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Targeted inactivation of plectin reveals
essential function in maintaining

the integrity of skin, muscle,

and heart cytoarchitecture
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Previous studies suggest that plectin, a versatile cytoskeletal linker protein, has an important role in
maintaining the structural integrity of diverse cells and tissues. To establish plectin’s function in a living
organism, we have disrupted its gene in mice. Plectin (-/-) mice died 2-3 days after birth exhibiting skin
blistering caused by degeneration of keratinocytes. Ultrastructurally, hemidesmosomes and desmosomes
appeared unaffected. In plectin-deficient mice, however, hemidesmosomes were found to be significantly
reduced in number and apparently their mechanical stability was altered. The skin phenotype of these mice
was similar to that of patients suffering from epidermolysis bullosa simplex (EBS)-MD, a hereditary skin
blistering disease with muscular dystrophy, caused by defects in the plectin gene. In addition, plectin (-/-)
mice revealed abnormalities reminiscent of minicore myopathies in skeletal muscle and disintegration of
intercalated discs in heart. Our results clearly demonstrate a general role of plectin in the reinforcement of

mechanically stressed cells. Plectin (-/-) mice will provide a useful tool for the study of EBS-MD, and
possibly other types of plectin-related myopathies involving skeletal and cardiac muscle, in an organism

amenable to genetic manipulation.
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Plectin, a versatile cytoskeleton-associated protein of ex-
traordinarily large size, is expressed abundantly in a wide
variety of mammalian tissues and cell types. It is par-
ticularly prominent in stratified and simple epithelia,
various types of muscle, and cells forming the blood-
brain barrier (Wiche 1989; Errante et al. 1994). At the
cellular level, plectin codistributes with different types
of intermediate filaments (IFs) and is located at plasma
membrane attachment sites of IFs and microfilaments,
such as hemidesmosomes (Wiche et al. 1984), desmo-
somes (Eger et al. 1997), Z-line structures and dense
plaques of striated and smooth muscle, intercalated discs
of cardiac muscle, and focal contacts (Wiche et al. 1983;
Seifert et al. 1992). Furthermore, direct linkages of IFs
with actin filaments (Seifert et al. 1992; Foisner et al.
1995) and microtubules (Svitkina et al. 1996) have been
demonstrated by whole-mount electron microscopy.
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Electron microscopy of single molecules and second-
ary structure predictions based on the cloning and se-
guencing of rat plectin (Wiche et al. 1991; Elliott et al.
1997) revealed a multidomain structure comprising an
[200-nm-long central a-helical coiled—coil rod structure
flanked by large globular domains. A similar domain or-
ganization has been found in proteins that share partial
sequence homology with plectin, such as desmoplakin
(Green et al. 1990), the neuronal and epithelial isoforms
of bullous pemphigoid antigen (BPAG) 1 (Sawamura et
al. 1991; Yang et al. 1996), and envoplakin (Ruhrberg et
al. 1996). The amino-terminal domain of plectin con-
tains a highly conserved actin-binding domain of the
type found in spectrin, dystrophin, and other related pro-
teins (Elliott et al. 1997), whereas the carboxyl terminus
harbors one or more IF-binding sites, including at least
one for cytokeratins (Nikolic et al. 1996). Other identi-
fied interaction partners of plectin include a-spectrin (fo-
drin), high molecular weight microtubule-associated
proteins, the nuclear IF protein lamin B, and integrin 4
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(Herrmann and Wiche 1987; Foisner et al. 1991; G.
Rezniczek, unpubl.). A number of different isoforms of
plectin, not yet analyzed in full, can be expected to be
involved in these various interactions. This notion is
supported by the emergence of a complex gene regula-
tory mechanism involving close to 40 exons (Liu et al.
1996; Elliott et al. 1997; G. Wiche, unpubl.) and differ-
entially spliced transcripts, including some that are de-
rived from alternative first-coding exons (Elliott et al.
1997).

The strategic localization of plectin at the cytoskel-
eton-plasma membrane interface and its versatile bind-
ing capacities suggest that plectin could strengthen cells
against mechanical stress, both along their surface and at
their internal cytoskeleton anchorage sites. This notion
is supported by several recent reports demonstrating de-
fects in the plectin gene in epidermolysis bullosa sim-
plex (EBS)-MD, an autosomal recessive disease charac-
terized by skin blistering combined with muscular dys-
trophy (Chavanas et al. 1996; Gache et al. 1996; McLean
et al. 1996; Pulkkinen et al. 1996; Smith et al. 1996).
Preliminary evidence indicates that defects in plectin
also have a role in EBS-Ogna, an autosomal dominant
severe skin blistering disease (Koss-Harness et al. 1997).
The concept of cells being mechanically reinforced
through plectin crosslinking activities is fully in line
with previous findings showing that perturbations in IF
assembly (for review, see Fuchs 1996) and IF-cell mem-
brane connections (Guo et al. 1995) can jeopardize the
mechanical integrity of cells.

Despite the wealth of supportive indications, func-
tional in vivo evidence for plectin’s role as a cytoskeletal
linking and stabilizing element of cells in mechanically
stressed tissues is lacking. In particular, the fundamental
guestion, whether plectin is essential for the formation
and/or functional maintenance of the cytoarchitecture
of such cells, is not yet clear. Is plectin required for the
assembly of junctional complexes prominent in such tis-
sues, such as hemidesmosomes and desmosomes? Is it
important for filament anchorage at junctional com-
plexes, and what role does it have in the functional in-
tegrity and physiology of cells under constant mechani-
cal stress? To begin to address some of these questions,
to define more precisely the role of plectin in tissue de-
velopment and integrity, and to investigate its relation
to EBS-MD, we have generated plectin-deficient mice of
two types by targeted disruption of gene regions corre-
sponding to amino-terminal or central rod domains.
Data obtained with both types of mice demonstrate that
embryonal development can take place in the absence of
plectin, but that the protein is essential in maintaining
the integrity of skin, skeletal muscle, and heart cytoar-
chitecture.

