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SUMMARY 1

SUMMARY

Plectin is a major intermediate filament (IF)-based cytolinker protein that stabilizes
cells and tissues mechanically, regulates actin filament dynamics, and serves as a scaffolding
platform for signaling molecules. The importance of plectin for tissue integrity was
demonstrated in plectin knockout mice which die early after birth, exhibiting severe skin
blistering defects and abnormalities in skeletal and heart muscle, similar to the disorders
found in patients suffering from epidermolysis bullosa simplex with muscular dystrophy
(EBS-MD), which is caused by various mutations in the plectin gene. In the 5 -prime region
of the plectin gene complex splicing takes place, giving rise to several alternatively spliced
transcripts containing different first exons. It has been proposed that plectin fulfils a variety of
distinct functions presumably mediated by different isoforms.

In the first part of this thesis, I present the phenotypic characterization of a mouse line
with a specific deletion of plectin in stratified epithelia. Conditional targeting of plectin
enabled me to study the consequences of plectin deficiency in this particular type of tissues in
the context of the whole organism without plectin loss affecting other tissues. Conditional
knockout mice died early after birth, showing signs of starvation and growth retardation.
Blistering was observed on their extremities and on the oral epithelium after initial nursing,
impairing food uptake. Knockout epidermis was very fragile and showed focal epidermal
barrier defects caused by the presence of small skin lesions. Stratification, proliferation and
differentiation of knockout skin seemed unaffected by epidermis-restricted plectin deficiency.
In an additionally generated mouse model, tamoxifen-induced Cre-ER'-mediated
recombination led to mice with a mosaic plectin deletion pattern in adult epidermis, combined
with microblister formation. This study explains the early lethality of plectin-deficient mice
and provides a model to ablate plectin in adult animals which could be used for developing
gene or pharmacological therapies.

In the second part of my thesis it is shown that plectin deficiency in cultured
keratinocytes is a cause of aberrant keratin cytoskeleton organization caused by a lack of
orthogonal IF cross-linking. Keratin association of the hemidesmosomal integrin o634 is lost
in plectin-deficient keratinocytes, and the integrin relocates to lamellipodia. Basal activities of

the MAP kinase Erk1/2 and of membrane-associated upstream protein kinases PKCd and Src-
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family kinases were significantly elevated in plectin-deficient keratinocytes, and increased
migration rates, as assessed by in vitro wound-closure assays and time-lapse microscopy,
were observed. These data establish a link between cytolinker-controlled
cytoarchitecture/scaffolding functions of keratin IFs and specific MAP kinase cascades
mediating distinct cellular responses.

In the third part, the interaction of plectin isoform 1c with microtubules is addressed on
functional and mechanistic levels. Plectin 1c is localized at the cortical submembrane
cytoskeleton of polarized neuronal cells and keratinocytes, and in addition, distributes along
microtubules. Microtubule binding depends on plectin 1c-specific N-terminal sequences,
since plectin la, the major isoform found in keratinocytes, did associate with microtubules
neither in vivo nor in vitro. It is demonstrated that a putative SH3 domain residing within
plectin’s plakin domain is able to mediate binding to members of the MAP2/tau family of
microtubule-associated proteins in vitro. Because of the importance of plectin for maintaining
epithelial tissue integrity, the role of plectin-microtubule interaction during Ca**-induced
differentiation of cultured keratinocytes was investigated. Interestingly, I found that the
absence of plectin led to abnormally dense packing and increased stability of microtubules.
Based on these results, I propose a model where plectin Ic is targeted to microtubules via
different N-terminal sequences and regulates MT dynamics by modulating MT-binding of
microtubule associated proteins of the MAP2/tau family.

Studies described in the final part give insight into the molecular mechanism causing
the reduced migration potential of plectin-deficient fibroblasts. I found that the PKC
regulatory protein RACKI (receptor for activated C kinase 1) was strongly accumulated at
lamellipodial edges of migrating plectin-deficient fibroblasts. Concomitantly, elevated
enzymatic activity of PKCO was observed in these cells. These data show that plectin-
deficiency has similar consequences on RACKI1/PKCS signaling in Keratinocytes and
fibroblasts, but hyperactivation of RACK1/PKCd appears to affect cell migration in a cell

type specific manner.
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ZUSAMMENFASSUNG

Plectin, ein Mitglied der Plakin-Proteinfamilie, ist ein groBes und iiberaus vielseitiges
Protein, das an der Bildung von zytoskelettiren Strukturen und deren Verankerung an
Zellmembranen entscheidend beteiligt ist. Es fungiert als Regulator der Aktin-Dynamik und
spielt eine wesentliche Rolle in Epithelial-, Muskel- und Nervengeweben, was durch
ausgeprigte  Hautablosung auf  hemidesmosomaler Ebene und  pathologische
Muskelverdnderungen in Maiusen mit inaktiviertem Plectingen verdeutlicht wird. Ein
dhnliches Erscheinungsbild tritt in Patienten auf, die an durch Defekte im Plectingen
verursachter bulloser Epidermolysis mit muskuldrer Dystrophie (EBS-MD) leiden. Plectin
wird in Form einer Vielzahl von unterschiedlichen Isoformen exprimiert, die wahrscheinlich
unterschiedliche Aufgaben erfiillen.

Im ersten Teil meiner Dissertation priasentiere ich die phédnotypische
Charakterisierung einer Mauslinie mit einer spezifischen Deletion von Plectin in
mehrschichtigen Epithelgeweben. Konditionelle Deletion von Plectin erlaubte es mir, die
Konsequenzen von Plectin-Defizienz in diesem speziellen Gewebstyp im Kontext des
gesamten Organismus zu studieren. Die konditionellen knockout Miuse starben frith nach
ihrer Geburt, mit Anzeichen von Entkriftung und Wachstumsverzogerung. Blasenbildung
konnte an ihren Extremititen sowie auch am Schleimhautepithel der Mundhohle nach
initialem Sdugen beobachtet werden. Die Ablosung des oralen Schleimhautepithels fiihrte zu
einer Beeintrichtigung der Nahrungsaufnahme. Die Epidermis der knockout Tiere war
dullerst fragil und zeigte lokale Defekte in der Funktion der epidermalen Barriere. Diese
Studie gibt eine Erkldrung fiir die friihe Sterblichkeit von plectin-defizienten Mausen und
beinhaltet erste Daten iiber die induzierbare Deletion von Plectin in mehrschichtigen
Epithelien von adulten Méusen.

Im zweiten Teil zeige ich, dass Plectin-Defizienz zu einer anomalen Organisation des
Keratinfilamentzytoskeletts, verursacht durch fehlende orthogonale Quervernetzung von
Keratinintermedidrfilamenten, in kultivierten Keratinozyten fiihrt. Das hemidesmosomale
Integrin  a6PB4 Heterodimer war in Plectin-defizienten Keratinozyten nicht mit
Keratinfilamenten assoziiert, sondern in Lamellipodien umgelagert. Die basale Aktivitit der

MAP Kinasen Erk1/2, der membranassoziierten upstream Proteinkinase PKC9, sowie von
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Kinasen der Src-Familien Kinasen waren in Plectin-defizienten Keratinozyten signifikant
erhoht. Des Weiteren beobachtete ich erhohte Migrationsraten von Plectin-defizienten
Keratinozyten mittels in vitro Wundheilungsassays und time-lapse Videomikroskopie. Diese
Daten offenbaren eine Verbindung zwischen Zytolinker-kontrollierter Zytoarchitektur und
der Geriistfunktion von  Keratin-Intermedidrfilamenten mit spezifischen =~ MAP
Signalkaskaden.

Im dritten Teil meiner Dissertation charakterisiere ich die Interaktion der Plectin
Isoform 1c¢ mit Mikrotubuli auf funktioneller und mechanistischer Ebene. Plectin 1c war am
kortikalen submembranen Zytoskelett von polarisierten neuronalen Zellen und Keratinozyten,
sowie auch an Mikrotubuli lokalisiert. Die Bindung an Mikrotubuli hing von Plectin Ic-
spezifischen N-terminalen Sequenzen ab. Die Hauptisoform in Keratinozyten, Plectin la,
welche keine Plectin 1c-spezifischen Sequenzen enthielt, interagierte weder in vivo noch in
vitro mit Mikrotubuli. Weiters zeigte ich, dass eine mutmalliche SH3 Domaéne, welche sich
innerhalb von Plectins Plakin-Doméne befindet, in vitro an Mitglieder der MAP2/tau Familie
von mikrotubuliassoziierten Proteinen binden konnte. Aufgrund der Wichtigkeit von Plectin
fiir die Aufrechterhaltung der Integritit von epithelialen Geweben wurde die Rolle von
Plectin wihrend der kalziuminduzierten Differenzierung von Keratinozyten analysiert.
Interessanterweise fand ich, dass das Fehlen von Plectin zu einer abnormalen dichten
Biindelung sowie einer Zunahme der Stabilitdt von Mikrotubuli fiihrte. Basierend auf diesen
Ergebnissen schlage ich ein Modell vor, in welchem Plectin 1c¢ mittels unterschiedlicher N-
terminaler Sequenzen an Mikrotubuli lokalisiert und deren Dynamik durch Modulation der
Mikrotubuli-Bindung von mikrotubuliassoziierten Proteinen der MAP2/tau Familie
beeinflusst.

Im vierten Teil analysiere ich den Mechanismus des reduzierten Migrationspotentials
von Plectin-defizienten Fibroblasten. Ich fand, dass das PKC-regulatorische Protein RACK1
stark am Lamellipodiensaum von Plectin-defizienten Fibroblasten lokalisiert war. Damit
einhergehend beobachtete ich erhohte Enzymaktivitit von PKCSin diesen Zellen. Diese
Daten zeigen, dass Plectin-Defizienz dhnliche Auswirkungen auf die PKC&/RACKI
Signaltransduktion in Keratinozyten und in Fibroblasten hat. Gleichzeitig scheint aber die
Hyperaktivierung von PKCO/RACKI1 die Zellmigration in einer, dem Zelltyp entsprechenden

Art und Weise, zu beeinflussen.
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INTRODUCTION

The cytoskeleton

Eukaryotic cells depend on a dense filamentous network system, the cytoskeleton,
which is important for the organization of their nucleus and cytoplasm. The cytoskeleton is
composed of three major filament classes: actin (micro) filaments, microtubules, and

intermediate filaments (IFs), which are briefly discussed below:

