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The detachment of epithelial cells from the basal matrix dur-
ing wound healing and differentiation of keratinocytes requires
the disassembly of the hemidesmosomal multiprotein adhesion
complex. Integrin�6�4-plectin interaction plays amajor role in
the formation of hemidesmosomes, and thus the mechanisms
regulating this interaction should be critical also for the disas-
sembly process. Here we show that a particular plectin isoform
(1a) interacts with the Ca2�-sensing protein calmodulin in a
Ca2�-dependentmanner. As a result of this interaction, binding
of the hemidesmosome-associated plectin isoform 1a to inte-
grin �4 is substantially diminished. Calmodulin-binding inhib-
its also the interaction of plectinwith F-actin. Further, we found
that, during Ca2�-induced keratinocyte differentiation, plectin
1a is first relocated within the cell and later down-regulated,
suggesting thatCa2� affects the fate of plectin 1aupon its release
from hemidesmosomes. We propose a novel model for the dis-
assembly of hemidesmosomes during keratinocyte differentia-
tion, where both, binding of calmodulin to plectin 1a and phos-
phorylation of integrin �4 by protein kinases, are required for
disruption of the integrin �6�4-plectin complex.

Basal cell layer keratinocytes of the skin are firmly attached to
the underlying basement membrane through hemidesmo-
somes (HDs),2 protein complexes that mediate stable anchor-
ing by providing a tight link between the intracellular interme-
diate filament network (IF) system and the extracellular matrix
(1, 2). Plectin, a universal and functionally versatile cytolinker
protein, has been implicated in HD functions since early on (3,
4). Binding of plectin to the �4 subunit of integrin �6�4 turned
out to be a critical step in the formation of HDs, and various
regions of plectin have been shown to be involved in this inter-
action. One of them is a canonical actin-binding domain (ABD)
of the tandem calponin homology (CH) domain type (5–7),
which binds to the second fibronectin type III (FnIII) domain of
the �4 subunit. Residues crucial for this binding are clustered

on the surface of the first N-terminal calponin homology
domain. They partially overlap with one of the essential F-ac-
tin-binding sequences, providing a structural basis for the com-
petitive nature of plectin binding to integrin �4 and F-actin (2,
8). A second integrin �4-binding site, located in the plakin
domain of plectin (9), interacts with sequences downstream of
the second FnIII domain of integrin �4 (10). In addition, inter-
actions of the C-terminal repeat domain R6 of plectin with the
segment connecting the second and third FnIII domains of
integrin�4 (C-segment), andwith integrin�4 tail domain, have
been reported (9).
In accordance with plectin being a prominent constituent of

HDs, abnormalities in its expression in humans lead to epider-
molysis bullosa simplex associated with muscular dystrophy,
manifesting as severe skin blistering and muscle disorders (for
review see Ref. 11); an autosomal dominant form of the disease
(epidermolysis bullosa simplex-Ogna) manifests just in skin
(12). Conventional, as well as conditional (K5-Cre-driven) plec-
tin knockouts in prenatal mice led to the death of animals, 2–3
days after birth (13, 14), whereas after induced disruption of the
plectin gene in the skin of adult mice, keratinocyte fragility and
lesional epidermal barrier defects were reported (14).
The versatile cross-linking and scaffolding abilities of plectin

are augmented by the unusual 5� complexity of its transcripts
generated by differential splicing of at least 11 alternative first
exons (15). Although the precise function(s) of the various
N-terminal sequences of plectin have not been fully elucidated,
some of the isoform-specific sequences have been shown to
direct the protein to distinct cellular locations, such as HDs,
microtubules, mitochondria, costameres, and Z-disks (16–20).
Of two major plectin isoforms expressed in primary keratino-
cytes (plectins 1a and 1c) only plectin 1a, however, anchors
keratin IFs to HDs, while plectin 1c was found to co-localize
with microtubules (16).
The assembly and disassembly of HDs play an important role

in keratinocyte migration during wound healing, differentia-
tion, and carcinoma invasion, yet the mechanisms that control
HD dynamics are not fully understood. Several growth stimuli,
including epidermal growth factor (EGF) and macrophage
stimulating protein, have been implicated in the regulation of
HD disassembly, and phosphorylation of integrin �4 by its
effector molecule protein kinase C (PKC) leads to partial disas-
sembly of HDs (for review see Ref. 21). In addition, it has been
shown that phosphorylation of integrin �4 involving tyrosine
protein kinase Fyn plays a role in HD disassembly (22). How-
ever, the diversity of plectin-integrin-binding sites points
toward a more complex regulation, especially as the predicted
phosphorylation sites on integrin �4 map to the C-segment (2,
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23), presumably leaving other major binding interfaces, such as
that between ABD of plectin and the second FnIII domain,
unaffected. Ca2� has the potential to be such an additional reg-
ulator. It has an established role in the normal homeostasis of
mammalian skin and serves as amodulator in keratinocyte pro-
liferation and differentiation. In fact, Ca2� has been reported to
induce the cellular redistribution of the hemidesmosomal pro-
tein, BPAG-2 (24), and integrin �6�4 has been found to be
down-regulated during Ca2�-induced differentiation of cul-
tured keratinocytes (25).
In this study, we investigated whether plectin functions are

affected by Ca2�. We found that Ca2�-induced differentiation
of keratinocytes leads to a redistribution and down-regulation
of plectin, similar to that reported for integrin �6�4. Further-
more we identified plectin as a calmodulin (CaM)-binding pro-
tein and showed that the interaction of both proteins is not only
strictly Ca2�-dependent, but also plectin isoform-dependent.
Our data indicate that CaM binding to plectin 1a, the HD-
associated plectin isoform, impedes its interaction with inte-
grin�6�4 and consequently is likely to play an important role in
HD disassembly.

EXPERIMENTAL PROCEDURES

Plasmids and cDNA Constructs—Expression plasmids for
integrin �4 fragments with N-terminal His tags and for plectin
fragments fused N-terminally to maltose-binding protein
(MBP), have been described previously (9, 15). cDNAs for plec-
tin fragments corresponding to exons 2–5 (CH1), 2–8 (ABD),
1c-8 (1cABD), 1f-8 (1fABD), and 1a-8 (1aADB) were engi-
neered based on published sequences (15), with ends contain-
ing suitable restriction sites. For the bacterial expression of pro-
teins with N-terminal His tags, or of untagged proteins, PCR
products were subcloned into pBN120 (26), or pGR66 (7),
respectively, both ofwhich are derivates of pET-15b (Novagen).
All MBP fusion proteins were expressed using vector pMal-c2
(New England Biolabs). Expression plasmids encoding C-ter-
minally GFP-tagged versions of full-length plectin isoform 1a
and 1f have been described previously (17, 27). An expression
plasmid encoding C-terminallymCherry-taggedCaMwas gen-
erated by subcloning cDNA for human CaM gene III (a gener-
ous gift fromDonald C. Chang) into pEGFP-N2 (Clontech Lab-
oratories, Inc.)-based plasmid pGB7 (kindly provided byGerald
Burgstaller), where enhanced GFP had been replaced by
mCherry. The mCherry-containing plasmid was kindly pro-
vided by Victor J. Small.
Antibodies—For immunoblotting, the following primary and