Results

Plectin (-/-) mice exhibit skin blistering and die
within a few days after birth

To generate plectin null mice, two separate targeting
vectors were constructed. In one, exon 31, which en-
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codes the entire central rod domain of plectin, was dis-
rupted (Fig. 1A), in the second, 5’ sequences were deleted
that included exon 2, whose 5’ end serves as splice ac-
ceptor of all four recently identified alternative first-cod-
ing exons of the protein (Elliott et al. 1997), exon 3, and
part of exon 4 (Fig. 2). Both targeting vectors were trans-
fected separately into embryonal stem (ES) cells, line R1
(Nagy et al. 1992). Using Southern analysis, four ES cell
clones were identified that contained one allele carrying
a mutated exon 31 (recombination frequency 1:30) and
three clones containing one allele with deletions of ex-
ons 2-4 (recombination frequency 1:80). Two ES cell
clones bearing a mutated exon 31 allele (p12-88 and p12-
61) and one clone heterozygous for deleted exons 2-4
(p2-86) were used to generate chimeric male mice of two
types (p12-88 and p12-61; or p2-86). By crossing chimeric
founders with wild-type females, offspring heterozygous
for each type of mutated plectin allele were obtained, as
confirmed by Southern analysis (Figs. 1B and 2B). Het-
erozygous mice of both types developed and reproduced
normally and were indistinguishable from their wild-
type littermates. Crossing of heterozygous animals re-
sulted in offspring homozygous for each type of plectin
mutation in the expected ratio. Homozygous offspring
from all three independently derived lines exhibited a
similar phenotype—they died between day one and three
after birth showing skin detachment, especially at fore-
and hindlimbs, and in some cases around the mouth and
nasal cavities. Large blisters reaching the size of up to
one centimeter in diameter were found particularly at
the upper and lower extremities and those were often
accompanied by bleedings, particularly at their extremi-
ties (Fig. 3A). Usually not found in an EBS type of skin
blistering, this type of bleeding might indicate a possible
perturbation of vascular endothelial cells, which nor-
mally express plectin at relatively high levels (Wiche et
al. 1983; Errante et al. 1994). The extent of phenotypic
alterations expressed before death varied among plectin
(=/-) mice; in most cases they were smaller than their
normal littermates (Fig. 3A), because of the reduced gain
in body weight during their short life compared with
controls.

Plectin mRNA and plectin protein are undetectable in
skin and muscle of (-/-) mice

To demonstrate that the mutations generated were plec-
tin null mutations, we conducted reverse transcriptase
(RT)-PCR with RNA extracted from skin and muscle
tissues of 2- to 3-day-old (-/-) mice. Using primer pairs
leading to amplified fragments covering the targeted
exon 31 (Fig. 1C, upper panel), exons 2-4 (Fig. 2C, upper
panel), and exon 32, which encodes the carboxy-terminal
part of plectin (data not shown), no mRNAs could be
detected in the tissues of (-/-) mice, whereas positive
signals were obtained in control animals. All RNA
samples examined were of comparable amount and qual-
ity, as verified by amplification of a reversely transcribed
cDNA fragment of the unrelated gene vimentin (Figs.
1C, middle panel, and 2C, lower panel). To assess


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 1, 2024 - Published by Cold Spring Harbor Laboratory Press

EccBI HindITH

#
|

EndIIl Egal
| i I — eramirg
[ Tkb — kb e
Encarizetio
EcaRI Hind[II Kpal Kped EccBI Nafl  BamSl
e 11 | s I R
| L1 T allele
Nool Wral
- prabe
-— wi: 15 kb
& 3 lEED
1kk
S
BE il
@& 2
- — 15kb — =
- - .l -
- _ 23— @w
D i | 135-4
skin muscle skin
= 1.' x .
%) SN XX

whether truncated transcripts were expressed in the case
of the rod/exon 31-deficient mice, an additional RT-
PCR was performed using primers (h2/h6) to detect 5’
sequences of the plectin gene (exons 2-6). Contrary to
control animals, no amplified fragment of the expected
size (0.5 kb) could be detected in these mutant mice,
eliminating the possibility that truncated versions of
plectin were expressed in exon 31 (-/-) mice.

The major isoform of plectin, a polypeptide of apparent
molecular mass of [(B00 kD has been shown previously
to be abundantly expressed in a wide variety of different
tissues and cell types, including skin and various types of
muscle (for review, see Wiche 1989). To confirm the ab-
sence of plectin expression in mutant mice on the pro-
tein level, skin and muscle tissue homogenates prepared
from mutant and wild-type mice were analyzed by im-
munoblotting using a rabbit anti-plectin antiserum (Figs.
1D and 2D) and monoclonal antibodies to plectin (data
not shown), both immunoreactive with the rod domain
of the mouse antigen. The [1300-kD isoform was clearly
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Figure 1. Targeted inactivation of the plectin gene by disruption
of rod-encoding exon 31. (A) Schematic representation of the plec-
tin gene locus, the targeting vector, and the disrupted allele. Thick
lines in targeting vector diagram represent homology regions. Im-
portant restriction sites, exon 31 (solid box), and part of gene re-
placed by neo'-cassette (broken lines) are indicated. Digestion of
the genomic DNA with restriction enzyme Ncol released a 15-kb
fragment from the wild-type (wt) allele and a 2.8-kb fragment from
the mutated allele (ma). Both alleles are detectable by a 3’ external
probe generated by Ncol digestion, as indicated. (B) Southern blot
analysis of genomic DNA prepared from parental ES cell clone (R1),
targeted clone (p12-88), and from tail biopsies of wild-type (+/+),
heterozygous (+/-), and homozygous (-/-) mice. Presence of wild-
type and mutant alleles are indicated by 15- and 2.8-kb fragments,
respectively. Note, nonspecific hybridization of probe with a 5-kb
fragment (arrowhead) present in all samples. (C) RT-PCR analysis
of skin and muscle tissues of plectin wild-type (+/+) and mutant
(=/-) mice using plectin-specific or vimentin-specific primer pairs
as indicated. (Lanes C) RT-PCRs performed without reverse tran-
scriptase. Size markers (in bp) are indicated. (D) Immunoblotting of
skin and muscle tissue homogenates from wild-type (+/+) and plec-
tin (-/-) mice using rabbit antiserum to plectin (21) and mouse
antiserum 135-A to the carboxy-terminal domain of plectin (right).
Note that no immunoreactive protein bands were found below the
[B00-kD species on the blot portion shown (lower end of lanes, [P0
kD) or below (data not shown). Comparable amounts of protein
were loaded onto gels as confirmed by Ponceau S staining of mem-
branes (data not shown). Molecular mass marker, 200 kD.