Actin (micro) filaments

The ability of eukaryotic cells to maintain or change their shape and their degree of
attachment in response to extracellular stimuli is for the most part dependent on
rearrangements of the actin cytoskeleton (Van Aelst and D'Souza-Schorey, 1997). The actin
cytoskeleton plays an important role in many diverse intracellular processes, including
endocytosis, vesicle trafficking, cytokinesis, and cell migration (Goley and Welch, 2006).
Many of these processes are essential for the survival of the cell. Actin is a highly conserved
ATPase that can spontaneously self-assemble into filamentous (F)-actin (Goley and Welch,
2006) (Fig. 1). Actin filaments consist of an ~8 nm wide tight helix of globular actin
monomers (G-actin) (Alberts et al., 2002). They are polar structures possessing a fast growing
plus end (also referred to as the barbed end) and a slow growing minus end (also called the
pointed end) that can be distinguished by their structural characteristics and kinetic properties
(Goley and Welch, 2006; Ono, 2007; Pollard and Borisy, 2003). ATP hydrolysis in the actin
filament is tightly coupled to polymerization and regulates the kinetics of assembly and
disassembly, as well as the association of interacting proteins (Goley and Welch, 2006). A
multitude of actin-binding proteins control the dynamic assembly and disassembly of actin
filaments (Goley and Welch, 2006; Ono, 2007; Pollard and Borisy, 2003). These proteins
bind directly to actin filaments or monomers and control actin structure and dynamics by
nucleating, capping, stabilizing, severing, depolymerizing, crosslinking, bundling,
sequestering, or delivering monomers, or by promoting monomer nucleotide exchange (Goley

and Welch, 2006). The coordinated actions of specific subsets of actin-binding proteins
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regulate the dynamics of distinct arrays of actin filaments at specific times and places within
the cell (Goley and Welch, 2006; Pollard and Borisy, 2003). In the cellular cortex, actin
molecules polymerize and depolymerize continually and are organized into three general
types of arrays (Alberts et al., 2002). In contractile bundles such as are found in stress fibers
and in the contractile ring during mitosis, the filaments are arranged with opposite polarities
and contain the motorprotein myosin II (Alberts et al., 2002). In the gel-like networks of the
cell cortex, actin filaments are loosely arranged. The best-characterized protrusive structure is
the lamellipodium, which is built of a dense two-dimensional network of branched or
crosslinked actin filaments (Faix and Rottner, 2006; Revenu et al., 2004; Small, 1994).
Continuous lamellipodium protrusion and ruffling is frequently accompanied by the
formation of filopodia (Faix and Rottner, 2006; Small et al., 2002; Wood and Martin, 2002),
in which actin filaments exist as crosslinked parallel bundles orientated with the same
polarity. Filopodia are particularly prominent in individual cells such as fibroblasts or axonal

growth cones (Faix and Rottner, 2006).

actin molecule

A plus end

plus end

|ADP when
in filamant)

minus end

minus end

Figure 1. The structures of an actin monomer and actin filament. (A) The actin monomer has a
nucleotide (either ATP or ADP) bound in a deep cleft in the center of the molecule. The nucleotide is
shown in yellow. (B) Arrangement of monomers in an actin filament. Although the filament is often
described as a single helix of monomers, it can also be thought of as consisting of two protofilaments,
held together by lateral contacts, which wind around each other as two parallel strands of a helix, with
a twist repeating every 37 nm. All the subunits within the filament have the same orientation. (C)

Electron micrographs of negatively stained actin filaments. (Adapted from (Alberts et al., 2002)).
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Microtubules

Microtubules (MTs) are dynamic biological polymers. They are involved in cell
morphogenesis, organization and movement of organelles in the cytoplasm, chromosome
segregation, and polarized cell migration (Alberts et al., 2002). MTs are assembled from
heterodimers of a— tubulin, which endows them with intrinsic polarity (Morrison, 2007)
(Fig. 2). MTs assembled from purified tubulin in vitro grow faster at one end than the other;
this is the end terminated by B-tubulin and it is referred to as the MT plus end (Desai and
Mitchison, 1997; Morrison, 2007). The slower growing end which is terminated by o-tubulin

is called the minus end (Morrison, 2007).

A Priubulin B C

tbulin heterodimar
= microtubule subunit)

50 nm

o-tubulin microtubule

Figure 2. The structure of a microtubule and its subunit. (A) The subunit of each protofilament is
a tubulin heterodimer, formed from a tightly linked pair of a- and B-tubulin monomers. The GTP
molecule in the a-tubulin monomer is tightly bound so that it is an integral part of the protein, whereas
the GTP molecule in the B-tubulin monomer, is less tightly bound and has an important role in
filament dynamics. Both nucleotides are shown in red. (B) One tubulin subunit (a-p heterodimer) and
one protofilament are shown schematically. Each protofilament consists of many adjacent subunits
with the same orientation. (C) The microtubule is a stiff hollow tube formed from 13 protofilaments
aligned in parallel. (D) Electron micrograph of a cross section of a microtubule showing a ring of 13
distinct protofilaments. (E) A short segment of a microtubule viewed in an electron microscope.

(Modified from (Alberts et al., 2002)).



INTRODUCTION 8

In MT-organizing centers, such as centrosomes, the minus ends of the MTs are anchored and
stabilized, while the plus ends are free to add tubulin molecules (Alberts et al., 2002).
Individual MT plus ends can alternate between periods of slow growth and rapid disassembly,
a phenomenon called dynamic instability, for which GTP hydrolysis is responsible (Desai and
Mitchison, 1997). Dynamic instability is an intrinsic feature of MTs and can also be observed
in purified tubulin preparations in vitro (Morrison, 2007). Rapid and direct transition from
growth to shrinkage is called catastrophe, and direct transition from shrinkage to growth is
called rescue (Desai and Mitchison, 1997). The binding of specific microtubule associated
proteins (MAPs) regulates MT dynamics and mediates interaction of MTs with other cell
compartments (Amos and Schlieper, 2005).

Intermediate filaments

Structure of intermediate filament proteins

IF type Protein name Number of genes Tissue distribution
I Keratins (acidic) >25 K9-K20, soft epithelia
Hal-Has8, hard epithelia
Irs1-4, inner root sheath
11 Keratins (basic) >24 K1-K8, soft epithelia
Hb1-Hb6, hard epithelia
K6irs1-4, inner root sheath
I Vimentin 1 Mesenchymal
Desmin 1 Muscle
GFAP 1 Astrocytes/Glia
Peripherin 1 PNS neurons
Syncoillin 1 Muscle
v NF-L 1 CNS neurons
NF-M 1 CNS neurons
NF-H 1 CNS neurons
Nestin 1 Heterogeneous
Synemin 1 Muscle
Desmuslin 1 Muscle
\" Lamin A/C 1 Differentiated tissues (nucleus)
Lamin B1 1 Ubiquitous (nucleus)
Lamin B2 1 Ubiquitous (nucleus)

Table 1. The intermediate filament family (according to Kim and Coulombe, 2007).
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Intermediate filament (IF) proteins have been grouped into five types on the basis of
amino acid identity (Fuchs and Weber, 1994; Herrmann et al., 2007). The acidic and basic
keratins are grouped into type 1 and 2, respectively. Vimentin, desmin, GFAP, peripherin and
syncoilin are designated as type 3, the neurofilament proteins, nestin, synemin, and desmuslin
as type 4, and the nuclear lamins as type 5 (Coulombe and Wong, 2004; Herrmann et al.,
2007). Alternatively, IF proteins can be subdivided into three independent groups in
accordance with their mode of assembly, namely the keratins, vimentin-like proteins, and
lamins (Herrmann et al., 2007). In spite of the large diversity among IF proteins, they all
share a similar structural building plan, with an ~45-nm-long central o-helical “rod” domain
that is flanked by non-a-helical N- and C-terminal end domains (Herrmann et al., 2007) (Fig.
4).

Cellular organization of IFs

Whereas both MTs and MFs are restricted to the cytoplasm, most metazoan cells
contain two principally different IF systems. One resides inside the nucleus and is attached to
the inner nuclear membrane, the nuclear pores and chromatin, and the other is cytoplasmic,
which connects intercellular junctional complexes located at the plasma membrane with the
outer nuclear membrane (Herrmann et al., 2007). Cytoplasmic IFs are integrated with many
other key elements of the cell’s interior (Herrmann et al., 2007). They interact with MTs,
MFs, and various types of junctional adhesive complexes spanning the outer cell membrane,
inluding desmosomal (cell-cell) and hemidesmosomal (cell-matrix) attachments (Fuchs and
Cleveland, 1998; Herrmann et al., 2007; Jefferson et al., 2004; Svitkina et al., 1996) (Fig. 3).
The interactions of MFs and MTs with IFs and that of IFs with attachment sites at plasma and
nuclear membranes is mediated by a specialized group of proteins termed “plakins” (see
below). IFs also interact with organelles, including the Golgi apparatus, mitochondria,
endosomes and lysosomes (Kim and Coulombe, 2007; Toivola et al., 2005). In vivo, the
cytoplasmic IF network architecture varies according to cell type and tissue context (Kim and
Coulombe, 2007). In the stratified keratinocytes of the epidermis, keratin IFs form a dense,
cytoplasmic network that is anchored at desmosomes and hemidesmosomes (HDs), whereas
in simple epithelia, IFs are sparser and often concentrated near the apical pole of the cell

(Coulombe and Omary, 2002; Kim and Coulombe, 2007). In fibroblasts, IFs extend through
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much of the cytoplasm, and are often found in close juxtaposition to microtubules (Ball and

Singer, 1981; Kim and Coulombe, 2007).

= ONM proten © Ribosome
= INM proten \) Nesprin — MFs

Integrins
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Figure 3. Cellular organization of IFs. The three cytoskeletal filament systems, actin (micro)
filaments (MFs), microtubules (MTs) and intermediate filaments (IFs), are connected to each other by
dimeric (or multimeric) complexes of plakin-family proteins such as plectin and BPAGI. In addition,
various MT-associated proteins and actin-binding proteins are thought to increase the complexity of
these interactions. IFs are attached to IF-anchoring plaques of cell-cell junctions (desmosomes) by
desmoplakin, and to those of cell-matrix junctions (hemidesmosomes) by plectin and BPAGI.
Desmosomal cadherins and integrins mediate the contact with the neighbouring cells and with the
extracellular matrix (ECM), respectively. IFs are furthermore coupled to the outer nuclear membrane
(ONM) by plectin and nesprin-3, whereas nesprin-2 anchors the MF system to the nucleus. On the
inner side of the nuclear envelope, a layer of nuclear IF proteins (lamins) is attached to pores and inner

nuclear membrane (INM) proteins as well as to chromatin. The membrane proteins of the INM are
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linked to those of the ONM and thereby provide a mechanical continuum reaching from the ECM to
chromatin. ER, endoplasmic reticulum; MTOC, microtubule-organizing centre; NPC, nuclear pore

complex. (Modified from (Herrmann et al., 2007)).