secondary antibodies were used: affinity-purified (isoform-spe-
cific) rabbit antibodies to plectin 1c (16), and to plectin 1a (9);
mAbs LP34 (DakoCytomation) to K5, K6, and K18 (pan-kera-
tin), anti-K5 and anti-involucrin antisera (PRB-160P and PRB-
140C, respectively, Covance), rabbit anti-integrin�4 antiserum
(H-101, Santa Cruz Biotechnology), anti-phospho (Thr-638/
641) PKC�/�II antiserum (Cell Signaling Technology, Inc.),
mAbs to calmodulin (Upstate), mAbs B-5-1-2 to tubulin (Sig-
ma-Aldrich), goat anti-rabbit IgG and goat anti-mouse IgG,
conjugated to horseradish peroxidase or alkaline phosphatase
(all from Jackson ImmunoResearch Laboratories). For immu-
nofluorescence microscopy the following primary antibodies

were used: anti-plectin 1a antibodies (see above) and rat mAbs
to integrin �6 (CD49f, BD Biosciences). As secondary antibod-
ies, we used fluorescein isothiocyanate-coupled goat anti-rat
IgG and Rhodamine red-X-coupled goat anti-rabbit IgG (both
from Jackson ImmunoResearch Laboratories), Alexa Fluor
488-coupled goat anti-rabbit IgG (Invitrogen), and Texas Red-
conjugated goat anti-rat IgG (Accurate Chemical & Scientific
Corp.). For immunoprecipitation antiserum to plectin number
46 (16) was used.
RNase Protection Assay and Immunoblotting—Isolation of

total RNA, RNase protection analysis, and quantification of rel-
ative signal intensities were performed as described previously
(16). For SDS-PAGE, transfer, and detection of proteins, proto-
cols given in Rezniczek et al. (28) were followed.
Cell Culture, Keratinocyte Differentiation, Immunofluores-

cenceMicroscopy, andTransient Transfection—Primarymouse
keratinocytes were isolated and cultured according to the pro-
tocol described byOsmanagic-Myers et al. (27), with the excep-
tion that dispase (5 units/ml) was used at 37 °C (1 h) to separate
epidermis and dermis. Cultures prepared by this protocol rou-
tinely comprised 10% ofmelanocytes. Keratinocytes were iden-
tified by positive integrin �6 staining. Immortalized wild-type
and plectin-deficient mouse keratinocytes were routinely cul-
tured in KGM (Cambrex) on collagen I-coated (Sigma-Aldrich)
plastic dishes as described (16). Confluent primary or immor-
talized (passage numbers 10–15) cultures of keratinocytes,
were induced to differentiate by cultivation inmediumcontain-
ing 1.3 mM CaCl2 for up to 5 days. Differentiated keratinocytes
weremethanol-fixed, immunolabeled, washedwith phosphate-
buffered saline,mounted inMowiol, and viewed in a laser-scan-
ning microscope (LSM 510, Carl Zeiss MicroImaging, Inc.)
using either Plan-Apochromat 63� (1.4 numerical aperture),
or 100� (1.4 numerical aperture) objective lenses (Carl Zeiss
MicroImaging, Inc.). LSM software and Photoshop CS2
(Adobe) software package were used for imaging and process-
ing. Transient transfections were performed with subconfluent
cultures of immortalized plectin-deficient keratinocytes, using
FuGENE reagent (Roche Applied Science) according to the
manufacturer’s instructions.
Quantitation ofHD-like Structures andTheirCo-localization

with Plectin—For quantitative measurements of the areas cov-
ered by HD-like structures and estimation of their co-distribu-
tion with plectin, images of immunostained keratinocytes from
three independent differentiation experiments were obtained
using a 63� objective under constant acquisition settings
avoiding pixel saturation. To eliminate noise and background
artifacts and to smooth sharp edges of stained structures,
merged RGB confocal microscopy images (green and red chan-
nels showing integrin �6 and plectin 1a staining, respectively)
were processed with a 2 � 2 median filter. To measure cellular
surface areas versus HD-positive areas (defined by integrin �6
staining), two best-fit lower thresholds were determined from
8-bit images of the red channel, using the threshold tool of open
source software ImageJ (W. S. Rasband, NIH) and confirmed by
visual inspection. HD-positive areas were calculated as per-
centage of total cell areas. For statistical evaluation of plectin 1a
co-localization with integrin �6-positive HD-like structures we
evaluated merged 8-bit images using the Co-localization High-
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lighter plug-in of ImageJ. Prior to co-localization analyses
threshold settings for each 8-bit image (red or green) were
determined by careful manual thresholding and then assigned
to the input window of the Co-localization Highlighter plug-in.
The intensity ratio of co-localized pixels was set at 50%. High-
lighted areas of maximal co-localization overlapping with pre-
viously determined HDs (see above), were scored as co-localiz-
ing and calculated as a percentage of HD areas.
Preparation of Cell Fractions—To prepare total cell lysates,

differentiated keratinocytes were washed twice with phos-
phate-buffered saline and lysed directly with 50 mM Tris-HCl,
pH 6.8, 100mM dithiothreitol, 2% SDS, complete mini protease
inhibitor mixture (Roche Applied Science), 1% bromphenol
blue, 5 mM EDTA, and 10% glycerol. Aliquots of cell lysates
containing equal amounts of protein were separated by SDS-
PAGE and subjected to immunoblotting.Quantitation of bands
was performed as previously described (29). Triton X-100 and
high salt extract fractions were prepared from keratinocytes
according to Toivola et al. (30).
Immunoprecipitation—Plectin wild-type and plectin-defi-

cient keratinocytes, with or without 4-h exposure to 1.3 mM

CaCl2, were rinsed twice with cold 20 mM Tris, 137 mM NaCl,
2.7 mM KCl, pH 7.5 (Tris-buffered saline), and then lysed in
Tris-buffered saline supplemented with 0.5% Triton X-100, 0.1
mM CaCl2, 0.5 mg/ml DNase I (Roche Applied Science), 0.2
mg/ml RNase A (Serva), 1 mM phenylmethylsulfonyl fluoride,
10 mM benzamidine, 10 �g/ml aprotinin, 10 �g/ml pepstatin/
leupeptin, and phosphatase inhibitor mixture 1 (1:100, Sigma-
Aldrich). Cell suspensions were incubated for 10 min at room
temperature, and clarified by centrifugation (15,800 � g, 30
min, 4 °C). Lysates were pre-cleared by incubation with protein
A-Sepharose beads (25 �l/ml lysate, Amersham Biosciences)
for 1 h at 4 °C, followed by centrifugation. Cleared superna-
tants were incubated with antiserum to plectin (number 46)
overnight at 4 °C. To recover antibody-antigen complexes,
protein A beads were added, and suspensions were rotated
for 2 h at 4 °C. Beads were sedimented and washed three
times with Tris-buffered saline supplemented with 0.5% Tri-
ton X-100 and 0.1 mM CaCl2. Finally, the beads were resus-
pended in 20 �l of SDS-PAGE sample buffer, heated for 5
min at 95 °C, and subjected to immunoblotting.
Protein Expression and Purification—CaM was prepared

from porcine brain (31), actin from rabbit skeletal muscle (32).
Recombinant proteins were expressed in Escherichia coli
BL21(DE3) and purified as described in Reznicek et al. (9) (inte-
grin �4 fragments), Fuchs et al. (15) (MBP and MBP-tagged
proteins), or Sevcík et al. (7) (His-tagged and untagged plectin
fragments).
Pull-down Assays—For CaM-Sepharose pulldown assays, 50

�l of pre-equilibrated CaM-Sepharose 4B beads (Amersham
Biosciences), or of Sepharose 4B alone, weremixed with 1ml of
protein samples (1.5 �M) in 20 mM Tris, 100 mM NaCl, 0.005%
Tween 20, pH 7.5, supplemented with either 2 mM CaCl2, or
increasing concentrations of CaCl2 (0.4–2000 �M), or 5 mM

EGTA, or 2mMCaCl2 and 80�MW7 (Fluka), followed by incu-
bation for 2 h at room temperature. Beads were washed three
times, and bound proteins were eluted by incubationwith SDS-
PAGE sample buffer for 10 min at 95 °C.