detectable in both tissue extracts from wild-type mice,
but undetectable in those from any of the plectin (-/-)
mice. Similar observations were made using a mouse
antiserum directed against a carboxy-terminal domain
(repeat 4) of plectin (Fig. 1D, lanes 135-A). Because in this
case no immunoreactive proteins of molecular mass
smaller that the 300 kD species were found (Fig. 1D,
135-A, -/-; data not shown), expression of truncated
plectin mutant proteins encoded by plectin mRNA ab-
errantly expressed from altered genes seemed highly un-
likely. The mRNA and protein data combined, convinc-
ingly demonstrated that the disruption of the plectin
gene by deletion of a central exon (exon 31) or of 5’ exons
(exons 2-4) was successful.

Plectin deficiency leads to rupture of basal
keratinocytes without preventing hemidesmosome or
desmosome formation

Tissue examination at the light microscopy level re-
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Figure 2. Targeted disruption of the plectin gene by replace-
ment of exons 2-4 with a neo'-cassette. (A) Schematic represen-
tation of the plectin gene locus, the targeting vector, and the
disrupted allele. For specifications, see Fig. 1. Exons 2-4, dis-
rupted by replacement with neo'-cassette, are shown as solid
boxes. EcoRI-DNA fragments of 13 and 9 kb (both detectable
with a 5’ external probe generated by Kpnl-Hindlll digestion)
were indicative of wild-type (wt) and mutant alleles (ma), re-
spectively. (B) Southern blot analysis of genomic DNA prepared
from the parental ES cell clone (R1), the targeted clone (p2-86),
and tail biopsies of wild-type mice (+/+), and mice heterozygous
(+/-), or homozygous (-/-) for the mutation. (C) RT-PCR analy-
sis of skin and muscle tissues of plectin (+/+) and (-/-) mice
using plectin-specific (h22/h6; h2/h6) or vimentin-specific
(vim1/vim2) primer pairs. Size markers (in bp) are indicated. (D)
Immunoblotting of skin and muscle tissue homogenates from
wild-type (+/+) and plectin (-/-) mice.

vealed pathological alterations in homozygous plectin-
deficient animals that were restricted to skin and skel-
etal muscle, with no major phenotypic differences appar-
ent between the two types of null mutations.
Heterozygous animals did not show this alteration and
were indistinguishable from wild-type animals in overall
morphology.

In the skin, large blisters were located between dermis
and the superficial epidermal layers (Fig. 3C). Smaller
blisters were also present at other sites of the integumen-
tum and in particular in the epithelial layers of the oral
mucosa and the tongue (data not shown). At the border of
the blisters toward the surrounding intact epidermis, de-
generating cells were encountered frequently in the re-
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gion of the basal cell layer (Fig. 3C, arrow). Furthermore,
the basal cell layer was absent completely from the up-
per epidermal layers that formed the blister roof.

Figure 3. Phenotypic analysis of plectin-deficient mice. (A)
Comparison of 2-day-old wild-type (top) and plectin (-/-) (bot-
tom) offsprings. Note large blister on forelimb (arrowhead),
bleedings at extremities (arrow) and smaller size of mutant
mouse. (B-E) Epoxy resin-embedded and Toluidine blue-stained
sections (0.5 pum) of skin (B,C) or muscle biopsies (D,E) taken
from 2-day-old animals. Note regular arrangement of epidermal
cell layers [(cl) cornified layers; (gl) granular layers; (sl) spinal
layers; (bk) basal keratinocytes] in wild-type littermate mouse
(B), and blister formation between the dermis and the upper
epidermal layers of a plectin (-/-) mouse with EBS (C, asterisk);
at the blister margin basal keratinocytes are pale and swollen
(arrow). (D) Cross section of skeletal muscle of a heterozygous
control littermate animal with normal appearance and arrange-
ment of muscle fibers. (E) Skeletal muscle of a plectin (-/-)
mouse, showing scattered degenerating muscle fibers (aster-
isks). Bars, A, 0.5 cm; B-E, 10 um.
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Electron microscopy revealed disruption and degenera-
tion of the basal epidermal cell layer that were particu-
larly evident at the blister margins. Disruption of basal
keratinocytes occurred throughout their cytoplasm, in
some instances in perinuclear regions (Fig. 4A), in others
through basal (Fig. 4B) or apical (data not shown) cyto-
plasmic regions, without an apparent preference for any
of these sites. Other basal keratinocytes showed signs of
more advanced degeneration with granular dissolution of
cytoplasmic components in spite of preservation of some
mitochondria and dense bodies (Fig. 4C). In these cells,
keratin filaments were not detectable, although basal
hemidesmosomes displaying inner and outer plate struc-
tures were preserved (Fig. 4D, arrowhead). At the center
of the blisters, basal keratinocytes were no longer detect-
able and replaced by a fluid-filled space. Parts of the basal
lamina overlying the dermis were covered by a partially
fragmented cell membrane, which apparently was a rem-

Loss of plectin affects skin, muscle, and heart

nant of the basal cell surface membrane of keratinocytes
(Fig. 4F, arrow).

In the adjacent parts of the epidermis that were not
affected by blistering, we observed keratin filaments dis-
persed throughout the cytoplasm of basal keratinocytes
(Fig. 4A,B,G). On a qualitative basis, the distribution of
these filaments appeared unaltered compared with that
of control animals. This suggested that the formation of
the keratin cytoskeleton in these cells was independent
of plectin expression. In such nonruptured areas of plec-
tin (-/-) mouse skin, hemidesmosomes were observed
along the basal cell surface membrane of basal keratino-
cytes (Fig. 4G). These structures showed well developed
outer and inner plates and exhibited keratin filament
association. Compared to basal keratinocytes of control
mice (Fig. 5A), however, the keratin filaments appeared
looser and less bundled, particularly at their insertion
site into the inner plate structure (cf. Figs. 4G and 5A).