Filament assembly and dynamics

IF assembly starts with the association of two individual polypeptide chains in parallel
and in register, forming a coiled-coil (Herrmann et al., 2007). These coiled-coil dimers are the
basic building block of IF assembly (Herrmann et al., 2007). Subsequently, at low ionic
strength and physiological pH values, cytoplasmic IF proteins form anti-parallel, half-
staggered tetramers (Hermann et al., 2007) (Fig. 4). Ultimately, these tetramers align in a
helical array along the filament axis (Hermann et al., 2007) (Fig. 4). As a consequence of the
anti-parallel association of the polar dimers, IFs exhibit no polarity, in contrast to both MTs
and MFs (Herrmann et al., 2007) (Fig. 4). Moreover, IFs do not depend on nucleotide
hydrolysis for filament assembly (Herrmann et al., 2007). However, in vivo, IF remodeling
and structural performance of IFs is functionally dependent on the combined action of
kinases, phosphatases and chaperones (Green et al., 2005; Herrmann et al., 2007; Izawa and
Inagaki, 2006). Once IF proteins have been synthesized, they are very stable and exhibit long
half-lives, although they can be turned over rapidly by the proteasome in a phosphorylation-
and ubiquitination-dependent manner (Kim and Coulombe, 2007; Ku and Omary, 2000). In
various types of epithelial cells in culture, keratin IF precursors form in the peripheral
cytoplasm, proximal to the subcortical F-actin network and in close proximity to focal
adhesion contacts (Gu and Coulombe, 2007; Windoffer et al., 2006; Windoffer and Leube,
1999; Windoffer and Leube, 2004; Windoffer et al., 2004). Keratin precursors first appear as
small dots, elongate into rodlets, and are then integrated into the existing IFs (Gu and
Coulombe, 2007; Windoffer et al., 2004). The entire process occurs in the context of a
continuous centripetal flow, and is partially dependent on F-actin and on phosporylation (Gu
and Coulombe, 2007; Windoffer et al., 2004). As has been shown at least in the case of early-
stage mouse embryos, type 2 keratins are translated ahead of their type 1 assembly partners
and are temporarily stored unpolymerized in small aggregates (Lu et al., 2005). On the
contrary, the type 3 IF proteins vimentin and peripherin are co-translationally assembled
(Chang et al., 2006; Isaacs et al., 1989), move in a saltatoric and bidirectional fashion (Ho et
al., 1998; Yoon et al., 1998), and their organization is markedly sensitive to MT disruption

(Helfand et al., 2004).
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Figure 4. A model of intermediate filament assembly. (A) Electron micrograph of in vitro
assembled IFs. The monomer shown in (B) pairs with an identical monomer to form a dimer (C), in
which the central rod domains are aligned in parallel and in register to form a coiled coil. (D) Two
dimers then line up side by side to form an antiparallel tetramer of four polypeptide chains. The
tetramer is the soluble subunit of intermediate filaments. (E) Within each tetramer, the two dimers are
offset with respect to one another, thereby allowing it to associate with another tetramer. (F) In the
final 10-nm rope-like filament, IF tetramers are packed together in a helical array, which has 16
dimers in cross-section. Half of these dimers are pointing in each direction. (Modified from (Alberts et

al., 2002)).

IFs and disease

It is known today that over 40 genetically determined diseases are caused by a mutation
in an IF-encoding gene (Fuchs and Cleveland, 1998; Irvine and McLean, 1999; Kim and
Coulombe, 2007; Omary et al., 2004). The best understood and most studied of these
disorders is epidermolysis bullosa simplex (EBS), which is caused by (mostly dominant)
mutations in keratin 5 (KS5) or keratin 14 (K14) (Pekny and Lane, 2007). In this severe skin

disease the basal keratinocyte cell layer of the epidermis is highly vulnerable to rupture when
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the skin is exposed to physical trauma, leading to intra epidermal fluid accumulation and
blister formation (Bonifas et al., 1991; Coulombe et al., 1991; Herrmann et al., 2007; Lane et
al., 1992; Pekny and Lane, 2007). Mutations in lamin A cause a complex set of at least 13
human diseases (Capell and Collins, 2006) including muscular dystrophies (Bonne et al.,
1999) and premature ageing. Mutations in desmin cause muscular dystrophies and
cardiomyopathy (Goldfarb et al., 2004) and mutations in GFAP generate a devastating
neuronal disease termed Alexander disease, a fatal disorder of the central nervous system that
is characterized by severe disturbances of brain and skull development (Herrmann et al.,
2007; Li et al., 2002a). Disruption of the function of plakin proteins often results in
phenotypes that overlap with genetic deficiencies in IF proteins, as is the case with EBS-

caused by plectin mutations (Andri et al., 1997; McLean et al., 1996).

Mechanical stress and keratin IFs

Mutations in keratin genes have pathological consequences in numerous epithelial
tissues (Pekny and Lane, 2007). The consequences for tissue integrity caused by these
mutations are similar. The epithelial cells fracture specifically within the tissue compartment
expressing the mutant keratin as a major structural protein (Pekny and Lane, 2007; Uitto et
al., 2007). In these cells, keratin filament bundles often appear compacted and are abnormally
distributed in the cell, and in case of the most severe mutations, keratin aggregates are formed
(Pekny and Lane, 2007). The strength and stiffness of keratin IF suspensions in vitro is
notedly weakened by disease-causing mutations (Gu and Coulombe, 2007). In vivo, mice null
for K5 or K14, or transgenic mice expressing mutant K14 at substoichiometric levels, display
a severe epithelial blistering phenotype (Coulombe et al., 1991; Lloyd et al., 1995; Peters et
al., 2001). In vitro, mechanically stretching keratinocytes that were isolated from patients
with severe mutations in K14 caused a substantial disruption of the keratin network in

comparison to wild-type cells (Russell et al., 2004).

Optimizing structural support during wound repair and cell migration

The organization of cytoplasmic IFs changes rapidly and considerably when cells begin
to migrate after acute injury in several tissues, ranging from skin to the central nervous

system (Lariviere and Julien, 2004; Omary et al., 2002; Pekny and Lane, 2007). Concomitant
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changes in the regulation of IF proteins and/or transcription of IF genes occur in cells located
proximal to the wound margin (Coulombe and Wong, 2004; Wong and Coulombe, 2003).
After skin injury, wound-proximal keratinocytes become larger and polarized and reorganize
their keratin network (Coulombe and Wong, 2004; Odland and Ross, 1968; Paladini et al.,
1996). These cytoskeletal changes occur concomitant with upregulation of K6, K16 and K17
(Mansbridge and Knapp, 1987; Paladini et al., 1996; Wong et al., 2000). Accumulation of
K6/16 IFs is believed to provide the mechanical resilience needed by the wound edge
keratinocytes (Wong and Coulombe, 2003). However, K6/16 upregulation seems to happen at
the cost of partially reducing the migratory potential of keratinocytes (Wong and Coulombe,
2003). In contrast, K17 acts by regulating protein synthesis and cell size via Akt and mTOR
signaling (Kim et al., 2006). During activation of astrocytes in stress and pathology (generally
referred to as “reactive gliosis”), upregulation of GFAP and vimentin IFs contributes to the
ability of reactive astrocytes to counteract the stress of neurotrauma (Pekny and Lane, 2007).
Direct influence of IFs on the cellular viscoelastic properties was demonstrated by studies
with pancreatic tumor cells, which upon stimulation with spingosylphosphorylcoline,
reorganize their keratin IF network from a cytoplasmic- to a pronuclear-enriched localization,
leading to “softening” of the cytoplasm and enhanced cell migration (Beil et al., 2003). A
similar mechanism was found in extravagating lymphocytes, which retract and condense their

vimentin IF network into a dense perinuclear aggregate (Brown et al., 2001).

The plakin protein family of cytoskeletal linker proteins

Plakins constitute a group of exceptionally large multi-domain proteins that have
evolved to link cytoskeletal elements together and to connect them to junctional complexes
(Leung et al., 2001). Owing to their capacity to link two or more cytoskeletal networks these
proteins are also called cytolinkers or cytoskeletal linkers (Wiche, 1998).

Seven plakin family members have been identified to date (Leung et al., 2002):
desmoplakin, bullous pemphigoid antigen 1 (BPAG1), plectin, envoplakin, periplakin,
epiplakin and ACF7, also referred to as microtubule actin crosslinking factor 1 (MACF1).
Plakin family members are built from combinations of specific modules (Fig. 5): a calponin-
type actin-binding domain (ABD); a plakin domain harboring several spectrin repeats
interrupted by a SH3 domain; a heptad-repeat-containing coiled-coil rod domain (CC-rod); a

plakin-repeat domain (PRD) generally thought to have intermediate filament (IF)-binding
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properties, a function that in some cases requires an associated linker (L) region; a spectrin
repeat-containing rod domain (SR-rod); two EF-hand calcium-binding motifs; a Gas2-
homology region called the GAR domain; and a domain containing GSR (Gly-Ser-Arg)
repeats (Leung et al., 2002; Sonnenberg and Liem, 2007). The PRD comprises varying
numbers of repeating unit subdomains (each of 176 residues), which are termed A, B or C,

depending on their degree of sequence similarity to each other (Leung et al., 2002).

Mammalian plakins
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Figure 5. Schematic diagram of the plakin family members and their splice variants. Functional
domains that can be found in plakin proteins, comprise calponin-type actin-binding (ABD), plakin,
and SH3 domains, spectrin repeats (SRs), spectrin-repeat-containing rod (SR-rod), and coiled-coil rod
(CC-rod) domains, plakin-repeat domains (PRD), and IF-binding domain-associated linker region (L),
EF-hand calcium-binding motifs, Gas2-related (GAR) and glycine—serine—arginine (GSR) domains.
Isoforms that are created by alternative splicing of the ABD exons are not shown; note that in some
cases, the resulting ‘ABD’ does not bind to actin. The PRD comprising plakin repeats and linker (L)
subdomains is important for the binding of plakins to intermediate filaments. The GAR domain and
the GSR domain together constitute the microtubule-binding domain of BPAGI-a, BPAGI-b and
MACEFI. Epiplakin is an atypical plakin because the protein entirely comprises 16 highly homologous
B repeats and lacks other domains (Spazierer et al., 2003) (Modified from (Sonnenberg and Liem,

2007)).

The L subdomain, which is important for IF binding, usually resides between the B and
C repeats of the plakin repeat domain (Leung et al., 2002). As has been shown for some
plakins, the GAR domain and GSR-containing domain can associate directly with

microtubules (MTs) and thus defines a novel MT-binding domain (MTBD) (Leung et al.,
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2002; Sonnenberg and Liem, 2007). Most plakins are expressed in tissues that must withstand
mechanical stress, such as epithelia and skeletal -and heart muscle. There they play a crucial
role in maintaining tissue integrity by crosslinking the different cytoskeletal filaments and
anchoring them to membrane complexes (Leung et al., 2002). Hence, both autoimmune and
genetic diseases that affect plakins can lead to disorders involving tissue fragility and skin
blistering (Gallicano et al., 2001; Leung et al., 2002; Pfendner et al., 2005; Pulkkinen and
Uitto, 1999). Plakins are also important in the development and survival of neurons. In flies
and mice, mutations in genes encoding plakins can cause defects in axonal outgrowth and
sensory motor neuronal degeneration (Guo et al., 1995; Lee et al., 2000; Leung et al., 2002).
In addition to their cytoskeletal crosslinking function, certain members of the plakin family
act as scaffold proteins that recruit signaling proteins to sites of cytoskeletal activity (Chen et

al., 2006; Gregor et al., 2006; Lunter and Wiche, 2002; Osmanagic-Myers and Wiche, 2004).