For 1aABD-Sepharose pulldown assays, purified samples of
1aABD were coupled to CNBr-activated Sepharose 4B (Amer-
shamBiosciences) according to themanufacturers’ protocol. 40
�l of these beads was added to samples (1 ml) of �4-F1,2LF3,4C,
or �4-F1,2 (both at 0.5 �M) in 20 mM Tris, 100 mM NaCl, 0.01%
Tween 20, pH 7.5 (solution S), supplemented with either 2 mM

CaCl2, or 5 mM EGTA. Mixtures were incubated for 1.5 h at
room temperature and proteins bound to the beads were ana-
lyzed as described above. For competitive binding assays, sam-
ples of integrin �4 fragment F1,2LF3,4C (0.5 �M) were mixed
with 1aABD-Sepharose beads immediately or 0.5 h before incu-
bation with increasing amounts of CaM (0–10 �M) in a total
volume of 1 ml of solution S supplemented with either 0.5 mM

CaCl2, or 1 mM EGTA. For determining dissociation constants,
increasing concentration of CaM (0–1.26�M) or �4-F1,2LF3,4C
(0–1.13 �M) were mixed with constant amounts of 1aABD-
Sepharose (30 �l). After incubation for 1.5 h at room tempera-
ture, supernatant (free) fractions were removed by centri-
fugation at 1,500 � g for 1 min at 20 °C. Beads were washed
three times, and proteins in the resultant pellet and supernatant
fractions were analyzed by SDS-PAGE. CBB-stained protein
bands were quantitated using ImageQuant 5.1 software
package (Molecular Dynamics). The amount of CaM or
�4-F1,2LF3,4C bound to 1aABD-Sepharose was fit to a single
rectangular hyperbola using Prism 4 (GraphPad Software).
Actin Co-sedimentation Assay—Samples of purified rabbit

skeletal actin (16 �M) in 20 �l of 5 mM Tris, 0.2 mM CaCl2, 0.2
mM ATP, 0.5 mM dithiothreitol, pH 8, were polymerized by
addition of 1/10 volumeof 50mMTris, 0.5MKCl, 20mMMgCl2,
20 mMATP, pH 8, and incubation for 1 h at room temperature.
Preincubated mixtures (30 min, room temperature) of 8 �M

purified 1aABD (or 1fABD) and 0–160 �M CaM in 20 �l of 5
mM Tris, 50 mM KCl, 2 mM MgCl2, 2 mM ATP, pH 8 (supple-
mented with either 4 mM CaCl2, or 10 mM EGTA) were added
to polymerized actin samples and incubated for another 30min.
Actin filaments and proteins bound were sedimented by cen-
trifugation (217,000 � g, 30 min, 20 °C), and equivalent vol-
umes of the supernatant and pellet fractions were analyzed by
SDS-PAGE. CBB-stained protein bands were quantitated using
the ImageQuant 5.1 software package (Molecular Dynamics).
For determining dissociation constants, the same assay has
been used, except that increasing concentrations of 1aABD or
1fABD (0–130 �M) weremixed with constant amounts of actin
(8 �M). The amount of 1aABD or 1fABD bound to F-actin was
fit to a single rectangular hyperbola using Prism 4 (GraphPad
Software).
Dot Blot Assay—Fragment 1aABD was labeled with Alexa

Fluor�680 using a Protein Labeling Kit (Molecular Probes)
according to the manufacturers’ instructions. Purified
recombinant His-tagged fusion proteins containing integrin
�4 fragments, as well as 1aABD, were dialyzed overnight
against 20 mM Tris, 0.2% glycerol, 100 mM NaCl, 0.5 mM

dithiothreitol, pH 7.5 (solution P), and subsequently pre-
cleared by centrifugation at 100,000 � g for 2 h at 4 °C. Sam-
ples were diluted in solution P and spotted (4 �g/spot) onto
a nitrocellulose membrane using a Bio-Rad 96-wells dot blot
system. Immobilized proteins were incubated with 1% milk
in 20 mM Tris, 100 mM NaCl, pH 7.5, for 1 h, or stained with
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CBB. Samples of 1aABD were diluted to 3 �g/ml in solution
S, and incubated with nitrocellulose strips for 1.5 h at room
temperature. Strips were then washed three times in solu-
tion S, and scanned using an Odyssey Infrared Imager (Li-
Cor, Bioscience, Lincoln, NE).

RESULTS

Ca2�-induced Redistribution of Plectin 1a in Differentiating
Keratinocytes—In the early stages of keratinocyte differentia-
tion (as well as of wound healing) hemidesmosomal compo-
nents, such as integrin �6�4 and BPAG-2, show a redistribu-
tion fromHDs to other cell compartments (24, 33). To examine
the fate of HD-associated plectin 1a under similar conditions,

confluent cultures of primary
mouse keratinocytes were subjected
to differentiation by exposure to 1.3
mM CaCl2 for up to 8 h (Fig. 1A).
Prior to differentiation (0 h), plectin
1a was found associated with prom-
inent integrin �6-positive wedge-
like structures. However, only 47%
of these structures were also posi-
tive for plectin 1a, probably reflect-
ing a heterogeneity of HD-like
structures due to differences in their
assembly state and/or stability.
Interestingly, previous studies with
immortalized keratinocyte cell lines
cultivated under similar conditions
revealed HD-like structures resem-
bling circular Swiss cheese-like pat-
terns rather than wedge-like
arrangements (16) (see also supple-
mental Fig. S1). Upon Ca2�-in-
duced differentiation of primary
keratinocytes, a remarkable re-
distribution of plectin 1a was
observed (Fig. 1A). Already within
the first 2–4 h of differentiation, the
plectin 1a signal became less prom-
inent at HD-like structures, while at
the same time the protein became
diffusely distributed within the cell,
showing an accumulation in periph-
eral cell-cell contact areas as well as
in perinuclear regions, as differenti-
ation proceeded (Fig. 1A, arrow-
heads). Integrin�6 showed a similar
redistribution to the cell margins,
accompanied by a reduction of HD-
like structures in the cell interior
(Fig. 1, A and B). A quantitative
analysis revealed that already 2 h
after addition of Ca2�, the amount
of HD-like structures was reduced
to 53% of control values (0 h), with
a further drop to 43% after 4 h of
differentiation (Fig. 1B). HD-like

structures, which were still noticeable at later stages of Ca2�

treatment (8 h), in general were plectin 1a-negative (Fig. 1A,
arrows). The amount of plectin 1a/integrin �6-costained
structures after 4 h of Ca2� treatment was reduced to less
than half compared with untreated cells (0 h) (Fig. 1C),
implying dissociation of plectin 1a from integrin �6�4 and
HD-like structures during the differentiation process.
Except for the shape of HD-like structures, similar observa-
tions were made using immortalized mouse keratinocyte cell
cultures instead of primary cells (data not shown).
Plectin 1a Is Down-regulated during Long Term Differentia-