Figure 4. Ultrastructural analysis of plectin (-/-)
mouse skin. Specimens shown are from exon 2-4
(A,B,E-H) and exon 31-deficient mice (C,D). (A)
Basal keratinocyte at the edge of an epidermal
blister with cytoplasmic rupture in perinuclear re-
gions; cytoplasmic components, including keratin
filaments, still appear intact (arrows). The epider-
mal basement membrane is marked with arrow-
heads. (N) nucleus. (B,C) More advanced degenera-
tion of basal keratinocyte with appearance of
empty spaces in the cytoplasm and disorganiza-
tion of cytoplasmic components; these are re-
placed by granular, moderate electron-dense ma-
terial, as particularly evident in C. Arrowheads in
B and small arrowheads in C mark epidermal
basement membrane; large arrowhead in C, posi-
tion of insert shown in D. (D) Higher magnifica-
tion of C; note, inner plate of the hemidesmosome
(arrowhead) is still preserved. (E) Complete disso-
lution of the basal keratinocyte layer, which is
replaced by the fluid-filled blister. Arrowheads in-
dicate position of epidermal basement membrane.
(F) Higher magnification of the same blister as
shown in E; in spite of complete dissolution of the
basal keratinocyte, remnants of the cell mem-
brane are still preserved and attached to the epi-
dermal basement membrane (arrow). (G)
Hemidesmosomes are present in basal keratino-
cytes outside blisters. Arrowheads denote intact
outer and inner plates as well as insertion of kera-
tin filaments into the inner plate structure. (H)
Desmosomes in the upper epidermal layers are
regularly structured. Bars, 1 um.
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Figure 5. Electron micrographs of skin, skeletal
muscle, and heart muscle biopsies taken from 2-day-
old wild-type mice. (A) Skin sections showing nor-
mal hemidesmosomes with emanating dense kera-
tin filament bundles (arrow). (B,C) Sections through
skeletal muscle showing intact sarcomeric struc-
tures (B) and the intact plasma membrane (arrow) of
a muscle fiber (C). (D,E) Sections through heart
muscle exhibiting intact intercalated discs (D, ar-
row) and normal sarcomeric structures (E). Bars, 1
pm (A,D); 0.5 pm (B); 0.2 um (C,E).

On a semiquantitative basis, the number of hemidesmo-
somes in plectin-deficient mice was found to be reduced
to [60% compared with control mice.

The upper layers of the epidermis, which were not
affected by the blistering process, were ultrastructurally
unaltered in comparison with controls. In particular,
desmosomes between adjacent epithelial cells appeared
unaffected, displaying numerous keratin filaments an-
chored to their plate structures (Fig. 4H).

Using immunohistochemistry and confocal micros-
copy, plectin expression was detected in normal mouse
skin as a bright outlining of all epidermal keratinocyte
membranes, a pronounced staining of the dermo-epider-
mal borderline along with weak cytoplasmic staining
(Fig. 6A). In a side view, generated by optically sectioning
the skin sample in a plane perpendicular to the keratino-
cyte cell layers, plectin was shown clearly to exhibit the
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strongest signal at the basal membrane of basal keratino-
cytes and weaker staining in the intracellular space and
at the apical membrane of the cell (Fig. 6G,H). In con-
trast, no plectin signal was obtained in epidermal cells of
plectin (-/-) mice (Fig. 6B). To assess whether the ab-
sence of plectin affected the expression or localization of
other hemidesmosomal proteins, skin sections of plectin
(=/-) mice were stained using antibodies to integrin B4
and BPAGL. Double immunfluorescence of skin sections
of wild-type mice using an antiserum directed against
the cytoplasmic domain of integrin B4 (Giancotti et al.
1992) revealed a prominent integrin g4 signal clearly co-
localizing with plectin at the basal side of epidermal
basal keratinocytes (Fig. 6A and 6A’). In addition, less-
pronounced integrin B4-specific staining could be ob-
served in the cytoplasm of these cells, consistent with
the previously reported proteolytic processing of the cy-
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Figure 6. Detection of plectin, integrin B4, and BPAGL1 in skin
of wild-type (+/+) and plectin-deficient (-/-) mice using immu-
nofluorescence microscopy. Frozen sections were prepared from
skin biopsies of 2-day-old mice. (A, A’ and B, B’) Double stain-
ing using anti-plectin mAb 10F6 (A,B) and anti-integrin 34 cy-
toplasmic domain antiserum (A’,B’). (C,D) Anti-integrin B4 ex-
tracellular domain mAb 346-11A; (E,F) anti-BPAG1 (mAb-5E).
Arrowheads in A, A’, B, B’, and E denote basal membrane of
basal keratinocytes, in F, blister floor and blister top. (G,H) Op-
tical confocal microscopy sections in a plane (G, arrows) per-
pendicular to the layer of the basal keratinocytes. Bars, 20 um
(A=F); 6 pm (G,H).

toplasmic domain of this integrin subunit protein (Gian-
cotti et al. 1992). Unexpectedly, however, in plectin (-/-)
mice, the integrin p4 signal was substantially reduced in
intensity, particularly at the basal pole of basal keratino-
cytes, suggesting a dependence on plectin expression
(Fig. 6B’). To confirm this observation, additional immu-
nofluorescence microscopy experiments were carried
out using a monoclonal anti-integrin B4 antibody that
was immunoreactive with the extracellular portion of
the molecule (Kennel et al. 1989). As expected, the inte-
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grin B4 signal was found to be confined to the basal
membrane of basal keratinocytes in both wild-type and
mutant mice skin sections (Fig. 6C,D). Again, however,
in plectin-deficient mice, the detectable signal was
much weaker and in some regions of skin even absent
(Fig. 6D).

BPAG1 expression was well preserved at the basal cell
surface membrane of basal keratinocytes in dermal/epi-
dermal border areas that showed no blistering (Fig. 6E).
In the blisters, the BPAG1 signal was detected mostly at
the blister floor, continuing the linear signal from non-
blistered areas. In addition, specific, but somewhat
weaker and more patchy BPAGL1 staining was detected at
the roof of the blisters (Fig. 6F), consistent with a mecha-
nism in which cell rupture occurred at the level of the
hemidesmosome inner plate structure, which is formed
at least in part by BPAGL1 (Guo et al. 1995).