Plectin - the optimally designed cytoskeletal linker protein

Structure and function of plectin

Plectin was first identified as a major component of IF preparations obtained from rat
glioma C6 cells (Pytela and Wiche, 1980) and was subsequently found to be abundantly
expressed in a wide variety of mammalian tissues and cells types. In fact, plectin was found
to be expressed in almost every mammalian cell type examined (Wiche, 1989), with the
exception of certain neurons (Errante et al., 1994). Plectin is prominently expressed along the
basal cell surface membranes of stratified epithelia, at Z-lines of striated muscle, dense
plaques of smooth muscle, and intercalated discs of cardiac muscle (Wiche, 1998; Wiche et
al., 1984). Furthermore, plectin is expressed in cells of tissue layers located at the interface
between tissues and fluid-filled cavities, such as the surfaces of kidney glomeruli, liver bile
canaliculi, gut villi, bladder urothelium, ependymal layers lining the cavities of brain and
spinal cord, and vascular endothelial cells (Errante et al., 1994; Wiche et al., 1983; Yaoita et
al., 1996). Depending on the cell type examined, plectin is expressed throughout the
cytoplasm colocalizing with IFs, MTs, and actin stress fibers, and accumulates at focal
adhesion contacts (Seifert et al., 1992), and at membrane attachment sites of IFs or in
peripheral regions at cellular junctions (Foisner et al., 1994; Seifert et al., 1992; Svitkina et

al., 1996; Wiche et al., 1983; Wiche et al., 1984). Secondary structure predictions based on
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c¢DNA and deduced amino acid sequences (Fuchs et al., 1999; Wiche et al., 1991) as well as
electron microscopy of purified plectin molecules (Foisner and Wiche, 1987; Liu et al., 1996)
revealed a multidomain structure consistent with the three domain structural model
characteristic for most cytoskeletal linker proteins. A 200 nm-long o-helical coiled-coil rod

domain is flanked by globular N- and C-terminal domains (Fig. 6), giving the protein a

dumbbell-like shape (Foisner and Wiche, 1987; Wiche, 1998).
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Figure 6. Domain map of plectin. The tripartite structure of plectin molecules comprises a central
rod flanked by globular amino-terminal (GN) and carboxy-terminal (GC) domains. The GC domain
consists of 6 highly homologous repeat regions. Defined subdomains for binding to actin (ABD) and
IFs (IFBD) (vimentin/desmin/GFAP/cytokeratins) are indicated. Defined binding sites for known
plectin binding partners are indicated with black bars. (Modified from (Wiche, 1998)).

The N-terminal domain of plectin contains a highly conserved ABD, consisting of a
pair of calponin-homology (CH) subdomains (Goldsmith et al., 1997), which are found in
many plakin protein family members (Elliott et al., 1997; Fuchs et al., 1999). Overlapping
with the ABD is the major binding site for integrin B4 (Geerts et al., 1999; Rezniczek et al.,
1998). Moreover, a binding site for vimentin residing within the CH1 subdomain of the ABD
has been recently revealed (Sevcik et al., 2004). Additionally, the ABD serves also as a
binding site for the outer nuclear membrane protein Nesprin 3 (Wilhelmsen et al., 2005). A
binding site for the nonreceptor tyrosine kinase Fer has been identified in the N-terminal
region of plectin downstream of the ABD (Lunter and Wiche, 2002).

The 200 nm-long o-helical coiled-coil rod domain is most likely involved in forming

parallel dimers. The long rod domain appears to be ideally suited for plectin to function as a
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molecular spacer between different cytoskeletal filament networks and to connect binding
partners over relatively long distances (Foisner and Wiche, 1987; Weitzer and Wiche, 1987).

The C-terminal domain consists of six highly homologous repeats and a short tail
region. All six repeats contain a core region comprising multiple copies of a tandemly
repeated 19 amino acid motif (Wiche et al., 1991). The IF-binding site of plectin has been
mapped to a stretch of about 50 amino acid residues between repeats 5 and 6 (Nikolic et al.,
1996). Vimentin, cytokeratins, desmin (Nikolic et al., 1996; Reipert et al., 1999), and GFAP
(Tian et al., 2006) were found to bind to this site. Other interaction partners at this site are the
signaling proteins RACK1 (Osmanagic-Myers and Wiche, 2004) and AMPK (Gregor et al.,
2006). Located not far from the IF-binding site is a unique site (threonine 4542) in plectin’s
repeat 6, which is phosphorylated by CDK1 during the M-phase of the cell cycle (Foisner et
al., 1996; Malecz et al., 1996). Furthermore, a second binding site for integrin 34 has been
mapped within this domain (Rezniczek et al., 1998).

Several other interaction partners of plectin have been identified, but so far their
binding sites on the plectin molecule are unknown. This diverse group of proteins includes
several other types of IF subunit proteins, including neurofilament proteins 210/160/70, as
well as microtubule-associated proteins 1 and 2 (MAP1, MAP2), the desmosomal protein
desmoplakin, and the membrane skeleton proteins fodrin/a-spectrin (Wiche, 1998). Plectin’s
manifold molecular interactions and strategic cellular localization clearly confirmed the
concept that plectin stabilizes cells mechanically by acting as a versatile linker and
scaffolding protein of the cytoskeleton in different cell types (Wiche, 1998). (Fig. 7).

The molecular characterization of the human plectin gene revealed a coding sequence
containing >40 exons and spanning over 32 kb of the human genome. The gene was mapped
to the telomeric region of the long arm of chromosome 8 (q24) (Liu et al., 1996; McLean et
al., 1996). In humans, eight different first coding exons (1, 1a, 1b, 1¢) have been identified
(Zhang et al., 2004). These first exons show high sequence homology to the first coding
exons reported for the rat plectin gene (Elliott et al., 1997). Investigation of the murine plectin
gene also revealed a remarkable complexity of the N-terminal region. In total, 16 alternatively
spliced exons were identified, 11 (1-1j) of them directly splicing into exon 2, which is the
first exon encoding the highly conserved ABD (Fuchs et al., 1999). Three of the exons are
non-coding and splice into exon lc, and two additional exons (2o and 3a) are optionally

spliced within the exons 2-8 encoding the ABD (Fuchs et al., 1999).
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Figure 7. Model outlining plectin’s role in cytoarchitecture organization and stabilization in
fibroblasts (left panel) and epithelial cells (right panel). Plectin molecules are depicted as linkers
between IFs (vimentin, cytokeratins) and various cytoskeletal structures, including other filament
networks (MTs, actin stress fibers, peripheral actin filaments), the subplasma membrane protein
skeleton (spectrin/fodrin), specialized transmembrane complexes (focal adhesion contacts,
hemidesmosomes, desmosomes), and the nuclear lamina. Constituent proteins of plectin associated
structures that have been shown to specifically bind to plectin on the molecular level are indicated

(modified from (Wiche, 1998)).

In addition, plectin splice variants lacking exon 31 which encodes for the entire rod
domain of the molecule, were identified in a variety of tissues, including skin, brain and
muscle (Elliott et al., 1997). Importantly, rodless plectin protein was found to be expressed in

cultured keratinocytes (Koster et al., 2004).

Plectin and disease

Based on plectin’s prominence at plasma membrane-located junctional complexes, in
particular HDs of basal keratinocytes, an involvement of plectin in bullous skin diseases has
long been anticipated (Wiche, 1998; Wiche et al., 1984). It took over a decade, however, until
a connection between defects in plectin expression and human disease was first demonstrated.
In 1996, it was reported for the first time that patients suffering from epidermolysis bullosa

simplex (EBS)-combined with late onset of muscular dystrophy (MD), an autosomal
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recessive skin blistering disease, lack expression of plectin due to a homozygous mutation
within the plectin gene (Chavanas et al., 1996; Gache et al., 1996; McLean et al., 1996;
Pulkkinen et al., 1996; Smith et al., 1996). By the end of year 2005, 29 different mutations in
the plectin gene leading to EBS-MD had been mapped, with 20 of them residing in the exon
encoding the rod domain (Pfendner et al., 2005). These mutations are, in general, nonsense
mutations or out-of-frame insertions or deletions (Pfendner et al., 2005) (Fig. 8). Thus, they
result in premature termination codons, predicting truncated polypeptides and downregulation
of the corresponding mRNA through nonsense mediated mRNA decay (Baker and Condon,
2004).

More recently, plectin mutations have been found to be also the reason for another
variant of EBS, EBS-PA (pyloric atresia), which manifests with severe neonatal blistering
associated with gastric abnormalities, primarily pyloric or duodenal atresia (Pfendner and
Uitto, 2005). Extreme skin fragility at birth together with gastric abnormalities frequently
leads to early postnatal demise of the affected children. Until now, eight mutations within the
plectin gene leading to this new lethal variant of EBS have been mapped (Pfendner et al.,

2005) (Fig. 8).
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Figure 8. Plectin mutations in EBS-MD and EB-PA. Schematic representation of the modular
structure of plectin corresponding to the domains shown at the bottom of the figure. Arrows indicate
published mutations as well as unpublished ones identified by the DebRA Molecular Diagnostics
Laboratory (Philadelphia, USA). Those identified in families with EBS-MD are shown below the
schematic structure of plectin. The positions of mutations in patients with EBS-PA are shown above.
Note the specific R2110W mutation associated with EBS of the Ogna type (blue). (Adapted from
(Pfendner et al., 2005)).
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Plectin mutations in EB-PA were shown to reside outside of exon 31, and will thus not
be compensated by rodless plectin (Pfendner et al., 2005). Some EB-PA associated plectin
mutations located in the N-terminus of the protein might even lead to complete plectin
deficiency (Charlesworth et al., 2003).

Both EBS-MD and EBS-PA caused by plectin mutations are inherited in an autosomal
recessive fashion. In addition, an autosomal dominant form, designated as EBS-Ogna, has
been shown to result from a mutation in the plectin gene (Koss-Harnes et al., 1997). The
EBS-Ogna phenotype results from a single site-specific missense mutation in exon 31, at the
end of the coiled-coil rod domain of plectin (Koss-Harnes et al., 1997). Patients suffering
from EBS-Ogna show abnormalities in plectin expression in basal keratinocytes and defective
HDs at the ultrastructural level in the skin. However, they do not develop any muscular
pathology and there is no evidence of PA (Koss-Harnes et al., 2001; Koss-Harnes et al.,
1997).

Plectin deficiency in mice

To define plectin’s role in tissue development and integrity and also to investigate its
relation to EBS-MD, plectin-deficient mice were generated (Andri et al., 1997). Homozygous
plectin-deficient mice die two to three days after birth exhibiting severe skin blistering,
especially at the fore- and hindlimbs (Andri et al., 1997). In addition, these mice revealed
abnormalities reminiscent of minicore myopathies in skeletal muscle and disintegration of
intercalated discs in the heart (Andri et al., 1997). The early death of plectin knockout mice
previously has not been fully resolved. It was believed that the animals die due to loss of
body fluid as a consequence of skin blistering, combined with malfunction of the heart and/or
vasculature (Andri et al., 1997).

The establishment of plectin (-/-) cell cultures from plectin-null mice has yielded new
insights into plectin’s functions (reviewed in Wiche, 1998). Plectin (-/-) keratinocytes formed
fewer hemidesmosome-like clusters in culture (Andrd et al., 2003) correlating with the
reduced HD number in plectin-null mice (André et al., 1997). Cultivated plectin (-/-) dermal
fibroblasts displayed a dramatic increase in the number of actin stress fibers and focal
adhesion contacts (Andri et al., 1998). This phenomenon was noticeable within a short period
(2 hours) after seeding the cells. Moreover, in contrast to control cells, actin stress fibers were

insensitive to extracellular stimuli activating Rho, Rac, and Cdc42 GTPase signaling cascades
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which control actin stress fiber (Rho), lamellipodia (Rac), and filopodia (Cdc42) formation
(Andrd et al., 1998; Wiche, 1998). In addition, plectin-deficient fibroblasts showed a
diminished migratory activity in an in vitro wound healing assay (Andri et al., 1998; Wiche,
1998). These observations strongly support the idea that plectin not only provides cells with
mechanical strength, but also plays an essential role as regulator of cellular processes linked

to actin filament dynamics (Wiche, 1998).