tion of Keratinocytes—Ca2�-induced differentiation of cul-
tured keratinocytes leads to down-regulation of integrin �6�4,
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FIGURE 1. Redistribution of plectin 1a in the early stages of Ca2�-induced keratinocyte differentiation.
A, cultures of primary keratinocytes, exposed to Ca2� for 0, 2, 4, and 8 h, were subjected to immunofluores-
cence microscopy using antibodies indicated. Arrows point to areas where plectin 1a staining does not coin-
cide with integrin �6-positive HD-like structures. Arrowheads denote areas at the cell periphery with accumu-
lation of plectin 1a. Note, wedge-like patterns typical of HD-like structures in primary keratinocytes. Bar, 20 �m.
B and C, bar diagrams representing statistical quantitation of HD-like (integrin �6-positive) structures (B) and
co-localization of plectin 1a with integrin �6 (C) in primary keratinocytes during Ca2�-induced differentiation.
Data shown in B and C represent mean values (�S.E.). 15 cells of the type shown in A from three different
experiments were analyzed; ** and ***, p � 0.01 and p � 0.001, respectively. n.d., not determined. Note, there
is a reduction of HD-like structures, as well as a decrease in co-localization of plectin 1a with integrin �6 in the
course of differentiation.
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initially through proteolytic cleavage of both subunits, followed
by repression of integrin gene expression (25). This suggests
that post-transcriptional regulation of integrin �6�4 is a pri-
mary consequence of cell differentiation commitment. As we
found that plectin 1a becomes redistributed within keratino-
cytes already during the initial stages of differentiation, we
speculated that it, too, might be down-regulated in the course
of differentiation. To test this hypothesis, immortalized mouse
keratinocytes were grown until confluency inmediumwith low
Ca2� content (0.05 mM) and were then allowed to differentiate
for several days in medium containing 1.3 mM Ca2�. When we
prepared total cell lysates at different time points of differenti-
ation and monitored by immunoblotting the expression of
plectin 1a, integrin �4, involucrin, and plectin 1c, another iso-
form of plectin expressed in keratinocytes (16), we found the
expression of integrin �4 and plectin 1a to be substantially
decreased already during the first day of differentiation (Fig.
2A). After 5 days, the amount of plectin 1a was reduced by 78%,
while that of plectin 1c was decreased only by 20% during the
same time period (Fig. 2C). The expression of involucrin (a
terminal differentiation marker), as expected, was increased
(Fig. 2A), whereas no changes were observed in tubulin expres-
sion levels, serving as loading controls (Fig. 2A). Similar data
were obtained using primary mouse keratinocytes instead of
immortalized cell cultures (data not shown). When transcript
levels were assessed using RNase protection assays with anti-
sense Riboprobes specific for exons 1a (plectin 1a), 1c (plectin
1c), or 32 (total plectin), and ribosomal protein S16 (internal
control), plectin 1a and plectin 1c mRNA levels were found
equally reduced (to 70%) after 5 days of differentiation (Fig. 2, B
and C). Transcript levels of total plectin were found reduced to
�90% (Fig. 2B). Thus, Ca2� elevation led to a loss of transcripts
for both plectin isoforms, although at least in the case of plectin

1a this loss occurred at a lesser rate
at the transcript, compared with the
protein level (Fig. 2C). Hence,
expression of plectin 1a in differen-
tiating keratinocytes was subject to
transcriptional as well as posttran-
scriptional regulation, similar to
integrin �6�4.
Association of CaM with Plectin

1a upon Ca2�-triggered Differentia-
tion of Keratinocytes—Because the
phosphorylation of integrin �4 by
PKC� caused only a partial disas-
sembly of HDs (23, 34), we figured,
additional mechanism might be
required for their complete disas-
sembly. The PKC� activator Ca2�

also activates CaM, a ubiquitous
Ca2�-sensing protein, that is known
to modulate some of the functions
of dystrophin, utrophin, and filamin
through its direct binding to their
highly conserved ABDs (35–37).
Because plectin shares a similar
ABD (7), it was of interest whether

plectin 1a, too, binds to CaM and whether such an interaction
could affect plectin-mediated IF network anchorage atHDs. To
address these issues, we first prepared 1% Triton X-100 soluble
and insoluble (cytokeratin-enriched) subcellular fractions from
differentiating cultured keratinocytes, and subjected them,
along with total cell lysates, to immunoblotting using antibod-
ies to integrin �4, plectin 1a, CaM, PKC�/�II, and keratin 5
(K5), or pan-keratin (K5, K6, and K18) (Fig. 3, A and B). The
relative amounts of detectable keratins and phosphorylated
(activated) PKC�/�II served as controls for equal loading and
as a differentiation marker, respectively. The analysis of total
cell lysates at various time points revealed hardly any differ-
ences in the expression profiles of these proteins during Ca2�-
induced differentiation (Fig. 3A). As expected, the relative dis-
tribution of cytokeratins, most of which were found in the
insoluble fractions, was hardly altered during the early stages of
differentiation (Fig. 3B). As revealed by densitometric analysis,
integrin �4 became more prominent in the soluble fraction
with continuing differentiation (Fig. 3, B and C), probably as a
result of increased phosphorylation by PKC� leading to its
reduced association with the keratin filaments. Unlike integrin
�4, plectin 1a was found predominantly in the cytokeratin-en-
riched fraction during the first 4 h of differentiation while
becoming somewhat more soluble only after 8 h (Fig. 3, B and
C). This suggested that plectin, in contrast to integrin �4,
remained associated with insoluble keratin filaments, at least
during the early phases of differentiation. The same seemed to
apply to CaM, as it, too, was found to co-distribute with the
insoluble cytokeratin fraction, especially at the 2- and 4-h time
points (Fig. 3, B and C).
To assess a possible molecular interaction of plectin and

CaM, subconfluent cultures of plectin-deficient (null) mouse
keratinocytes were co-transfected with expression plasmids
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FIGURE 2. Down-regulation of plectin 1a during Ca2�-induced differentiation of keratinocytes. A, immor-
talized mouse keratinocytes were left undifferentiated (0), or were differentiated for 1, 3, and 5 days in medium
containing 1.3 mM CaCl2. Cells were lysed, and extracts were analyzed by immunoblotting using antibodies to
proteins indicated. Tubulin levels served as loading controls. B, RNase protection assays of plectin transcripts
containing distinct first coding exons in undifferentiated (0 days), or 5-day-differentiated keratinocytes. Total
RNA was analyzed using Riboprobes specific to exons 1a, 1c, and 32. A murine ribosomal protein S16 mRNA
probe was used as loading control. Fragments protected are shown. C, relative protein and mRNA levels
(percentages) of plectin 1a and plectin 1c in 5-day-differentiated compared with undifferentiated (100%)
keratinocytes. Data represent mean values (�S.E.) of three independent experiments. Note more rapid
decrease of plectin 1a protein content in comparison to its mRNA level within 5 days of differentiation.
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encoding mCherry-CaM and GFP-mouse plectin isoform 1a
(full-length) fusion proteins. Upon exposure to Ca2� for 4 h,
keratinocytes were extending small lamellipodia and/or ruffles
(Fig. 4A). In these cells, GFP-plectin 1a showed a rather diffuse
localization throughout the cytoplasm,with an accumulation at
the cell periphery in areas resembling lamellipodia (Fig. 4A,
upper row, arrows). As expected, mCherry-CaM was mostly
found evenly distributed throughout the cytoplasm (Fig. 4A);
the only clearly discernible structures with which CaM associ-
ated were lamellipodial ruffles, strikingly similar to plectin 1a
(Fig. 4A, arrows). Ca2�-dependent co-localization of plectin 1a
andCaMwas observed also in rat bladder carcinoma 804G cells
and in wild-type mouse keratinocytes, upon tracing the endog-
enous proteins using specific antibodies (data not shown). To
assess the influence of alternative first exon-encoded sequences
on plectin-CaM co-distribution, we co-expressed mCherry-
CaM with GFP-tagged full-length mouse plectin isoform 1f
(instead of isoform 1a) in plectin-null keratinocytes. Compared
with plectin 1a, plectin 1f displayed a slightlymore pronounced
filamentous phenotype (Fig. 4A), indicating its association with
actin-stress fibers and most likely focal adhesion contacts, as
previously reported (17). The overall distribution of CaM in

