” A full 24 h after infection, cultures were extracted, and
electrophoresis, and PKC expression was analyzed by immunoblotBhgvith PKC-  300-ug protein samples were immunoprecipitaté®) (with anti-«6 antibody. Immuno-
specific antibodies in control@), PKCa (Ad-PKCw), or PKGS (Ad-PKG) infected  precipitates were either treated ) or untreated {) with alkaline phosphatase for 15 min,
keratinocytes. Equal loading was verified by immunoblotting with anti-keratin 14 antgs described in “Materials and Methods.” Thereafter, samples were separated on SDS-
bodies. The blot is representative of five distinct experimeBit800ug protein samples PAGE gels and immunoblottedB) with polyclonal anti-phosphosering-gej), mono-
were immunoprecipitatedR) with anti-a6 antibody. Thereafter, samples were separateg|onal anti-phosphotyrosing-tyr), or monoclonal antj34 antibodies. The blot is repre-
on SDS-PAGE gels and immunoblottel) with polyclonal antiphosphoserin@-6e)  sentative of three distinct experimentsP, alkaline phosphatase, control; O.E 3,

and monoclonal ant4 antibodies. The blot is representative of three distinct experipverexpression of PK&isoform.

ments. The increase in serine phosphorylation of$heubunit is presented as absorbance

relative to the levels op4 protein expression on the same bldtane C,control.

50 4

integrin phosphorylation was associated with decreased localization -
of a6B4 to the hemidesmosome. In contrast to our data, serine
phosphorylation of thex6B4 integrin in A431 cells was associated

with PKCa activation, and there was no effect on laminin attachment.

Nonetheless, in their study, Rabinovigt al. did not evaluate basal 20 -

expression and activation of PKCor other isoforms expressed in 15

A431 cells (50). Furthermore, the ability of PKCto specifically 10 4

serine phosphorylate the@634 integrinin vivo or in vitro was not 5

corroborated. Therefore, Pkverexpression could have altered the 0 J—

distribution and activation of other PKC isoforms as RiK@hich c D/N 5 DINS
was shown to be expressed in A431 cells (55). Finally, because A431
F:ells represent an invasive carcinoma model cell system and aa PKC PKC Overexpression

is known to be activated in epithelial cancer, the results in A431 cells _. ) . -, )

. . Fig. 8. Overexpression of PK3&affects keratinocyte attachment to laminin 5. Primary
could apply to the changing role of the PK@soform during cancer mouse keratinocytes were either untreated or infected with control adenovirus, PKC
development. Therefore, the interpretation of results associated wittCa adenovirus, or their dominant-negative, kinase-inactive mutediis))( as de-

T f iped in “Materials and Methods.” A full 24 h after infection, keratinocytes were
PKC aCtI\.lat.IOI‘l Shou'q be Care_fu”)_/ evaluated because of the _dlvefgy sinized briefly, resuspended in 0.1% BSA in 0.06 @a"2 EMEM medium without
roles of distinct PKC isoforms in different systems. As shown in thiscs, and reattached to laminin 5-coated dishes. After 5 min incubation at 37°C, unat-
study, overexpression of PKidmediated serine phsophorylation oftached cells were removed, and plates were rinsed twice with PBS. Cell count was
th 684 int . d dits h id [l lizati dd uantitated using a microprotein assay, as described in “Materials and Methods.” Results
e abp4 in eg““ reducea its hemi esm0§oma ocalization an ‘e presented gsg protein/dish, calculated as a means of four wells in each experiment,
creased keratinocyte attachment to laminin. In contrast, P&@r-  which was repeated three timédsars, SD. C, control.
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integrin function, as seen in the current study. Interestingly, in A43%. Carter, W. G, Kaur, P., Gil, S. G., Gahr, P. J., and Wayner, E. A. Distinct functions