Molecular cell biology of the skin

Histology of the epidermis

The skin is composed of two distinct tissue layers. The dermis (forming the bulk of
skin) is made up of ECM molecules, such as collagen, elastin, glycosaminoglycans, as well as
fibroblasts that form and construct the ECM (Menon, 2002). The dermis is a highly vascular
tissue, and also includes the philosebaceous units, sweat glands, dermal adipose cells, mast
cell, and infiltrating leucocytes (Kiihnel, 2002). The overlying avascular epidermis is
composed of a multilayer of cells known as keratinocytes, so called because they synthesize
intermediate filament proteins called keratins (Menon, 2002). About 95% of the epidermal
layer is built up of keratinocytes, and the rest are melanocytes, Langerhans cells, and Merkel
cells (mechanoreceptors) (Menon, 2002). The stratified epidermis is built up of four distinct
layers (Menon, 2002): the stratum basale (SB), stratum spinosum (SS), stratum granulosum

(SG), and stratum corneum (SC).

Epidermal homeostasis

The epidermis provides a physical and permeability barrier, which is essential for
mammalian survival as an adaptation to terrestrial life (Candi et al., 2005). This barrier
against the environment — which keeps harmful microorganisms out in order to protect
against infection and retains vital body fluids in order to prevent dehydration — is provided,
and continuously regenerated, by terminally differentiating keratinocytes (Fuchs and

Raghavan, 2002). This process is known as cornification and is highly organized in space and
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time (Candi et al., 2005). Epidermal differentiation begins with the migration of keratinocytes
from the mitotically active basal layer (stratum basale) into the spinous layer (stratum
spinosum), continues with movement of the cells through the granular layer (stratum
granulosum), where the cornified envelope is formed, and ends with the formation of the
cornified layer (also known as the stratum corneum), which represents the uppermost layer of
the skin (Candi et al., 2005; Kalinin et al., 2002; Michel et al., 1988). Keratinocyte
proliferation, differentiation and apoptosis occur sequentially, and each process is
characterized by the expression of a specific set of proteins (Fig. 9) (Candi et al., 2005). In
normal epidermis, the proliferation rate is precisely balanced by desquamation of the
cornified layer at the skin surface (Candi et al., 2005). This epidermal homeostasis constantly
rejuvenates the epidermis (Candi et al., 2005).

Keratins K5 and K14 are the major structural proteins in basal keratinocytes. The
K5/K14 network, in cooperation with MTs and MFs, forms the cytoskeleton of the
keratinocyte cell (Candi et al., 2005) (Fig. 3). Triggered by yet poorly understood
mechanisms, certain basal keratinocytes migrate from the basal cell layer into the spinous
layers, loose their mitotic activity, and begin to synthesize a new set of structural proteins and

enzymes that are characteristic of cornification (Candi et al., 2005).
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Figure 9. Terminal differentiation in the epidermis. Shown are the proteins that are expressed in
particular locations in the epidermis during skin differentiation. Cornification occurs in the supra-basal
layers, to form a cornified envelope (see insert). At the molecular level, the cornified envelope is
formed by proteins that are highly crosslinked by transglutaminases, with specific lipids on the
outside, to guarantee specific physical properties. BPAG, bullous pemphigoid antigen; SPR, small

proline-rich proteins; TG, transglutaminase. (Modified from (Candi et al., 2005)).
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Keratins K1 and K10 are among the first proteins to be expressed during cornification
and replace the pre-existing K5 and K14 IF network (Candi et al., 2005). At a more advanced
stage of differentiation, the cells acquire keratohyalin granules, which contain profilaggrin -
the precursor of the keratin filament bundling protein filaggrin (Candi et al., 2005). Filaggrin
aggregates and aligns the keratin filaments into tight bundles, which promotes the collapse of
the cell into a flattened shape - a characteristic of the corneocytes in the cornified layer
(Candi et al., 2005).

Keratin filament bundles and filaggrin together form a scaffold for the subsequent
maturation and reinforcement steps of cornified-envelope assembly (Candi et al., 2005).
Concomitantly, a number of other structural proteins, including involucrin, loricrin,
trichohyalin and the class of small proline-rich proteins, are synthesized and subsequently
become crosslinked by several transglutaminase enzymes to reinforce the cornified envelope
beneath the plasma membrane (Candi et al., 2005; Steinert and Marekov, 1995). Besides the
cornified envelope proteins, a complex mixture of lipids are synthesized and secreted into the
intercellular spaces of the cornified envelope, some of which become covalently attached to

cornified envelope proteins, and most of which form intracellular lamellae that help complete

the barrier (Candi et al., 2005).

Desmosomes

Desmosomes are specialized intercellular junctions that mediate strong cell-cell
adhesion in epithelial tissues, cardiac muscle and lymph nodes (Green and Gaudry, 2000).
They are highly symmetrical plasma membrane multiprotein complexes that are associated
with IFs (Kottke et al., 2006). The core region of the desmosome, including the intercellular
space, is a region of tight cell-cell interaction (Kottke et al., 2006; Kowalczyk et al., 1999;
Kremer et al., 2005; Ku and Omary, 2000; Kiihnel, 2002; Kulesz-Martin et al., 1983)
(Fig. 10). Intercellular adhesion is mediated by the transmembrane proteins desmoglein and
desmocollin, two members of the cadherin protein family (Garrod et al., 2002). The
cytoplasmic plaque couples these adhesive interactions to the IF network (Kottke et al., 2006)
(Fig. 10). Located within the desmosomal cytoplasmic plaque are plakoglobin and
plakophilin, both members of the armadillo protein family (Hatzfeld, 2007; Hatzfeld et al.,
2000), and desmoplakin, a member of the plakin family (Yin and Green, 2004) which
provides anchorage to IFs (Fig. 10). Plakoglobin interacts with desmoplakin and thereby links
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the cadherin tails to the IF network (Yin and Green, 2004). Additionally, plakophilins bind
tightly to desmoplakin and probably play a role in the clustering of desmosomal components
into densly packed structures (Kottke et al., 2006; Kowalczyk et al., 1999). Plectin was also
localized to desmosomes (Eger et al., 1997; Skalli et al., 1994) but appears to play only an
auxiliary role. During terminal differentiation of keratinocytes, desmosomes are reinforced by
association of envoplakin (Ruhrberg et al., 1996), periplakin (DiColandrea et al., 2000) and
corneodesmosin (Montezin et al., 1997), which later become crosslinked to the desmosomal
complex by transglutaminase activity in order to form the corneodesmosomes of cornified
layer (Steinert and Marekov, 1995). Autosomal dominant and negative mutations have been
identified in several components of desmosomes, including desmoglein (Hunt et al., 2001),
plakoglobin (McKoy et al., 2000), plakophilin (McGrath et al., 1997) and desmoplakin (Lai
Cheong et al., 2005). Clinically, some of these mutations result in skin blistering with loss of
desmosome adhesion in the epidermis (McGrath et al., 1997; Whittock et al., 2002).
However, several inherited desmosome disorders have other features, such as alopecia,

woolly hair or keratoderma (McKoy et al., 2000; Norgett et al., 2000).

e i oo S Figure 10. Ultrastructure and molecular model of a
— desmosome. Shown on top is an electron micrograph of a
- desmosome, showing the typical organization with the
core region filling the intracellular space, and the plaque
region with attached keratin intermediate filaments (KIFs).
Depicted below is the relative organization of major
desmosomal  proteins. Dsg, Desmoglein. Dsc,

Desmocollin. (Adapted from (Kottke et al., 2006)).
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Hemidesmosomes

HDs are highly specialized membrane-located multiprotein adhesion complexes that

promote epithelial stromal attachment in stratified and complex epithelia (Litjens et al.,
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2006). In skin, the hemidesmosomal protein complex provides stable adhesion of the
epidermis to the underlying dermis and ensures resistance to mechanical stress when applied
to the skin (Litjens et al., 2006). Skin HDs contain three transmembrane proteins, the integrin
a6P4 heterodimer and the type XVII collagen BP180 (BPAG?2), two plakin family members,
plectin and BP230 (BPAGI), and the tetraspanin CD151 (Borradori and Sonnenberg, 1999;
Jones et al., 1998) (Fig. 11). Integrin a6B4 connects the basal keratinocytes to a major
component of the basement membrane, laminin-5 [now referred to as laminin-322 (Aumailley
et al., 2005)], whereas the cytoplasmic proteins plectin and BP230 connect HDs to keratin
filaments (Litjens et al., 2006) (Fig. 11).
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Figure 11. Components and structure of HDs. (A) A schematic drawing of the HD, showing its six
components [integrin a6p4 heterodimer (violet/light blue), CD151 (blue), BP180 (dark blue), BP230
(green) and plectin (orange)] together with the integrin ligand laminin-332 and intracellular
intermediate filament partners K5 and K14 (IF). (B) An electron micrograph of several HDs at the
basal surface of basal keratinocytes in the epidermis. (C) An enlargement of the indicated area in the
panel B. Abbreviations: BM, basement membrane; CH, calponin homology domain; HD,
hemidesmosome; IP, inner plaque; LD, lamina densa; LL, lamina lucida; OP, outer plaque (Modified

from (Litjens et al., 2006)).
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Stable attachment of basal keratinocytes to the basement membrane through HDs is of
fundamental importance for the maintainance of skin integrity (Litjens et al., 2006). Inherited
or acquired diseases in which either of the hemidesmosomal components are affected lead to
a variety of skin blistering disorders (Litjens et al., 2006; Pfendner et al., 2005; Pulkkinen and
Uitto, 1999; Zillikens, 1999). In cultured keratinocytes, HD formation is driven both from
within the cell through an interaction of the cytoplasmic domain of integrin 34 with plectin
and from outside the cell through binding of integrin a6B4 to laminin-322 (Geuijen and
Sonnenberg, 2002; Goldfinger et al., 1999; Sadowski et al., 2005).

Skin wound healing

Skin wound healing represents a complex, highly dynamic and well-ordered biological
process (Martin, 1997). Tissue injury initially causes disruption of vascular vessels and
subsequent extravasation. A temporary fibrin clot is then formed to reestablish tissue
homeostasis and epidermal barrier function, and to provide a transient adhesive substrate for
platelets that secrete growth factors, cytokines and ECM (Santoro and Gaudino, 2005). These
mediators of the inflammation response recruit macrophages and neutrophils that
subsequently secrete a battery of specific factors to the site of injury, orchestrating the
following phase of tissue reepithelization (Eming et al., 2007; Santoro and Gaudino, 2005).
Reepithelization is defined as the resurfacing of a wound with new epithelium and consists of
both migration and proliferation of keratinocytes at the periphery of the wound (Santoro and
Gaudino, 2005).