Myofibril integrity is impaired severely in skeletal and
heart muscle of plectin (-/-) mice

The overall hallmark of the plectin (-/-) phenotype in
skeletal muscle observed at the light microscopy level
was an increased number of necrotic muscle fibers.
Whereas in normal littermates degenerating changes of
muscle were found in less than 0.1% of single muscle
fibers, in plectin (-/-) mutant mice, necrotic changes of
various degrees were found in 0.5%-1% of muscle fibers
(Fig. 3E). Occasionally, myophagocytosis was observed
in association with the necrotic fibers of mutant mice
(data not shown). Although these pathological alter-
ations were noticed in all muscle groups, the paraverte-
bral muscles as well as the distal limb muscles seemed
to be affected preferentially. At the ultrastructural level,
necrotic changes involving focal loss of myofilaments of
various degrees were observed in [(20% of the muscle
fibers. No evidence of apoptotic events in the nuclei of
muscle cells was observed at the light and electron mi-
croscopy levels. Focal disruptions of sarcomeres affect-
ing Z-lines and adjacent myofibrils were frequently no-
ticeable on longitudinal sections obtained from plectin-
deficient mice (Fig. 7A,B), but not on those from wild-
type muscle tissue (Fig. 5B). In affected areas, the Z-lines
appeared to have lost their tight arrangement, displaying
a poorly focused, smearing and streaming appearance.
Similar morphological characteristics, including the fo-
cal disintegration of myofibrils, focal loss of cross-stria-
tion and Z-band streaming are symptomatic of one type
of benign nonprogressive congenital myopathy, termed
minicore or multicore disease (Penegyres and Kakulas
1991). The overall structure of the sarcolemma seemed
to be intact, except for short ruptures of the plasma
membrane observed occasionally (Fig. 7C, arrowheads),
which were not detectable in control cells (Fig. 5C).
Similar to rat and human tissues (Wiche et al. 1983,
1984), immunofluorescence microscopy of skeletal
muscle of wild-type mice revealed plectin expression at
the periphery of muscle fibers and in the interior of the
sarcoplasm (Fig. 8A), where it was particularly promi-
nent at Z-lines (Fig. 9A). On the other hand, no expres-
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Figure 7. Electron micrographs of skeletal and
heart muscle of plectin (-/-) mice. (A,B) Longitudi-
nal sections through skeletal muscle biopsies ob-
tained from 2-day-old plectin (-/-) mice. Corelike
focal disruption of myofibrils are indicated by stars,
intact Z-bands by arrows, and disrupted Z-bands by
arrowheads. (C) Higher magnification of B; intact
plasma membrane is indicated by arrows, disrupted
membrane regions by arrowheads. (D-F) Heart
muscle biopsies of 2-day-old plectin-deficient mice.
Note aberrant isolated myofibril bundles (D, arrow-
heads), dilated intercalated disc (E, arrowhead)
alongside normal desmosome exhibiting keratin
filament anchorage (E, arrow), and focal loss of Z-
bands (F, arrowheads) next to still intact Z-bands (F,
arrow). Bars, 0.5 um (A-C); 1 pm (D); 0.2 um (E); and
2 um (F).

sion of plectin was detectable in skeletal muscle of (-/-)
mice by immunohistochemistry (Fig. 8B and 9B). Among
other cytoskeletal proteins assumed to have a role in the
development and integrity of sarcomeric cytoarchitec-
ture, such as vinculin, B-spectrin, and dystrophin, vin-
culin expression was found to be the one affected most
significantly by plectin deficiency. In mutant mice, the
vinculin signal at the sarcolemma of most skeletal
muscle fibers was reduced dramatically compared with
wild-type tissue, resulting in a patchy, rather than con-
tinuous outlining of muscle fiber surfaces (Fig. 8D). The
expression levels of B-spectrin (Fig. 8F) and dystrophin
(data not shown) were also found to be diminished com-
pared with control mice, indicating a possible functional
coupling of plectin and these proteins, all of which are
involved in the anchorage of cytoskeletal filament net-
works to the sarcolemma.
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In the myocardium of plectin (-/-) mice, no overt ab-
normalities were found at the light microscopy level.
The atrial and ventricular walls appeared regularly de-
veloped and necrotic cardiomyocytes were not observed.
At the ultrastructural level, however, partial disintegra-
tion of intercalated discs and adjacent myofibers were a
common finding in cardiac muscle cells of plectin-defi-
cient mice (Fig. 7E), contrary to normal myocardium
(Fig. 5D,E). In addition, sarcomeres were found fre-
quently to be loosely and irregularly arranged in these
cells. The observed focal streaming of Z-lines and the
disintegration of myofibril alignment were similar to
those characteristic of the corelike alterations observed
in skeletal muscle of mutant mice (Fig. 7, cf. E and F
with A and B). Furthermore, aberrant isolated myofibril
bundles and aberrant accumulation of Z-band material
were observed (Fig. 7D).
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Figure 8. Immunofluorescence microscopy of cross sections
through skeletal muscle from 2-day-old wild-type (+/+) and
plectin-deficient (-/-) mice. (A,B) Anti-plectin mAb 10F6; ar-
rows in A indicate pronounced staining at the periphery of
muscle fibers. (C,D) Anti-vinculin; note prominent staining at
the periphery of control muscle fibers (C, arrow) and the irregu-
lar, patchy staining pattern of muscle fibers in plectin-deficient
mice (D, stars). (E,F) anti-spectrin; the peripheral staining ob-
served in wild-type mice (E, arrow) is substantially diminished
in plectin-deficient mice (F, star). Bar, 20 pm.

Discussion

Knockout mice reveal essential function of plectin in
mechanical strengthening of cells

Previous studies revealed that plectin molecules inter-
link IFs with different cytoskeletal filament systems and
are involved in the anchoring of IFs at the plasma mem-
brane. Based on this, it has been proposed that plectin
has a major role in the structural organization of the
cytoskeleton and may mechanically strengthen cells
(Wiche 1989). To test this hypothesis in a living organ-
ism, we generated two types of homozygous plectin (-/-)
mice by independent disruption of a central exon or 5’
exons of the gene. In both types of plectin-deficient mice

Loss of plectin affects skin, muscle, and heart

the lack of plectin resulted in cell degeneration and dam-
age of different severity in a number of tissues.