these cells was similar to that in cells
expressing plectin 1a; however, co-
localization of CaM with plectin 1f
in ruffles of lamellipodia was much
less pronounced (if at all noticeable)
compared with plectin 1a, indicat-
ing specific association of CaMwith
plectin 1a (Fig. 4A). This notion was
confirmed by a statistical evaluation
of cells displaying plectin 1a- and
plectin 1f-CaM co-localization in
lamellipodia (Fig. 4B). As expected,
plectin 1a-CaM co-localization was
found in 64% of Ca2�-differentiated
keratinocytes, whereas in the case of
plectin 1f this was true for only 29%
of the cells. The difference in co-lo-
calization of CaM with these two
isoforms of plectin was even more
pronounced in differentiated wild-
type keratinocytes (data not shown).
Finally, when plectin was immu-

noprecipitated from lysates of wild-
type keratinocytes differentiated for
4 h, CaM partially co-sedimented
with plectin (Fig. 5A, �/�, 4 h),
whereas in corresponding fractions
from undifferentiated keratinocytes
(Fig. 5A, �/�, 0 h), or from plec-
tin�/� cells (Fig. 5A, �/�, 4 h),
CaM could not be detected. Thus,
subcellular fractionation, co-trans-
fection, and co-immunoprecipita-
tion data combined, provided
strong evidence for Ca2�-induced
association of plectin with CaM

during the initial period of keratinocyte differentiation.
Plectin Interacts with CaM via Its CH1 Domain in a Ca2�-

and Isoform-dependentManner—Based on in silico predictions
of CaM-binding amphiphilic �-helices, pulldown experiments
(filamin A), and overlay assays (dystrophin), the putative CaM-
binding site of dystrophin, utrophin, and filamin A were
assigned to a region lying within the CH1 domains of their
ABDs (36–38). To test, whether plectin interacted with CaM
via a similar domain, we performed pulldown assays, with
Sepharose-bound CaM (CaM-S) and recombinant versions of
theABDof plectin, or its CH1 domain, bothN-terminally fused
to MBP; MBP alone and Sepharose beads without bound CaM
(S) were used as controls.When tested in the presence of either
2 mM CaCl2, or 5 mM EGTA, neither the ABD of plectin nor
MBP alone showed binding to CaM-Sepharose (Fig. 5B). In
contrast, the CH1 domain of plectin showed strong binding to
CaM in the presence ofCa2�, but not in its absence (Fig. 5B).No
binding of the CH1 fusion protein to Sepharose beads without
boundCaMwas observed. Furthermore, in the presence ofW7,
a specific inhibitor of CaM, binding of the CH1 fusion protein
to CaM-Sepharose was substantially diminished. These exper-
iments confirmed the Ca2�-dependent association of CaM
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FIGURE 3. Increased association of CaM with the insoluble cytokeratin fraction in the course of Ca2�-
induced keratinocyte differentiation. Immortalized mouse keratinocytes were grown on collagen I and
either left untreated (0 h), or stimulated with CaCl2 for 2, 4, and 8 h. A, cells were lysed without extraction (total
lysate) and analyzed by immunoblotting using antibodies to proteins indicated. B, cells were sequentially
extracted to obtain Triton-soluble (soluble) and cytokeratin-enriched (insoluble) fractions, and analyzed as in A.
Keratin levels assessed by keratin 5 (A), or anti-pan-keratin (B) antibodies, served as loading controls. C, quan-
titation of protein solubility at different time points of differentiation. Signal intensities of plectin 1a, integrin
�4, and CaM in soluble and insoluble fractions were quantified by densitometry of gels, including the one
shown in A. Data points represent ratios between amounts of protein in soluble versus insoluble fractions.
Mean values (�S.E.) of three independent experiments are shown. In some cases, error bars do not extend
outside of data point symbols. Note that there was a decrease of CaM solubility within 2 and 4 h of
differentiation.

CaM-regulated Plectin-Integrin Linkage

18530 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 27 • JULY 3, 2009



with plectin detected in vivo. The observation that the ABD of
plectin did not show CaM binding (albeit containing the CH1
domain), whereas the CH1 domain alone did, suggested that
the CaM-binding site residing in the MBP-ABD fusion protein
was inaccessible, and a conformational change of the ABD of
plectin was probably required for CaM binding.
Because plectin comprises an unusually high number (about

a dozen) of alternatively spliced first exons, all of which precede
theABD-encoding exons 2–8, there is the intriguing possibility
that the various first exon-encoded sequences affect the bind-
ing activities of the ABD. To test this, we subjected N-terminal
fragments of plectin comprising the ABD, and the preceding
isoform-specific sequences of either plectin 1a (1aABD), plec-
tin 1c (1cABD), or plectin 1f (1fABD), together with the ABD
without any preceding sequence (ABD), to pulldown assays
using CaM-Sepharose. Interestingly, only fragment 1aABD
showed binding to CaM-Sepharose beads, whereas no, or
hardly any, binding was observed for the other fragments (Fig.
5C). CaM binding of 1aABD was specific, as demonstrated by
its dependence on Ca2�, lack of binding to Sepharose without
boundCaM, and abolishment of binding in the presence ofW7.
When monitoring the calcium dose response (0.4 �M to 2 mM

CaCl2) of 1aABD binding to CaM-Sepharose, binding was
observed down to the lowest calcium concentration tested (Fig.
5D). In fact very similar dose-response data were reported for
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FIGURE 4. Co-localization of plectin and CaM during early stages of Ca2�-
induced keratinocyte differentiation. A, immortalized plectin-deficient ke-
ratinocytes co-transfected with full-length GFP-tagged plectin isoforms 1a or
1f (plectin), and mCherry-tagged CaM (CaM), were differentiated for 4 h in the
presence of 1.3 mM CaCl2. Arrows denote lamellipodial ruffles. Bar, 20 �m.
B, statistical evaluation of primary keratinocytes displaying plectin 1a- and
plectin 1f-CaM co-localization during Ca2�-induced differentiation. Data
shown represent mean values (�S.E.). More than 70 cells of the type shown in
A from three different experiments were analyzed; ***, p � 0.001.