During reepithelization, migrating keratinocytes proximal to the wound margin
undergo many subcellular modifications including (i) disassembly of HDs, (ii) retraction of
keratin IFs, (iii) dissolution of most desmosomes, and (iv) formation of lamellipodia and focal
contacts (Santoro and Gaudino, 2005). As epidermal migration moves on, keratinocytes at the
wound margin begin to strongly proliferate behind the actively migrating cells (Santoro and
Gaudino, 2005). The resulting dense hyperproliferative epithelium then serves to feed the
migrating keratinocyte sheets at the wound margins (Santoro and Gaudino, 2005; Werner and

Grose, 2003).
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Molecular events regulating keratinocyte migration

In intact skin, keratinocytes are assembled in a quiescent epidermal tissue, tied up by
cell-cell and cell-matrix junctions (Santoro and Gaudino, 2005). Injury to the skin causes the
transition of quiescent keratinocytes adherent to laminin-322 into migrating cells on the
newly formed provisional matrix containing fibrin, fibronectin, collagen I and III, and
vitronectin (Litjens et al., 2006; O'Toole, 2001). Concomitantly, various growth factors and
cytokines are secreted to orchestrate healing of the wound (Eming et al., 2007).
Consequently, stable adhesion of keratinocytes to the basement membrane by integrin o634
is lost, as HDs are disassembled, and integrin a6f4 is redistributed from HDs to lamellipodia
(Litjens et al., 2006; Lotz et al., 2000; Santoro et al., 2003). This mobilization is mediated by
PKC-mediated serine/threonine phosphorylation of integrin 34 (Alt et al., 2004; Rabinovitz et
al., 2004; Santoro et al., 2003; Wilhelmsen et al., 2007). In response to reepithelization, the
expression of integrin o231 and integrin o331, which are normally mostly restricted to the
lateral membranes of basal keratinocytes, becomes extended throughout the entire epidermis
and their concentration at the basal membrane increases (Santoro and Gaudino, 2005; Werner
and Grose, 2003). Moreover, the expression of the fibronectin-binding integrins a5f1 and
avP1, and the vitronectin-binding integrins a5 and avP6 is also upregulated (Hakkinen et
al., 2000; Santoro and Gaudino, 2005). Initially, keratinocytes attach to collagen I in the
wound bed through focal adhesions and intergin o2f1, which activates the GTPase RhoA
(Nguyen et al., 2000a; Nguyen et al., 2001; Nguyen et al., 2000b). After binding to newly
deposited laminin-322 by integrins a6PB4 and a3P1, keratinocytes then switch to the T
lymphoma invasion and metastasis (TIAMI1)-Racl signalling pathway to promote
lamellipodia formation and directional migration (Choma et al., 2007; Choma et al., 2004;
Frank and Carter, 2004; Hamelers et al., 2005; Litjens et al., 2006). Additionally, a plethora
of other signaling proteins/cascades such as PKCJ, c-Src, PI3K and the mitogen-activated
protein kinase (MAPK) cascades are also involved in mediating keratinocyte migration
(Fitsialos et al., 2007; Li et al., 2004; Li et al., 2002b; Pankow et al., 2006; Yamada et al.,

2000), and together control gene expression and cytoskeleton remodeling.
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The contribution of 0634 integrin to the development of squamous cell

carcinoma

Skin cancer can be divided into two broad categories, melanoma and nonmelanoma
skin cancer (NMSC). The two most common forms of NMSC are basal cell carcinoma (BCC)
and squamous cell carcinoma (SCC) (Chakrabarty and Geisse, 2004), both originating from
epidermal keratinocytes. Expression of integrin a6B4 is noticeably increased in the highly
metastatic SCC, but not in the relatively non-metastatic BCC (Rossen et al., 1994). Laminin-
322 and integrin a6PB4 have both been shown to cooperate with Ras and inhibitor of
kBa ( IkBa) to induce primary human epidermal keratinocytes to form SCCs in immune-
deficient mice (Dajee et al., 2003). In this tumor model, antibodies directed against laminin-
322 and integrin a6B4 inhibited tumor formation, and laminin-322- or integrin B4-null
keratinocytes isolated from patients with epidermolysis bullosa failed to form tumors upon
transduction with Ras and IkBa. In a related study, targeted overexpression of integrin o634
in the suprabasal layers of the epidermis of transgenic mice significantly increased the
frequency of papillomas, carcinomas and metastases induced by chemical carcinogenesis
(Owens et al., 2003). One important mechanism by which integrin a6p4 functions to promote
formation of SCC is by cooperating with the epidermal growth-factor receptor (EGFR)
(Mariotti et al., 2001) and other receptor tyrosine kinases such as RON (Santoro et al., 2003)
and MET (Trusolino et al., 2001). The tumor promoting function of a6f4 is correlated with
release of the integrin from its mechanical, adhesive role at HDs to HD-independent, and to
some extend, ligand-independent, signaling functions (Janes and Watt, 2006; Mariotti et al.,

2001; Owens et al., 2003; Rabinovitz et al., 1999; Santoro et al., 2003; Trusolino et al., 2001).

Generation of conditional knockout mice by Cre-

mediated recombination

Strategies for conditional gene targeting have been developed in mice based on the
Cre/loxP recombination system (Gu et al., 1994; Misra and Duncan, 2002; Sauer and

Henderson, 1989). Cre (cyclization recombination) is a site-specific DNA recombinase of the
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Int family (Argos et al., 1986), that was identified in the bacteriophage P1 (Sternberg et al.,
1986). Cre recognizes a 34 bp-long sequence called loxP (locus of X-over of P1) and
efficiently catalyzes reciprocal conservative DNA recombination between pairs of [oxP sites
(Hoess et al., 1990), leading to excision of the stretch of DNA between them as a covalently
closed circle which will ultimately be degraded. LoxP sites are sufficiently large, so that these
sequences are not expected to naturally occur in the mammalian genome (Sauer, 1996).
Furthermore, no accessory host factor or a certain DNA topology is required for efficient Cre-
mediated recombination (Grindley et al., 2006). These key features make the Cre/loxP system
ideally suitable for genomic manipulation in eukaryotic cells.

The strategy for generating a spatially or temporally controlled conditional mutation is
to modify the target gene by homologous recombination in ES cells so that it is flanked by
loxP sites (Sauer, 1998). Mice with such a modified gene are then crossed with mice
expressing Cre in the desired target tissue (Sauer, 1996). Subsequent Cre-mediated DNA
excision results in tissue-specific gene ablation. Recombinational eradication of a certain
gene of interest can thus be targeted to a particular tissue, by simply controlling Cre
expression (Sauer, 1998).

A particularly powerful feature of the conditional gene inactivation strategy using Cre is
that the same loxP-tagged mouse can be used for gene ablation in a large number of different
tissues, or at different developmental times, by simply mating it with a corresponding Cre
transgenic that displays the desired tissue or temporal specificity of Cre expression (Muller
and Keck, 2002). Thus, the same genetically modified animal can be used to answer a variety
of different questions relating to the expression and function of the target gene in different
tisues (Muller and Keck, 2002).

Further development of the system has yielded the exciting possibility of spatial and
temporal control of the recombination event (Leone et al., 2003). This was achieved by fusing
the mutated ligand-binding domain of either the progesterone receptor (Kellendonk et al.,
1999) or the estrogen receptor to the Cre recombinase (Feil et al., 1996; Metzger et al., 1995;
Schwenk et al., 1998). In the latter case, the mutation in the estrogen receptor prevents
binding to its natural ligand B estradiol, but allows binding of the synthetic ligands tamoxifen
and 4-hydroxy-tamoxifen (OHT) and subsequent activation of the recombinase. In the
absence of the ligand, the fusion protein Cre-ER is restricted to the cytoplasm by the bound
heatshock protein HSP90 and is thus inhibited from entering the nucleus. Upon

administration of OHT (or tamoxifen, which is converted to OHT in the liver), it binds to the
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ER domain, causing HSP90 to dissociate from the complex and allowing Cre-ER to
translocatw into the nucleus, where it mediates recombination between the loxP sites. The
inducible Cre-ER system has been refined to optimize its performance and was successfully
used in cultured keratinocytes and in developing and adult mice (Brocard et al., 1997;
Danielian et al., 1998; Feil et al., 1997; Indra et al., 1999; McLean et al., 2004; Metzger and
Chambon, 2001; Stratis et al., 2006; Vasioukhin et al., 1999; Vooijs et al., 2001).
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AIM OF THESIS

Plectin is an extremely versatile cytoskeletal linker, serving essential functions in
maintaining the integrity of skin, muscle, and heart cytoarchitecture (Andrd et al., 1997).
Plectin-deficient mice die 1-3 days after birth exhibiting skin blistering caused by disruption
of basal keratinocytes, as well as myopathies in skeletal muscle and disintegration of
intercalated disks in the heart (Andrd et al., 1997). The early lethality of plectin-null mice
precluded the analysis of possible plectin functions at later stages of postnatal development
and maturation of mice. To circumvent this problem, mice with floxed plectin alleles,
rendering the plectin locus susceptible to conditional elimination by Cre recombinase, have
been generated in our lab (Ackerl et al., 2007). Such mice should provide an answer to the
still unsolved question whether the early death of plectin-null mice is indeed due to skin
blistering and fluid loss, or possibly due to malfunctions of the heart and the vascular
endothelial system.

In the first part of my thesis, I was going to characterize the phenotype of a mouse line
showing a complete knockout of plectin restricted to keratin 5-expressing epithelia. However,
since mice with plectin-deficiency in the skin might also die within a few days after birth and
therefore will not allow for the analysis of plectin function in skin at later stages in lifetime,
additionally an inducible mouse model, where plectin expression can be knocked out in the
epidermis at the adult stage of the animal had to be generated. The analysis of these mice
should provide deeper insights into the pathology of plectin-linked EBS.

The important question of whether plectin affects IF network cytoarchitecture and its
dynamics had previously not been addressed, except for a study showing that a recombinant
fragment containing plectin’s C-terminal IF-binding site inhibits IF formation in vitro in a
dose-dependent manner (Steinbock et al., 2000). Therefore, in the second part of this thesis
the aim was to investigate the role of plectin in the organization of keratin network
cytoarchitecture and migration of cultured keratinocytes.

In the third part of my thesis, a number of questions related to the interaction of plectin
with MTs on mechanistic and functional levels should be addressed: Is plectin-MT binding
Isoform-specific? Does plectin bind directly or indirectly to MTs? Does the absence of
plectin, especially of isoform Ic, affect the rearrangement of MTs during stratification of

keratinocytes?
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Finally, to learn more about the mechanisms leading to impaired migration of plectin-
deficient fibroblasts (Andrd et al., 1998), in the fourth part of this thesis, the correlation

between RACKI1/PKCS signaling and cell migration should be investigated in plectin-
deficient and wild-type fibroblast cell lines.
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RESULTS

This section will be organized as outlined in Aim of Thesis. The first chapter will deal
with the phenotypic characterization of mouse lines with a conditional knockout of plectin in
stratified epithelia. The second chapter will define plectin’s role in regulating keratin filament
network cytoarchitecture and migration of keratinocytes and in chapter three, some light will
be shed on the molecular nature of the association of plectin isoform 1c¢ with MTs. Finally,
chapter four will give some insight into mechanisms slowing down migration of plectin-

deficient fibroblasts.

PART | - The conditional knockout of plectin in
stratified epithelia

It has previously been shown that plectin gene inactivation in the mouse germ line
results in postnatal death, with pups showing severe skin blistering as well as muscular
dystrophy (Andrid et al., 1997). To assess whether blistering of the epidermis, or of other
stratified epithelia, was causing the animals death, a gene-targeting approach was used to
create mice with a constitutive knockout of plectin in stratified epithelia, but not in other

types of tissues.