By far the most severe phenotype was observed in skin
where the separation of epidermis from dermis resulted
in blistering that might have been responsible, at least
partly, for death occurring 2-3 days after birth of the
animals. The degeneration of basal keratinocytes could
be traced over different stages. It started with the disrup-
tion and lysis of internal cytoplasmic structures and or-
ganelles and ended with total disruption and loss of basal
keratinocytes. The suprabasal keratinocyte layers re-
mained intact. This skin phenotype was very similar to
those observed in transgenic mice expressing a truncated
version of keratin 14 (Vassar et al. 1991) and in humans
exhibiting a homozygous mutation in the keratin 14
gene resulting in a null mutation (Chan et al. 1994; Rugg
et al. 1994). In both cases it was postulated that blister-
ing reflected the disruption of the cytoplasm of basal
keratinocytes as a consequence of an impaired keratin
filament formation. The observation, however, of appar-
ently intact keratin filaments in plectin-deficient, but
not yet disrupted, keratinocytes indicated that keratin
filament formation per se was independent of plectin
expression. Nevertheless, the stability of keratin struc-
tures in basal keratinocytes of plectin (-/-) mice ap-
peared severely compromised, probably because of miss-
ing crossbridges between filaments themselves and their
impaired linkages to other cellular structures, in particu-
lar the plasma membrane. Similarly, in skeletal muscle
and heart of plectin (-/-) mice, only a fraction of the
myofibers were found to be necrotic and focal lesions
occurred alongside intact tissue exhibiting a proper
muscle cytoarchitecture. Again, this indicated that plec-
tin is not essential for the formation and assembly of
myofibrils, but is required for maintaining their struc-
tural integrity and stability.

Figure 9. Immunfluorescence microscopy (anti-plectin mAb
10F6) of longitudinal sections through skeletal muscle. Muscle
biopsies were obtained from 2-day-old wild type (A) and plectin-
deficient (B) mice. Bar, 12 pm.
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Plectin, a stabilizer of hemidesmosomes and other
junctional complexes

Plectin or its putative isoform HD1 (Hieda et al. 1992)
have been shown to colocalize with IF-associated as well
as actin-based cell junctional complexes, including
hemidesmosomes, desmosomes, focal contacts of cells
in culture, dense plaques of smooth muscle, and other
junctional adhesive complexes (Wiche et al. 1983, 1984;
Seifert et al. 1992; Eger et al. 1997; Sanchez-Aparicio et
al. 1997). This raises the question of whether the forma-
tion and/or functional integrity of such junctions were
affected by plectin deficiency. Regarding hemidesmo-
somes and desmosomes, no impairment of their forma-
tion was noticeable in epidermal keratinocytes of plectin
(=/-) mice. Both structures were found to be ultrastruc-
turally intact and numerous filaments emanating from
their cytoplasmic plate structures were visualized by ele-
tron microscopy, indicating that both structures were
still able to serve as filament anchorage sites at least to
a certain extent. In contrast to plectin (-/-) mice,
BPAG1-deficient mice clearly lacked the inner plate and
consequently did not show keratin filament anchorage
to the basal cell surface membrane (Guo et al. 1995).
Furthermore, because BPAG1 expression in nonblistered
tissue areas of plectin-deficient mice appeared to be nor-
mal, we conclude that plectin, in contrast to BPAG1, is
dispensable for hemidesmosome formation and that
BPAGL1 expression is not influenced by plectin ablation.

On the other hand, the expression of integrin B4, an-
other well defined constituent of hemidesmosomes, was
clearly reduced in plectin-deficient mice, which was
consistent with the observed reduction in the number of
hemidesmosomes. A reduction of integrin B4 expression
also has been reported in mice deficient in integrin 6,
another binding partner of integrin B4 (Georges-
Labouesse et al. 1996), whereas in integrin 4 (-/-) mice
(Dowling et al. 1996; van der Neut et al. 1996) a reduc-
tion in the expression of HD1 was noticed (van der Neut
et al. 1996). In addition, a recent report suggested that
the subcellular distribution of HD1 is determined by the
cytoplasmic domain of the 4 subunit (Sanchez-Aparicio
et al. 1997), arguing in favor of a direct interaction be-
tween plectin and integrin B4 within the hemidesmo-
somal complex. In this context, it seems reasonable to
propose that plectin stabilizes hemidesmosomal struc-
tures and thereby promotes their formation.

Additional evidence indicating the importance of plec-
tin for hemidesmosome integrity comes from the pecu-
liar, bipartite distribution of BPAG1 observed in a dis-
continuous pattern both at the bottom and the top of
blisters. This suggests a mechanism of cell breakage in
which rupture can occur irregularly on both sides (apical
and basal) of the inner plate or within the plate structure
itself.

Because there is evidence for integrin B4-binding sites
residing in the amino-terminal domain of plectin mol-
ecules (G. Rezniczek, unpubl.) and for a highly conserved
cytokeratin-binding site located in the globular carboxy-
terminal domain of the molecule (Nikolic et al. 1996), it
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is intriguing to speculate that plectin may act as a sta-
bilizing clamp bridging outer plate components, in par-
ticular integrin B4 with the keratin filament network.

Analogous to the stabilization of keratin filament an-
choring at hemidesmosomes, plectin molecules may me-
chanically enforce the attachment of actin filament net-
works to focal contact sites via the amino-terminal ac-
tin-binding domain contained in at least some of its
isoforms (Elliott et al. 1997). The apparently reduced me-
chanical resistance of the sarcolemmma observed in some
regions of skeletal muscle in plectin (-/-) mice could
have been a consequence of unstable actin filament at-
tachment and could explain the observed necrosis of
myofibrils. The finding that vinculin expression was re-
duced significantly and the protein distributed abnor-
mally in muscle tissue of plectin-deficient mice may re-
flect an impaired formation of focal contact sites.

The destabilization of cellular integrity and cytoarchi-
tecture observed as a consequence of plectin deficiency
in tissues exposed to sustained mechanical stress, such
as skin and muscle, provides compelling evidence for the
hypothesis based on previous findings that plectin mol-
ecules act as integration elements and stabilizers of the
cytoskeleton. Plectin molecules are likely to achieve
this task by linking cytoskeletal filaments to each other
and to other organelles in the interior of the cytoplasm,
as well as by attachment of cytoskeletal filament net-
works to the plasma membrane via components of the
submembraneous protein skeleton or membrane-associ-
ated junctional complexes.