A

B

1aABD

1cABD

ABD

1fABD

W7
C

Lys Co

+/+ -/-

CaM
Lys IP Co

0h
IP
4h

Lys IP Co
4h

Plectin

In Ca EG CaUn
CaM-S CaM-SS

In Ca EG Ca W7Un
CaM-S CaM-SS

MBP-ABD

MBP-CH1

MBP

MBP CH1 CH2

ABD

MBP CH1

MBP

CH1 CH21a

CH1 CH21c

CH1 CH21f

ABD

CH1 CH2

D

0 10 20 30 40 50 2000

0

20

40

60

80

100

1a
A

B
D

 b
ou

nd
 (%

)

0.4 0.9 4.4 8.8 21
.9

43
.7

20
00

EGTA

CaCl2 (µM)

FIGURE 5. Ca2�- and isoform-dependent interaction of plectin with CaM.
A, lysates (Lys) from undifferentiated (0 h) or differentiated (4 h) immortalized
mouse wild-type (�/�) and plectin-null (�/�) keratinocyte cultures were
incubated with anti-pan plectin antibodies (IP), or without antibodies (Co).
Immunocomplexes formed were sedimented using protein A beads, and the
precipitates were subjected to immunoblotting using antiserum to plectin 1a
or CaM. Note, partial co-sedimentation of CaM with plectin is seen only in
lysates from differentiated wild-type keratinocytes. B, fusion proteins of MBP
with the ABD of plectin (MBP-ABD), or N-terminal CH1 domain (MBP-CH1), or
MBP alone (MBP), were incubated with CaM-Sepharose beads (CaM-S), or
empty beads (S), in the presence of 2 mM CaCl2 (Ca), or 5 mM EGTA (EG), or a
mixture of 2 mM CaCl2 and 80 �M W7 (W7). After washing of beads, proteins
bound were analyzed by SDS-PAGE. �3% of input (sample supplemented
with 2 mM CaCl2 before addition of CaM-Sepharose beads) and of unbound
protein fractions (after pulldown) were analyzed in lanes In and Un, respec-
tively. Proteins were visualized by staining with CBB. C, as B, using untagged
versions of the ABD of plectin, preceded by plectin isoform 1a-, 1f-, and
1c-specific sequences, and of the ABD alone, instead of MBP fusion proteins.
Note, that only MBP-CH1 and 1aABD showed binding to Ca2�/CaM. Sche-
matic representations in B and C show protein fragments used in the assays.
D, Ca2�-dependent binding of 1aABD to CaM-Sepharose. Pull-down assays
with 1aABD were performed as in B, except that increasing concentrations of
CaCl2 were used as indicated. The relative amount of 1aABD that bound to
CaM was determined by densitometry and plotted subtracting the amount of
protein sedimented in the presence of 5 mM EGTA (EGTA). Data are presented
as percentage of binding compared with maximum (100%) 1aABD binding in
the presence of 2 mM CaCl2. Mean values (�S.E.) of three independent exper-
iments are shown.
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filamin A binding to CaM using in vitro binding assays and
conditions that were similar to those of our study (37).
Ca2�/CaM Regulates Binding of Plectin 1a to F-actin—As a

transducer of cytosolic Ca2� signals regulating the activities of
proteins, CaM plays a crucial role in a variety of Ca2�-depend-
ent signaling pathways. Investigating the physiological aspects
of the specific interaction of CaM with plectin 1a, we next
examined the effects of CaM on the binding of plectin to fila-
mentous actin (F-actin) using a co-sedimentation assay. For
this, we tested two isoform-specific fragments of plectin that
had shown distinct CaM-binding properties, 1aABD and
1fABD. Prior to co-sedimentation with polymerized F-actin,
both samples were mixed with increasing concentrations of
CaM, in the presence of either 2mMCaCl2 or 5mM EGTA. The
analysis of supernatant and pellet fractions by SDS-PAGE
showed that CaM, in a concentration- and Ca2�-dependent
manner, strongly inhibited F-actin binding of 1aABD, but had
onlyminor effects in the absence ofCa2� (Fig. 6,A andB). In the
case of 1fABD,CaMreduced 1fABD-F-actin binding onlymod-
erately and independently of Ca2�, suggesting that this interac-
tion was unspecific (Fig. 6, C and D). This was consistent with
the data from pulldown assays where only 1aABD, but not
1fABD, showed binding to CaM (Fig. 5C). Considerably larger

N-terminal fragments of these iso-
forms (encoded by exons 1a/1f-24),
showed a similar behavior when
subjected to co-sedimentation
assays, indicating that CaM activi-
ties were unaffected and thus inde-
pendent of plectin sequences flank-
ing the ABD C-terminally (data not
shown). To assess the actin-binding
affinities of 1aABD and 1fABD, we
determined their actin-binding dis-
sociation constant (Kd values) in the
absence of CaM, using co-sedimen-
tation assays. As shown in supple-
mental Fig. S2, both fragments dis-
played very similar Kd values (6.27
and 7.53 �M for 1aABD and 1fABD,
respectively), supporting the notion
that the inhibitory effect of CaM on
the actin binding of plectin was iso-
form-specific. We conclude that
CaM regulates plectin-actin fila-
ment interaction in a Ca2�- and
plectin isoform-dependent manner,
inhibiting the actin binding of plec-
tin 1a, but not of plectin 1f.
Binding of CaM to Plectin 1a Pre-

vents Association of Plectin with
Integrin �4—In light of the ability of
CaM to regulate plectin 1a-F-actin
binding, it was of interest to assess
whether it could also influence plec-
tin interaction with integrin �4, and
thus could play a role in the assem-
bly and/or disassembly of HDs. In

fact, in previous studies, a binding site for integrin �4 has been
mapped to the CH1 domain of plectin and binding of integrin
�4 and of F-actin to plectin was shown to bemutually exclusive
(8). In addressing this issue, we used untaggedN-terminal plec-
tin fragments, as artificial sequences originating from fused tags
may influence the conformational flexibility of these fragments
with consequences for their binding properties. In a first series
of experiments, a panel of soluble integrin�4 fragments (8) (see
also Fig. 7 and supplemental Fig. S3) was immobilized on nitro-
cellulose membranes and overlaid with 1aABD labeled with
Alexa Fluor 680. Infrared imaging revealed that 1aABD bound
strongly to�4-F1,2LF3,4C,�4-F1,2L�, and�4-F1,2L but not to any
of the other integrin �4 fragments tested (Fig. 7). These data
were in accordancewith previous studies, showing that the first
pair of fibronectin type III domains and part of the connecting
segment of �4 were the minimal region required for the inter-
action of the ABD of plectin with integrin �4 (8). Next,
untagged 1aABD immobilized on CnBr-activated Sepharose
beads was used to pull down the integrin �4 fragment
�4-F1,2LF3,4C, in the presence of increasing concentration of
Ca2�-bound, or Ca2�-free forms of CaM. As in the case of
F-actin, CaM inhibited the association of integrin �4 with
1aABD in a concentration- and strictly Ca2�-dependent man-
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FIGURE 6. Differential modulation of 1aABD- and 1fABD-F-actin binding by CaM. A and C, mixtures of
recombinant plectin fragments 1aABD (A), or 1fABD (C), with or without CaM, were incubated, with preas-
sembled F-actin, in the presence of Ca2�, or EGTA. Actin filaments and proteins bound were sedimented by
centrifugation, and equal amounts of supernatant (s) and pellet (p) fractions were subjected to SDS-PAGE;
separated proteins were visualized by CBB staining. B and D, densitometric quantitation of gel bands, obtained
in experiments run under conditions similar to those of A and C, except that increasing concentrations of CaM
were present in the reaction mixtures. Data are presented as percentage of binding compared with maximum
(100%) F-actin binding in the absence of CaM. Mean values (�S.E.) of three independent experiments are
shown.
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ner (Fig. 8A). A quantitative analysis revealed that suppression
of integrin �4–1aABD binding by CaM reached 60% under
these conditions (Fig. 8D). Furthermore, when the integrin �4
fragment was allowed to preform a complex with Sepharose
bead-immobilized 1aABD during a 30-min incubation before
activated CaMwas added, CaM effected a similar disruption of
the plectin-integrin complex (Fig. 8, B and D). Control experi-
ments showed no binding of �4-F1,2LF3,4C to empty beads, nor
of �4-F1,2 (an integrin �4 fragment that had not shown binding
to 1aABD in dot blot assays) to Sepharose bead-immobilized
1aABD or empty beads (Fig. 8C). CaM, showing no binding to
empty beads, co-sedimented with bead-immobilized 1aABD in
a Ca2�-dependent and W7-suppresible manner (Fig. 8C).
These data clearly established the specificity of the pulldown
assay used for assessing competitive binding (Fig. 8, A and B).
Measurements of the dissociation constants of CaM and of the
integrin �4-F1,2LF3,4C fragment to 1aABD Sepharose revealed
that integrin bound to 1aABD Sepharose with slightly higher
affinity (Kd � 0.05 �M) compared with CaM (Kd � 0.16 �M)
(Fig. 8E). Even though the Kd values measured under these in
vitro conditions were within a similar range, a locally higher
concentration of CaM (comparedwith plectin) would provide a
basis for the successful displacement of plectin 1a from integrin
in keratinocytes.