Generation of mice with a conditional deletion of plectin in stratified

epithelia

All the mouse lines used in this thesis were generated by R. Ackerl and some of the data
discussed in part 1 of this thesis have been generated in close collaboration with R. Ackerl.
Therefore, I will restrict the presentation of data to those that were genuinely generated from
my part, while the rest will be just discussed. A detailed description of the conditional

knockout strategy can be found in (Ackerl et al., 2007).
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Inactivation of the plectin gene in mouse skin leads to severe skin fragility

To inactivate plectin in the skin, Plec™* mice carrying two floxed plectin alleles (see
supplementary Fig. S1 in manuscript copy 1 included as Appendix) were crossed with
transgenic mice expressing the Cre-recombinase under the control of the K5 promoter
(Tarutani et al., 1997). Plec™:K5-Cre mice thus generated will be referred to as K5-Cre KO.
They were born at the expected mendelian ratios and died 1-3 days after birth. They showed
severe skin detachment, especially at fore- and hindlimbs (Fig. 12A,B), and in some cases
around the mouth and nasal cavities; rarely, aplasia cutis of the forelimbs was also noted (not

shown).

PN

Figure 12. Phenotypic analysis of K5-Cre KO mice. (A) 2-days-old K5-Cre KO pup showing severe
skin detachment on its forelimbs (arrows). (B) H/E staining of K5-Cre KO paw section, showing
detachment of toe epidermis (asterisks) together with nail bed and nail. (C) 2-days-old K5-Cre KO
pup displaying a huge fluid filled blister in the hind armpit. (D-F) H/E stainings of K5-Cre KO skin,

showing epidermal detachment (asterisks) at the level of the basal keratinocyte layer.

The extent of phenotypic alterations exhibited before death varied among knockout

mice. Most common was skin detachment at forepaws (Fig. 12A,B), but also large blisters
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reaching the size of up to one square centimetre were found at the upper extremities and in
the armpits (Fig. 12C). Sometimes blisters were torn open. A histological tissue examination
revealed blister formation between the dermis and the superficial epidermal layers (Fig. 12D).
Furthermore, macroscopically non-visible microblisters were revealed in K5-Cre KO skin
(Fig. 12E,F). Plec™"* mice lacking the K5-Cre transgene, Plec™™ mice (carrying one
floxed and one wild-type allele), and Plec*’*:K5-Cre mice (carrying two wild-type alleles and
the K5-Cre transgene) did not show any pathological skin phenotype. Thus, Plec ™% mice
lacking the K5-Cre transgene were used - and will be referred to - as (wild-type) controls. By
the type of skin disorder, reduced bodyweight (see below), and postnatal death, K5-Cre KO
mice were indistinguishable from plectin-null (Plec'/ ) mice (Andri et al., 1997).

To detect small localized breaches in skin barrier I performed dye penetration assays
with 1-day old littermates. In contrast to control mice (Fig. 13A), K5-Cre KO pubs showed
numerous dark spots, especially on their heads and forelegs (Fig. 13B,C), indicating localized
loss of barrier function. Measurements of transepidermal water loss (TEWL), to detect
increased fluid loss through lesions, revealed a ~3.5-fold increased TEWL value compared to
intact skin (Fig. 14). However, no differences in TEWL values were observed between intact
skin of K5-Cre KO and control pubs demonstrating the absence of intrinsic barrier defects in
K5-Cre KO mice. A histological examination of stained spots revealed microlesions at
various stages of wound healing (Fig. 13D,E). Most lesions had a histological appearance as
shown in Fig. 13D, with a thick, acanthotic and weakly differentiated new epidermis having
formed under a crust that was still covered with the old (dead) epidermis. In some lesions, a
thin, multilayered sheet of keratinocytes could be seen under the crust, indicating ongoing
reepithelialization (Fig. 13E). To test, whether such lesions could be induced by trauma, I
applied mild mechanical stress in the form of consecutive tape strippings with D-squame
disks, (a procedure normally used to sequentially remove stratum corneum layers), to the
back skin of newborn K5-Cre KO and control mice, followed by dye penetration assays.
Indeed, I found small blue-stained spots in 10-times stripped K5-Cre KO (Fig. 13G), but not
in control skin (Fig. 13F). Histological examination of stripped K5-Cre KO skin areas showed
that stripping had induced basal keratinocyte cytolysis (Fig. 13H). Moreover, a few tape
strippings were often enough to induce the formation of a large blister (Fig. 13I). When
stronger adhesive tape (Tesa 3M) was used, one stripping was sufficient to remove the entire
epidermis of the stripped area (not shown). Together, these data demonstrated an extreme

fragility of K5-Cre KO epidermis.
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A

Figure 13. Skin barrier analysis. (A-C) Toluidine blue dye penetration assay. Note localized
breaches in skin barrier of K5-Cre KO pups allowing penetration of dye. Toluidine blue does not
penetrate intact fluid filled blisters (arrow in C). (D, E) Representative H/E stainings of toluidine blue
stained spots, revealing microlesions. In (D), note newly formed acanthotic epidermis under a crust
(asterisk) that is covered by pieces of the old (dead) epidermis (arrowheads). The insert in (D) shows a
photograph of a microlesion (arrow). The lesion in (E) is covered by a crust (asterisk) and is in the
process of reepithelialization (dashed line). (F-I) Induction of microlesions by mild trauma. Flank
skins of newborn mice were tape-stripped 10 times and subsequently stained with toluidine blue (F,
G). Note blue stained microlesions (arrowheads) in stripped skin of K5-Cre KO (G). Tape stripping

caused epidermal detachment (H, asterisks) and blister formation (I) in K5-Cre KO skin.

Figure 14. Increased TEWL over skin lesions of

14 K5-Cre KO mice. TEWL was measured on
2 unaffected back skins of 1-day old K5-Cre KO and
%10_ [ control mice. A total number of 6 K5-Cre KO and
= 8_
_.9 control littermates were measured. Mean values
6_
E A +2x SEM are shown. In addition, TEWL was
measured over 6 lesions from 3 K5-Cre KO mice.
2_
0 — Lesions were identified by examination of pubs
control  K5-Cre KO K5-Cre KO

under a binocular dissection microscope. Note

increased TEWL over lesions in K5-Cre KO skin.

lesion
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Highly efficient reduction of plectin levels by K5-controlled Cre expression.

To examine to which extent plectin expression was reduced in the epidermis of
conditional knockout compared to control animals, immunoblotting of tissue homogenates
was performed. Using an antiserum raised against a recombinant rat plectin protein fragment
corresponding to exons 9-12 (Andri et al., 2003; Andri et al., 1997) (from now on referred to
as anti-pan-plectin antiserum) and thus recognizing all plectin isoforms, only a very weak, in
fact barely detectable, signal was obtained for K5-Cre KO epidermis compared with the
strong signal for control tissue (see Fig. 2A in manuscript copy 1 included as Appendix). This
remaining signal was likely to originate from non-keratinocyte cells present in the epidermis,
such as dendritic (Langerhans) cells and pigment cells (melanocytes), which are known to
express a set of plectin isoforms different from that of keratinocytes (Abrahamsberg et al.,
2005; and unpublished data). In fact, when an antiserum specific to plectin 1a, the major
plectin isoform found in keratinocytes (Andri et al., 2003), was used instead of the anti-pan-
plectin antiserum, not even a weak signal was anymore detectable in epidermal tissue extracts
(data not shown). As expected, in tissue extracts from the dermis of K5-Cre KO animals,
reduction of plectin expression was much less dramatic (see Fig. 2A in manuscript copy 1
included as Appendix). Since neither the anti-plectin la nor the anti-pan-plectin antiserum
(both recognizing epitopes in plectin domains preceding the rod), detected proteins in K5-Cre
KO tissue homogenates, that were of lower molecular weight than full length plectin, the
expression of rodless-plectin in K5-Cre KO epidermis could be ruled out (data not shown).

To examine the plectin gene locus of K5-Cre KO animals in Cre-affected (epidermal)
tissue compared to putatively unaffected (dermal) tissue, DNAs isolated from epidermal and
dermal KS5-Cre KO tissues were subjected to Southern blot analysis, along with
corresponding samples from control (Plec™"*) animals. In K5-Cre KO epidermis, the only
signal detected (9 kb) corresponded to the Plec” allele, indicating a recombination efficiency
of 100% (see Fig. 2B in manuscript copy 1 included as Appendix). In K5-Cre KO dermis, on
the other hand, the 15 kb wild-type signal was predominant, with an additional (lesser) signal
seen at 9 kb (see Fig. 2B in manuscript copy 1 included as Appendix). Considering that
enzymatic detachment of the epidermis leaves some hair follicles embedded in the dermis
(Vasioukhin et al., 1999), it is likely that the recombination signal observed in K5-Cre KO
dermis stemmed from a contamination with keratinocytes. The absence of the 9 kb mutated
gene signal in both controls (epidermis and dermis) indicated that aberrant (non-Cre-

mediated) recombination between the loxP sites did not occur.
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Additionally, immunofluorescence microscopy was used to assess the absence of
plectin from the epidermis of knockout mice. While a pronounced staining of the dermo-
epidermal borderline, along with a weaker staining of the cytoplasm and membranes of all
epidermal keratinocytes, was detected in normal mouse skin using an antiserum raised against
plectin’s rod domain (André et al., 1997) (see Fig. 2C,a in manuscript copy 1 included as
Appendix) in the corresponding K5-Cre KO tissue, staining above background was observed
for only a few insular cells (see Fig. 2C,b in manuscript copy 1 included as Appendix). These
plectin-positive cells most likely represented melanocytes (especially those between and
underneath basal keratinocytes and around hair follicles) and dendritic cells (in the suprabasal
keratinocyte layers) which do not express K5 (Mabhrle et al., 1989), and consequently no Cre
recombinase. Plectin was also absent from the oral epithelia of K5-Cre KO animals (Fig.
15B), whereas in the oral cavity of wild-type mice it was strongly expressed along the basal
membranes of palate and tongue epithelia (Fig. 15A), both of which express K5 at high levels
(Fig. 15E,F). Plectin expression was also strongly reduced in oesophagus epithelium (Fig.
15D), where K5 is expressed at high levels (Fig. 15G,H) (Byrne and Fuchs, 1993), but not in
the pseudostratified epithelium of the trachea (Fig. 15J), where K5 expression is restricted to
a small subset of airway epithelial cells (Fig. 15M,N) (Schoch et al., 2004). As expected,
plectin expression in heart (Fig. 15K,L,0,P) and skeletal muscle (data not shown) of K5-Cre

KO mice was not affected.
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Figure 15. High efficiency of Cre-mediated plectin deletion in stratified internal epithelia. (A-P)

Immunofluorescence microscopy of frozen tongue/palate (A, B, E, F), oesophagus (C, D, G, H),
trachea (I, J, M, N) and heart (K, L, O, P) tissue sections of newborn control and K5-Cre KO
specimens using anti-pan-plectin antiserum (A-P), anti K5,6,18 antibodies (E-H, M, N) and anti-
desmin antiserum (O, P). In the oral cavity, the plectin signal is most prominent along the basal
membranes of palate and tongue epithelia (arrowheads in A). Also note strongly reduced plectin-
specific label in K5-Cre KO oesophagus (D), while in K5-Cre KO heart muscle, plectin expression
was not reduced (L). p, palate; t, tongue. Plectin expression is also not reduced in the trachea of K5-
Cre KO mice (J). The dashed line in (B) outlines the basement membrane. Asterisks indicate lumens

of oral cavity, oesophagus and trachea. Bars, 20 um.
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Unaltered epidermal stratification and differentiation in K5-Cre KO mice