Plectin-deficient mice as a model for EBS-MD

Patients suffering from the hereditary skin blistering dis-
ease EBS-MD lack plectin expression in skin and skeletal
muscle tissues. In several cases, this defect has been
traced to homozygous mutations in the plectin gene
leading to premature stop codons either within the rod-
encoding exon 31, or within an exon preceding exon 31
(for review, see Uitto et al. 1996). The skin phenotype
associated with this disease in general was very similar
to that of plectin-deficient mice. In all cases reported,
skin blistering arose from the rupture of keratinocytes in
the basal cell layer of the epidermis, probably as a con-
sequence of impaired keratin filament anchorage into
the plasma membrane. In addition, the presence of ne-
crotic muscle fibers observed in muscle biopsies of EBS-
MD patients (Gache et al. 1996; Smith et al. 1996) was
confirmed in skeletal muscle of plectin (-/-) mice. In
one EBS-MD patient in particular, it was reported that
the absence of plectin was accompanied by a disorgani-
zation of myofibrils and sarcomeres based on immuno-
histochemical examination (Gache et al. 1996).

Several phenotypic differences between EBS-MD pa-
tients and plectin (-/-) mice were noticed, however.
First, the rupture of basal keratinocytes of the patients
was reported to occur in a well defined zone, just above
the basal plasma membrane or at the level of the inner
plate structure of hemidesmosomes, whereas in plectin
(=/-) mice, cell rupture occurred throughout the cyto-
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plasm, including the basal zone. Therefore, the pheno-
type of plectin (-/-) mice resembled more that observed
in EBS patients with mutations in keratins 5 and 14.
Second, it has been reported that in skin samples taken
from EBS-MD patients, a fraction of hemidesmosomes
lacked the inner plate structure (Smith et al. 1996), sug-
gesting an involvement of plectin in the formation of
hemidesmosomes. In the same study, however, a sub-
stantial number of hemidesmosomal structures were
found to be morphologically intact and the keratin fila-
ment network appeared unaltered, except for its reduced
attachment to hemidesmosomes (Smith et al. 1996).
This supports our notion that plectin serves as a stabi-
lizing element of keratin filament insertion into the in-
ner plate structure. Third, plectin (-/-) mice died only a
few days after birth, most likely from the loss of body
fluid and proteins as a consequence of skin blistering,
possibly combined with malfunction of the heart and
vascular endothelial system, whereas EBS-MD patients
apparently have a much higher life expectancy. A pos-
sible explanation for these differences could be that in
EBS-MD patients, plectin isoforms or truncated versions
of the protein are still expressed that are not affected by
the mutations found so far. As no truncated plectin mol-
ecules could be detected in plectin (-/-) mice, these ani-
mals probably exhibited a more severe phenotype, attrib-
utable to the abolition of all the plectin isoforms.

Is plectin involved in diseases other than EBS-MD?

Focal lesions similar to those found in skeletal muscle of
the plectin (-/-) mice are typical of an autosomal reces-
sive type of myopathy (minicore/multicore disease)
characterized by multiple, small randomly distributed
areas in the muscle fibers with myofibrillar degenerative
changes. Because the genetic basis for this disease is un-
known, it would be interesting to establish whether it can
be mapped to the plectin gene locus on chromosome 8.
The pathological alterations of heart muscle in plectin
(=/-) mice, encompassing focal lesions similar to those
observed in skeletal muscle and partial disruption of in-
tercalated discs, demonstrated for the first time an in-
volvement of plectin in the integrity of this type of tis-
sue. A similar condition in EBS-MD patients up to now
has not been reported. In plectin-deficient mice, this
phenotype is most likely a consequence of cardiomyo-
cyte instability attributable to the lack of plectin in Z-
line and intercalated disc structures, both of which have
a crucial role in the maintenance of cardiomyocyte cy-
toarchitecture. The reduction in the number of intact
desmosomes, which represent a major adhesive device
along the intercalated disc structure of heart, has been
shown to dramatically affect myocardium function in
mice lacking plakoglobin (Bierkamp et al. 1996; Ruiz et
al. 1996). Therefore, the partial disruption of intercalated
discs in plectin-deficient mice may reflect an increased
fragility of desmosomes, assuming that plectin mol-
ecules mechanically strengthen these structures similar
to hemidesmosomes. Interestingly, in some studies,

Loss of plectin affects skin, muscle, and heart

minicore/multicore diseases were found to be associated
with cardiomyopathy (Magliocco et al. 1989; Bertini et
al. 1990), which was at least in one case associated with
abnormal accumulation of IFs (Bertini et al. 1990). It is
therefore tempting to speculate that a common molecu-
lar mechanism involving plectin exists for these myopa-
thies. Whether a cardiomyopathy in conjunction with
the severe skin blistering of plectin (-/-) mice is a cause
for the early death of these animals awaits a more de-
tailed analysis of their heart function.

Although there is suggestive evidence for a possible
functional role of plectin in neuronal tissue (Errante et
al. 1994; Smith et al. 1996), no pathological alteration
could be observed in the brain of plectin (-/-) mice. Con-
sidering that symptoms of neurodegeneration usually
arise at older age, the most likely explanation for the
absence of any such alterations could be the early death
of the animals.

In identifying defined alterations in muscle and heart
cytoarchitecture in addition to skin defects, our analysis
of the plectin (-/-) phenotype in mice extends consider-
ably the phenotypic analysis of EBS-MD patients re-
ported previously, which was focused primarily on the
skin phenotype. Plectin mice could therefore become a
useful model in which to investigate on a broad basis the
molecular mechanisms underlying EBS-MD and other
plectin-related diseases, and to explore possibilities of
therapy. Furthermore, plectin-deficient mice and cells
derived from these animals should become a useful tool
for the characterization of tissue-specific isoforms of the
protein, the analyses of their functions and of mecha-
nisms controlling their expression.