DISCUSSION

Several recent studies revealed that phosphorylation of the
integrin �4 subunit plays a role in the disruption of its interac-
tion with plectin (23, 39, 40). Here we show that, in addition,
this interaction is regulated by CaM, which prevents integrin
�4-plectin association by binding to the ABD of plectin in a
Ca2�- and plectin isoform-dependent manner. We propose
that this type of regulation is important for the dissociation of
plectin from integrin �4 during the early stages of keratinocyte
differentiation, with implications for keratinocyte migration
and wound healing.

CaM-Plectin Binding Is Regulated by First Exon-encoded
Sequences of Plectin—The difference in CaM binding of plec-
tin’s entire ABD compared with its CH1 domain could be
explained by distinct conformational states of the ABD, with
the conformation adopted by plectin isoform 1a being optimal
for CaMbinding. In fact, two conformational stages of the ABD
of plectin and a model for the transition from one stage to the
other upon binding to F-actin, have previously been proposed
(6). Similarly, a recombinant version of the CH1 domain of
filamin A, but neither the full-length protein nor its CH1
domain-containing full-lengthABDwere found to bind toCaM
in the absence of F-actin, suggesting that filamin, too, harbors a
cryptic CaM-binding site in its CH1 domain, which becomes
exposed upon binding to F-actin (37). Based on our data it is
conceivable that sequences encoded by plectin’s first exons
mediate the conformational change of the ABD required for
CaM binding, thereby modulating the function of plectin. In
support of thismodel, we found that anN-terminal fragment of
plectin, containing the ABD preceded by exon 1a-encoded
sequences, associated with CaM, whereas similar fragments
containing plectin 1f- and plectin 1c-specific sequences showed
no, or only weak interaction with CaM. Furthermore, our data
showed that CaM regulated actin binding of the plectin 1a frag-
ment in an isoform-dependent manner, whereas actin binding
in the absence of CaM appeared to be isoform-independent.
Moreover, full-length plectin 1f showed substantially reduced
co-localization with CaM compared with plectin 1a when
expressed in plectin-deficient keratinocytes. ABD-preceding
residues corresponding to plectin isoforms 1a and 1c have pre-
viously been suggested to affect the binding of the ABD of plec-
tin to integrin �4, because plectin 1c fragments in yeast two-
hybrid assays were found to bind to integrin�4more efficiently
than the corresponding fragments of plectin 1a (41). However,
these results were inconclusive insofar as only plectin 1a, but
not plectin 1c, is recruited to HDs in basal keratinocytes (16),
suggesting that the regulation of the interaction of plectin with
integrin �4 by CaM may be restricted to plectin isoform 1a in
the vicinity of HDs. Interestingly, the two-orders-of-magnitude
difference in plectin 1aABD binding affinities to actin and inte-
grin could explain why plectin 1a in keratinocytes shows pref-
erential binding to integrin. On the other hand, our data indi-
cate that N-terminal amino acid sequences do not only
influence the binding of the ABD of plectin to integrin �4, but
also to F-actin, because the actin-binding affinity of the ABD of
plectin preceded by either exon 1a-, 1c-, or 1f-encoded
sequences was found to be an order of magnitude higher than
that of the ABD alone.3 Thus, in addition to their proposed
targeting function (17), some of plectin’s first exon-encoded
sequencesmight regulate the structural flexibility of theABDof
plectin, mediating conformational transitions required for its
binding to various proteins, CaM included. In fact, ABDs of
plectin modulated in that way may acquire specific binding
properties that distinguish them from other isoforms. It
remains to be shown in future experiments whether and how
first exon-encoded sequences effect conformational changes of
the ABD of plectin.

3 J. Kostan, M. Gregor, G. Walko, and G. Wiche, unpublished data.
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Implications of CaM Binding for Plectin-F-actin Interac-
tion—Although CaM binding to the ABD of plectin 1a is likely
to be of importance for the disassembly of HDs during kerati-
nocyte differentiation (by preventing interaction with integrin
�4), it remains to be seenwhetherCaM inhibition of actin bind-
ing has a biological function in this process as well. However,
CaM-mediated regulation of this interaction may play a role in
migration and terminal differentiation of keratinocytes. For
instance, prevention of plectin-actin association by CaM could
be a mechanism regulating actin reorganization and remodel-
ing, which are required for the formation of cell protrusions
during migration. Consistent with such notion, we have shown
that plectin-deficient keratinocytes, lacking keratin-integrin
�6�4 anchorage, have an elevated migration potential (27).
PKC phosphorylation has been identified as another mecha-
nism for the mobilization of integrin �6�4 from HDs and its
association with F-actin in cellular protrusions of squamous
carcinoma-derived A431 cells (39). Because we found CaM to

associate with plectin 1a in the early
stages of keratinocyte differentia-
tion, prevention of plectin-actin
interaction involving CaMmight be
important not only for actin remod-
eling, but also for modulating com-
petitive actin-binding of plectin and
integrin. In addition, in line with
recent studies revealing a role of
plectin as a scaffolding platform for
proteins involved in signaling, the
release of plectin from HDs and
actin filaments mediated by PKC/
CaM may be important for proper
localization of signaling molecules
involved in actin reorganization and
remodeling during cell migration,
particularly as plectin 1a was found
to co-localize with CaM in cell pro-
trusions after Ca2� treatment of
subconfluent keratinocytes culture.
In confluent cultures, the release of
plectin fromHDs, alongwith inhibi-
tion of plectin-actin binding could
possibly favor association of plectin
with desmosomes, whose formation
in keratinocytes is stimulated by
Ca2�. In fact, in confluentmonolay-
ers of differentiating keratinocytes
our data showed redistribution of
plectin 1a from HDs to the cell
periphery in areas of cell-cell con-
tacts. In line with this, plectin was
found to be involved in the anchor-
age of IFs at desmosomes and the
submembrane skeleton in polarized
MDCK cells (42). More experi-
ments will be necessary to fully
explore this process.
Similar Fates of Plectin 1a and