- : ; _ for integrinsa3B1 in focal adhesions ang6B4/bullous pemphigoid antigen in a new
Ce"S.’ constltutlve.phosp.horylatlon of tf‘@4 subunit was §|SO pre stable anchoring contact (SAC) of keratinocytes: relation to hemidesmosomes. J. Cell
dominantly on serine residues, and tyrosine phosphorylation gg¢4he  giol., 111: 3141-3154, 1990.

subunit was induced only upon stimulation with epidermal growttp. TenTenbaurfﬂ, T, Belaﬂger, A Jif IQUaranta,bv-c,j and Yusdpa, Si dHf% Differential
B ;- regulation of integrins and extracellular matrix binding in epidermal differentiation

factor (54). Therefore, although growth factor receptors and integrins . 'co.amous tumor progression. J. Investig. DermatL57-161, 1996.

often mediate tyrosine phosphorylation of integrin receptor subunits Jones, J. C. R., Kurpakus, M. A., Cooper, H. M., and Quaranta, V. A function for the

and associated proteins via similar downstream pathways (37, 54, 69) ntegrin agB, in the hemidesmosome. Cell Regul:, 427438, 1991.

. . . . . . 12. Sonnenberg, A., Calafat, J., Janssen, H., Daams, H., van der Raaij-Helmer, L. M.,
a multifunctional serine kinase such as FK@at interacts with Falcioni, R., Kennel, S. J., Aplin, J. D., Baker, J., Loizidou, M., and Garrod, D.

tyrosine kinase pathways could have dual regulatory functions in Integrin «6/84 complex is located in hemidesmosomes, suggesting a major role in

basal keratinocytes. This could be achieved by PKC induction of epidermal cell-basement membrane adhesion. J. Cell Bib&; 907-917, 1991.
h h lati i . it di il dt . it indi tI13. Borradori, L., and Sonnenberg, A. Hemidesmosomes: roles in adhesion, signaling,
phosphorylation of serine sites directly and tyrosine sités INAIrectly. ,nq hyman diseases. Curr. Opin. Cell Bigt.647—-656, 1996.

The specificity of PKC action in keratinocytes could also be related 1@. Stepp, M. A., Spurr-Michaud, S., Tisdale, A., Elwell, J., and Gipson, la834

the integrin cytoplasmic domains. It is well known that the 1000 integrin heterodimer is a component of hemidesmosomes. Proc. Natl. Acad. Sci.
. . . . . . USA, 87: 8970-8974, 1990.

amino acid cytoplasmic tail of thg4 subunit regulates specialized,s Hodivala, K. J., and Watt, F. M. Evidence that cadherins play a role in the down-

features of thea6B4 integrin (13). Recent studies have identified regulation of integrin expression that occurs during keratinocyte terminal differenti-

ioti H : i~ation. J. Cell Biol.,124: 589—-600, 1994.

se_veral distinct domams.on th.e c_:onnectln_g segment and CytOp.Iasr%l.C?rennenbaum, T., Weiner, A. K., Belanger, A. J., Glick, A. B., Hennings, H., and

tail of the @6 andp4 proteins. Distinct functions have been associate Yuspa, S. H. The suprabasal expression@B4 integrin is associated with a high risk

with specific domains including: regulation of integrin heterodimer- for malignant progression in mouse skin carcinogenesis. Cancer $8s4803~
i ati i ati i i 4810, 1993.
Ization, localization to the hemldesmosome’ hemidesmosomal ass?]}n Kennel, S. J., Foote, L. J., Falcioni, R., Sonnenberg, A., Stringer, C. D., Crouse, C.,

bly, adhesion to laminin substrates, and association with signaling and Hemler, M. E. Analysis of the tumor-associated antigen TSP-180. Identity with
molecules (70-75). Interestingly, in these studies ligand binding was aeB. in the integrin superfamily. J. Biol. Chen264: 15515-15521, 1989.