Materials and methods
Construction of targeting vectors

Genomic clones were isolated from a mouse genomic library
(129 strain, Stratagene), using rat or human plectin cDNA
probes for screening. To generate a plectin rod-targeting vector,
a 2.8-kb EcoRI-Notl fragment containing a large part of exon 31
and part of the preceding 1-kb intron was excised from a 13-kb
Hindlll-BamHI mouse genomic DNA fragment and replaced
with a 1.4-kb EcoRI-Notl fragment containing a HSV-TK pro-
moter-driven neomycin casette in the same transcriptional ori-
entation. The exon 2-4 targeting vector was constructed by first
inserting an EcoRI-Sall fragment (containing a PGK promoter-
driven neo'-cassette) into a 3-kb Notl-Xmnl mouse genomic
DNA fragment, and subsequent insertion of a 5-kb Kpnl mouse
genomic DNA fragment downstream of the neo'-cassette to
serve as 3' homology region.

Electroporation of ES cells, generation and analysis of
plectin-deficient mice

R1 ES cells (Nagy et al. 1992) were electroporated independently
with the linearized targeting vectors followed by positive selec-
tion of ES cell colonies (Hogan et al. 1994) in the presence of
G418 (Sigma; 400 pg/ml). Appropriate homologous recombina-
tion and unique integration were assayed by Southern blotting
of genomic DNA prepared from selected colonies after expan-
sion (see Figs. 1 and 2). To generate chimeric mice, selected
ES-cell clones were injected into blastcysts [isolated from
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C57BL/6 mice at day 3.5 postcoitum (p.c.)], which were trans-
ferred into pseudopregnant C57BL/6x DBA F, or C57BL/
6x CBA females (3.5 days p.c.). After breeding, genotyping of
offspring was performed by Southern blot analysis of genomic
DNA isolated from mouse tails (Hogan et al. 1994).

For RT-PCR analysis, total RNA was isolated from skin and
muscle tissues of 2- to 3-day-old plectin (+/+) and (-/-) mice
according to the method of Chomzcynski and Sacchi (1987).
Total RNA (10 pg) was transcribed reversely using Amplimer
Sets for RT-PCR (Clontech), following the manufacturer’s in-
structions. PCRs were carried out using eLongase Enzyme Mix
(GIBCO) and the following primer pairs: h2 (5'-CTTGTGCCG-
GTGGATGATG) and h6 (5'-CTTGTGCCGGTGGATGATG);
h29 (5'-CTCCCCCGCCAAGAAGCCCAAGG) and h31l (5'-
CGGCCTCCTCGGCCTGCAGTTTC); r32-1 (5'-TATGAGG-
CCTACCGCAAGGGC) and r32-2 (5'-ATCCACAGTGCCA-
CGTT); and viml (5'-TACCAAGATCTGCTCAAT) and vim2
(5'-TTCAAGGTCATCGTGATGCTG); corresponding to se-
quences in exons 2 and 6 (h2 and h6), 29 and 31 (h29 and h31),
and 32 (r32-1 and r32-2), respectively, and mouse vimentin gene
sequences (vim1 and vim 2). Cycle parameters were 94°C for 3
min (1x), followed by 94°C for 30 sec, 60°C for 30 sec, and 68°C
for 6 min (35x).

Tissue homogenates of skin and muscle from plectin (+/+)
and (-/-) mice were prepared for immunoblot analysis by me-
chanical disruption of 300 mg of tissue using conditions de-
scribed by Eger et al. (1997). The efficiency of protein transfer to
membranes and equal protein loadings were monitored by stain-
ing with Ponceau S (Sigma). Blots were developed using rabbit
antiserum to plectin 21 (Wiche et al. 1983) or mouse antiserum
135-A, raised against a recombinant rat plectin mutant protein
corresponding to the carboxy-terminal repeat 4 domain of plec-
tin (B. Nikolic, unpubl.), both diluted 1: 500, followed by alka-
line phosphatase-conjugated anti-rabbit 1gG (Promega; dilution
1:7,500) and BCIP/ NBT.

Histology, immunohistochemistry, and ultrastructural
analysis

For general pathological screening, animals were transcardially
perfused with 4% formaldehyde in PBS and dissected into 2 mm
thick transverse slices that were routinely embedded in paraf-
fin. Paraffin sections (5 pm) were stained with hematoxylin/
eosin, periodic acid Schiff reaction, Van Giesson/Elastica stain,
and Gomori silver impregnation. Sections that contained parts
of the central or peripheral nervous system were stained addi-
tionally with Luxol fast blue for myelin and Bielschowski silver
impregnation for axons. Special care was taken that the respec-
tive transverse sections contained all parenchymal organs.

For immuncytochemistry, selected tissues were snap frozen
before fixation, and thin sections (5 um) cut with a cryomicro-
tome were incubated with 10% horse serum in PBS for 1 hr.
Primary antibodies were used at the following dilutions—
mouse anti-plectin mAbs (10F6 and 5B3; Foisner et al. 1994), 1:1
(hybridoma supernatant); mouse anti-dystrophin mAb dys2
(Novocastra), 1:100; mouse anti-B-spectrin mAb (Novocastra),
1:100; mouse anti-vinculin mAb (Novocastra), 1:50; human
anti-BPAG1 mADb-5E (Hashimoto et al. 1993), 1:500; rabbit an-
tiserum to the carboxy-terminal domain of integrin 4 (Gian-
cotti et al. 1992), 1:100; rat mAb 346-11A directed against an
epitope in the extracellular portion of integrin B4 (Kennel et al.
1989), 1:100. Biotinylated secondary antibodies (donkey anti-
rabbit- and sheep anti-human IgGs; both purchased from Dako)
and goat anti-mouse 1gG (Amersham) were used at dilutions
recommended by the manufacturers. Texas-red-conjugated avi-
din (Amersham) was used for visualization of antibodies. Signal
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specificity was controlled by omission of primary antibodies or
by using normal mouse or rabbit serum in their place.

Small pieces of skin, various muscles, and heart, either fixed
by perfusion as described above, or immersed in 2% glutaralde-
hyde in PBS, were osmicated and embedded in epoxy resin.
From these blocks, 0.5 pum thick sections were stained with
toluidine blue for light microscopic screening and thin sections
were treated with uranyl acetate and lead citrate and analyzed
by electron microscopy.
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