Integrin �6�4 during Keratinocyte Differentiation and Wound
Healing—Our data showed that at late stages of Ca2�-induced
differentiation of keratinocytes there was a selective loss of
plectin 1a, followed by down-regulation of its mRNA. A similar
down-regulation has been reported for integrin �6�4, starting
already at earlier stages of differentiation (25). In contrast, over-
expression of both proteins has been observed, in processes
involving transient changes in Ca2� levels, like carcinoma inva-
sion (43, 44) and wound healing (45). These findings suggest
that Ca2�-dependent regulation of hemidesmosomal protein
levels is a general phenomenon.
Upon wounding a temporal increase in Ca2� leads to the

disassembly of HDs, a prerequisite for cell migration. However,
during re-epithelization of the wound, the concentration of
Ca2� decreases and new cell-substrate contacts are formed,
requiring the recirculation of plectin and integrin �6�4
and/or up-regulation of their expression. In line with this
model, we found that the release of plectin 1a from HDs in

FIGURE 8. CaM-dependent binding of integrin �4 to Sepharose bead-immobilized plectin fragment
1aABD. A, mixtures of integrin �4 fragment �4-F1,2LF3,4C (1.5 �M) and Sepharose bead-immobilized plectin
1aABD were incubated with increasing amounts of CaM (0 –10 �M), in the presence (0.5 mM CaCl2) or absence
(1 mM EGTA) of Ca2�. Proteins bound were analyzed by SDS-PAGE and visualized by CBB staining (bound).
Aliquots of reaction mixtures taken prior to incubation were run as loading controls (input). B, as in A, except
that intergrin/1aABD mixtures were incubated for 30 min prior to addition of CaM to preform a complex.
C, integrin �4 fragments �4-F1,2LF3,4C and �4-F1,2 (upper rows), or CaM (lower row) were incubated with Sepha-
rose bead-immobilized plectin 1aABD (1aABD-S) or empty beads (S) under the conditions indicated. Ca, 0.5 mM

CaCl2; EG, 1 mM EGTA; W7, 0.5 mM CaCl2 and 80 �M W7. �3% of reaction input (In) and of unbound protein (Un)
were run as internal controls. Binding was analyzed as in A. D, 1aABD-bound �4-F1,2LF3,4C fractions from A and
B were determined by densitometric analysis of gels. Percent binding compared with that in the absence of
CaM (100%) is shown. Data represent mean values (�S.E.) of three independent experiments. E, Sepharose
bead-immobilized plectin 1aABD was incubated with increasing amounts of CaM, or �4-F1,2LF3,4C, in the
presence of 0.5 mM CaCl2. The amounts of free and bound proteins were determined by densitometric analysis
of CBB-stained SDS-PAGE gels loaded with supernatant and pellet fractions similar to those shown in C. Data
represent mean values of three independent experiments. Nonlinear regression analysis yielded average
apparent Kd values of 0.16 and 0.05 �M, for CaM- and �4-F1,2LF3,4C-binding to 1aABD-Sepharose, respectively.
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the early stages of keratinocyte differentiation, similar to the
relocalization of plectin observed during wound healing
(45), results in a redistribution of the protein within the cell,
but not in its down-regulation. Furthermore, we observed
that the bulk of the protein remained associated with the
keratin filament network during this process, consistent
with the role of plectin as a major organizing and stabilizing
element of keratinocyte IF network cytoarchitecture (27).
On the other hand, the long lasting exposure of cells to Ca2�,
mediated by physiological ion gradients within the epider-
mis (increasing from 0.5 mM in the basal layer to 	1.4 mM in
stratum granulosum) drives keratinocytes toward differenti-
ation, terminated by programmed cell death. Because cell-
matrix interactions are not required in the upper layers of

the epidermis, down-regulation of
hemidesmosomal components
occurs, a process that at least in
the case of plectin is likely to be
mediated by caspases (46).
Recruitment of CaM Interferes with

Plectin 1a-Integrin �4 Binding—
It has been shown previously that
EGF-triggered phosphorylation of
integrin �6�4 by PKC� (23, 34)
and/or Fyn (22) promotes the disas-
sembly of HDs. Based on these
observations, a mechanism of phos-
phorylation-inducedHDdisruption
has been proposed (2). In our study
an additional mechanism involved
in this process has been uncovered,
where Ca2�-triggered binding of
CaM to the ABD of plectin prevents
its association with integrin �4.
Taking both mechanisms into
account, we propose a new model
for the disassembly of the plectin-
integrin �6�4 complex during ke-
ratinocyte differentiation (Fig. 9). In
this model Ca2�-trigged CaM bind-
ing to plectin and phosphorylation
of integrin �4 by Ca2�-activated
PKC� play complementary roles.
Thus, upon exposure of keratino-
cytes to Ca2� during differentia-
tion, both mechanisms are acti-
vated contributing to efficient
disassembly of the plectin-inte-
grin �6�4 complex and a redistri-
bution of both subcomponents to
actin-rich protrusions. There, the
integrin may be associated with
actin filaments (39), whereas plec-
tin-actin interaction is prevented
by CaM. Whether phosphoryla-
tion of integrin �4 precedes
and/or is important for CaM bind-
ing to plectin, or whether addi-

tional regulatory factors are involved, remains to be shown.
PKC� and CaM may act sequentially, or synergistically, one
enhancing the effect of the other. Regulation could even be
more complex, considering that phosphatidylinositol 4,5-
bisphosphate, which was found to inhibit the interaction of
the ABD of plectin with actin (47), binds to the CH2 domain
of plectin, which in turn has been shown to be involved in
plectin interaction with integrin �4 (2, 8). However, the role
of phosphatidylinositol 4,5-bisphosphate in regulating plec-
tin-integrin interaction has not been elucidated thus far.
In conclusion, we found CaM to participate in the regulation

of HD disassembly by direct and Ca2�-dependent binding to
plectin 1a, thereby preventing plectin-integrin �4 association.
CaM was found to regulate plectin-F-actin binding in a similar
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FIGURE 9. Model of integrin-keratin linkage via plectin 1a in undifferentiated and Ca2�-differentiated
keratinocytes. Under normal conditions (�Ca2�), plectin 1a anchors IFs to HDs via association of its plakin
domain (PD) with the connecting segment (CS) of integrin �4 and of its ABD with the first pair of the fibronectin
type III (Fn1 and Fn2) domains of integrin �4. When the concentration of Ca2� in the cell increases (�Ca2�),
activation of PKC� leads to phosphorylation of serines within the CS domain of integrin, while CaM in its
Ca2�-bound form interacts with the ABD of plectin. Both events cause the dissociation of plectin from mem-
brane-bound integrin and a redistribution of both proteins to actin-rich peripheral protrusions (and to perinu-
clear regions in the case of plectin). While integrin �4 might interact (directly or indirectly) with F-actin in such
protrusions, as suggested by previous studies (39), the role of CaM remaining bound to the ABD of plectin
could be to prevent it from interacting not only with integrin but also with F-actin, thereby disconnecting IFs
from the membrane. Furthermore, with progressing differentiation, down-regulation of plectin 1a and integrin
�6�4 expression occurs. Note that the previously reported interactions of plectin’s C-terminal domain with the
CS and tail domains of integrin �4 (for details see Ref. 9) are not shown (regulatory mechanisms involved in
these interactions are unknown; however, CS phosphorylation might lead to destabilization of these interac-
tions as well).
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manner. These mechanisms have important implications for
keratinocyte differentiation, wound healing, and cellmigration.
Moreover, our study provided new insights into the molecular
mechanism of how first exon-encoded sequences of plectin can
modulate the functions of this unusually versatile cytolinker
protein.
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Wiche, G. (1997) Genes Dev. 11, 3143–3156

14. Ackerl, R., Walko, G., Fuchs, P., Fischer, I., Schmuth, M., and Wiche, G.
(2007) J. Cell Sci. 120, 2435–2443
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