T : B ; 18. Parsons, J. T. Integrin-mediated signaling: regulation by protein tyrosine kinases and
not necessarily linked to hemidesmosomal localization ofd6g4 small GTP-binding proteins. Curr. Opin. Cell Biof: 146152, 1996.

integrin or to hemidesmosome assembly (72, 73, 76). Therefote, mainiero, F., Murgia, C., Wary, K. K., Curatola, A. M., Pepe, A., Blumemberg, M.,
phosphorylation of serine sites in the specialized domains could Westwick, J. K., Der, C. J., and Giancotti, F. G. The couplingxg8, integrin to

. : : . A Ras-MAP kinase pathways mediated by Shc controls keratinocyte proliferation.
indeed be influencing hemidesmosomal localization of 484 EMBO J..16: 23652375, 1097.

integrin and hemidesmosomal assembly. Our results suggest Hwatclark, E. A., and Brugge, J. S. Integrins and signal transduction pathways: the road

phosphorylation on serine sites abp4 integrin could implicate a ) t&ke”-t,sge}'gceo(a’\/asg- anﬁsi 233—%3% 1P99t5-_ inase C requlates intearininduced
. . . . . . . . Irantl, C. K., no, S., an rugge, J. S. Protein Kinase C regulates integrin-inauce
direct action of PKG@ in regulatlng the interaction @634 with the activation of the extracellular regulated kinase pathway upstream of Shc. J. Biol.

hemidesmosomes of skin keratinocytes. This specificity of action chem.,274: 10571-10581, 1999.

could also contribute to the regulation of PKC-mediated keratinocy%é Chun, J. S., and Jacobson, B. S. Requirement for diacylglycerol and protein kinase C
in HeLa cell-substratum adhesion and their feedback amplification of arachidonic

cell detachment during _diﬁerenti_at'i(_)n' Of interest are the reS_U|tS of acid production for optimum cell spreading. Mol. Biol. Celt, 271-281, 1993.
Ohbaet al. (33) suggesting a definitive role for PKKGnd PKGy in  23. Vuorio, E., and Ruoslahti, E. Activation of protein kinase C precedgsintegrin-

keratinocyte maturation. Because @ most abundant in aranular mediated cell spreading on fibronectin. J. Biol. Che268: 21459-21462, 1993.
vt . PK Y 24. Dlugosz, A. A., and Yuspa, S. H. Coordinate changes in gene expression which mark
cells that lack hemidesmosomes, PKi@ the basal cells may be the the spinous to granular cell transition in epidermis are regulated by protein kinase

major isoform responsible for initiating the loss of cell attachment to C. J. Cell Biol.,120: 217-225, 1993. _

the basement membrane in the early stages of keratinocyte differ&h-2¢ning. M. ., Dlugosz, A. A., Williams, E. K., Szallasi, Z., Blumberg, P. M., and
e . . . . Yuspa, S. H. Specific protein kinase C isozymes mediate the induction of keratinocyte
tiation. Therefore, studies designed to assess the contribution Ofjitferentiation markers by calcium. Cell Growth Diffes; 149-157, 1995.
activation of specific PKC isoforms to the signaling mechanis®p. Tennenbaum, T, Li, L., Belanger, A. J., De Luca, L. M., and Yuspa, S. H. Selective

. . . . . ; changes in laminin adhesion an®p4 integrin regulation are associated with the
involving the a6p4 integrin should reveal important mechanisms initial steps in keratinocyte maturation. Cell Growth Differ:,615—-628, 1996.

designed to maintain the integrity of the epidermis. 27. van Leeuwen, R. L., Dekker, S. K., Arbiser, J. L., Vermeer, B. J., Bruijn, J. A., and
Byers, H. R. Phorbol ester-induced rapid attachment and spreading of melanoma cells
ACKNOWLEDGMENTS and the role of extracellular matrix proteins. Int. J. Can&&r,894-900, 1994.

28. Yuspa, S. H., Ben, T., Hennings, H., and Lichti, U. Divergent responses in epidermal
. i basal cells exposed to the tumor promoter G-Betradecanoylphorbol-13-acetate.
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