To investigate whether plectin deficiency had any influence on skin development and
differentiation I undertook a detailed immunohistological analysis of skin sections from 1-
day-old K5-Cre KO and control mice. First, I assessed the expression of two major
hemidesmosomal proteins, integrin 4 and BPAGI, the former binding directly to plectin
(Rezniczek et al., 1998). As expected, the integrin B4 signal was found confined to the basal
membrane of basal keratinocytes and the outer root sheath of hair follicles (Fig. 16A,B).
Similar to plectin-null mice (Andri et al., 1997), the integrin 4 signal was slightly weaker in
the K5-Cre KO epidermis compared to controls (Fig. 16B). This observation was confirmed
by immunoblotting data showing reduced integrin 4 levels in detergent resistant, keratin-
containing cell fractions from trunk skin of K5-Cre KO mice (Fig. 17B). In addition, in the
absence of plectin the localization of integrin B4 seemed to be less polarized, since the protein
was also found at lateral cell borders of basal keratinocytes (Fig. 16B). In blistered areas, the
integrin B4 signal was located at blister floors, indicating disruption of basal keratinocytes at
the level of the inner hemidesmosomal plaque (insert in Fig. 16B). BPAGI staining at the
basal surface membrane of K5-Cre KO keratinocytes was well preserved, although it
appeared more patchy than in the control samples (Fig. 16C,D). Similar to integrin 4, in
blistered areas, the BPAGI signal was located at the blister floor (insert in Fig. 16D). K35, the
cytoskeletal binding partner of hemidesmosomal plectin, was faithfully located in the basal
keratinocyte cell layer as well as in transit amplifying cells (arrow in Fig. 16E), with similar
fluorescence intensities in control and K5-Cre KO specimens (Fig. 16E,F). In blisters, K5 was
localized in blister roofs (insert in Fig. 16F). Regarding K6, which is normally expressed in
hair follicle keratinocytes and in some basal and suprabasal keratinocytes in ridged skin
(Swensson et al., 1998), expression was found in the companion layer of epidermal hair
follicles without any difference between K5-Cre KO and control animals (Fig. 16G,H).
However, consistent with its known upregulation under pathological and hyperproliferative
conditions (Coulombe et al., 2004) K6 was found strongly upregulated in areas of K5-Cre KO
fore- and hindleg tissue, where the epidermis had become detached from the dermis (Fig.
161). Similar observations were previously reported for other mouse models of skin blistering
diseases (Dowling et al., 1996; Swensson et al., 1998) Peters et al., 2001; (Raymond et al.,
2005). In addition, our observation was confirmed by immunoblotting data revealing

increased expression levels of K6 in knockout compared to wild-type skin (Fig. 17B).
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Control K5-Cre KO

Figure 16. Expression of hemidesmosomal proteins in K5-Cre KO epidermis. Immunolocalization
of integrin B4 (Intp4; A, B), BPAG1 (C, D), K5 (E, F), and K6 (G-I) was examined in skin sections
from 1-day-old control and K5-Cre KO mice. (A, B) In control epidermis, the integrin 34 signal was
confined to the basal membrane (arrowheads) of basal keratinocytes and the outer root sheath of hair
follicles, while in K5-Cre KO epidermis, it was slightly reduced and less polarized. In blistered areas
(insert in B, asterisk), integrin B4 was located at blister floors. (C, D). Note more discontinuous
BPAGI] staining along basal keratinocyte membranes (arrowheads) in K5-Cre KO compared to
control epidermis. Insert in D shows BPAGI localization at the floor (arrowheads) of blisters
(asterisk). (E, F) The K5 signal was restricted to basal keratinocytes and rare transit amplifying cells
(arrow), without noticable differences between control and K5-Cre KO epidermis. In blistered areas
(insert in F, asterisks), K5 was located at blister roofs (arrowheads denote the blister floor). (G-I) In
control skin, K6 was exclusively expressed in hair follicles (G), while in leg skins of K5-Cre KO
mice, in addition to hair follicles (H), patches of suprabasal keratinocytes above microblisters were
Ké6-positive (I). Dashed line in I indicates dermo-epidermal border. Dotted line, microblister

separating the epidermis from the underlying dermis. Asterisks, blister. Bar, 20 um.
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Figure 17. Relative expression levels of cytoskeletal and cell-cell adhesion proteins in detergent-
soluble and insoluble fractions from 1-day-old K5-Cre KO versus control skin. Proteins were
extracted from skin as described in materials and methods and equal amounts of proteins were
analyzed by SDS-PAGE and immunoblotting using antibodies indicated. (A) Coomassie staining. (B)
Immunoblotting. Numbers underneath lanes represent the protein ratios relative to an arbitrary level of
1.0 determined by the control samples. One of two experiments is shown. Asterisks, bands used for

quantification.

Apart from HDs, actin-linked adherens junctions (AJs) and desmosomes have central
functions in establishing the epithelial sheet and its polarity (Jamora and Fuchs, 2002).
However, AJ formation appeared to be normal in K5-Cre KO epidermis as visualized using
antibody (E-cadherin) and phalloidin labeling (actin) (see supplementary Fig. S4A-D in
manuscript copy 1 included as Appendix), whereas desmoplakin staining revealed a slight
reduction of desmosome structures in suprabasal epidermal cell layers of KS5-Cre KO
epidermis (see supplementary Fig. S4E-F in manuscript copy 1 included as Appendix).
Similar trends were observed by immunoblotting (Fig. 17B). However, when macroscopically
intact K5-Cre KO backskin was subjected to electron microscopy (performed by S. Reipert),
neither desmosomal structures nor anchored keratin filaments showed any striking

abnormalities (Fig. 18).
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Figure 18. Ultrastructural analysis of desmosomes in control (A) and macroscopically intact KS-
Cre KO backskin (B-F). Desmosomes of K5-Cre KO epidermis display a normal morphology (B)
with regularly attached tonofilaments (C) in all epidermal layers (D-F). In some areas of K5-Cre KO
epidermis, desmosome size and numbers appeared to be slightly reduced (E) compared to control
epidermis (A) and intercellular spaces between cells of the basal and spinous layers were larger (D,
E). Acantholysis was not oberserved. Arrowheads point to desmosomal structures. Asterisks indicate
increased intercellular gaps in some areas of K5-Cre KO epidermis. sc, stratum corneum. gl, granular

layer. sl, spinous layer. bl, basal layer. tf, tonofilaments. Bars, 400 nm.

Finally, the differentiation capacity of knockout epidermis was examined by tracing
K10 and involucrin as early and late differentiation markers. However, neither for K10 nor
involucrin were differences in staining patterns of control and K5-Cre KO keratinocytes
detectable (see supplementary Fig. SSA-D in manuscript copy 1 included as Appendix). I also
did not observe alterations in the distribution of involucrin to soluble and insoluble cell
fractions (Fig. 17B). These data indicated that in K5-Cre KO mice epidermal stratification

and differentiation proceeded normally.
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Plectin-deficiency does not affect proliferation and survival of keratinocytes

To investigate whether plectin deficiency affects epidermal proliferation, leg skin
sections from 1-day-old K5-Cre Ko and control mice were immunostained using antibodies to
Ki-67, a nuclear protein expressed exclusively during the S, G2, and M phase of the cell cycle
(Schluter et al., 1993). Ki-67-positive cells were found in basal and immediate suprabasal
keratinocytes of both control and K5-Cre KO epidermis (Fig. 19A,B). A statistical analysis
carried out in nonlesional areas of interfollicular epidermis showed that similar numbers of
stained cells were present per linear milimeter of basal membrane, namely 58 + 13.1 and 61 +

14.3 for wild-type and knockout, respectively (Fig. 19C).

Control K5-Cre KO
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Figure 19. Analysis of epidermal proliferation and keratinocyte survival. (A-B) Sections from the
leg skin of 1-day-old control and K5-Cre KO mice were subjected to immunoperoxidase staining
using antibodies to Ki-67 and counterstained with hematoxylin. (C) Statistical analysis of Ki-67-
positive keratinocytes counted per linear millimeter of interfollicular epidermis basement membrane.
Mean values + standard deviations of three littermate pairs are shown. Note that the numbers of Ki-
67-positive cells were similar in control and K5-Cre KO epidermis. (D-F) Control and K5-Cre KO
skin sections were subjected to TUNEL assays to detect the presence of apoptotic cells. Nuclei were
stained with Hoechst. Arrows, apoptotic cells in the suprabasal layers of the epidermis. No signs of
accelerated cell death of basal keratinocytes were visible in interfollicular K5-Cre KO epidermis. The
staining along the surface of the stratum corneum is unspecific. In (F), note the occasional presence of
apoptotic cells in blister roofs (arrows) and blister floors (arrowheads) of K5-Cre KO skin. Bars, 20

pm.
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This result indicated that plectin deficiency did not affect proliferation of keratinocytes
in vivo. We also examined the effects of plectin deficiency on apoptosis by TUNEL labeling
of the skin of newborn mice. Neither K5-Cre KO basal keratinocytes, nor control cells
showed signs of apoptotic cell death (Fig. 19D,E). Similar to another mouse model for EB
(Raymond et al., 2005), apoptotic cells were found in the suprabasal cell layers of
intrafollicular epidermis, but no differences in their numbers were observed between K5-Cre
KO and control mice. Occasionally, singular TUNEL-positive cells lining the exposed
epidermal surface of blister roofs were found in K5-Cre KO mice (Fig. 19F), indicating the

occurrence of some apoptotic events after epidermal detachment.

Inactivation of the plectin gene in stratified mouse epithelia leads to early

postnatal death, caused by severe blistering of the oral epithelium

K5-Cre KO animals were smaller than control animals obviously due to a reduced gain
in body weight during their short life span (Fig. 20A). Conditional knockout mice that were
nursed at least once after their birth regularly exhibited blisters in their oral cavities (Fig.
20B,C). A detailed analysis of serial sections covering the entire oral cavities of these mice
revealed on average 3-4 blisters on their palates (Fig. 20B) and rarely, blister formation on
their tongues was observed (Fig. 20C). In contrast, no signs of epithelial detachment were
detected in proximal oesophagus of K5-Cre KO mice (Fig. 20D-G). Oral blistering most
probably impaired the food intake of K5-Cre KO mice, so that death due to malnutrition
ensued, as has been suspected in the case of plectin-null mice (Andri et al., 1997). Newly
born K5-Cre KO pubs were able to suckle milk initially, as indicated by the milk patch
shining through the skin of pups (data not shown) and a milk-filled gut (Fig. 20I), similar to
control pups (Fig. 20H). However, after initial food intake, subsequent intake seemed to be
impaired due to formed blisters, since the stomachs of still-living 2-days-old K5-Cre KO pubs
were always empty (Fig. 201, insert). The presence of milk in the stomach and the intestine of
K5-Cre KO pubs (Fig. 20K) after food intake showed that, like in control pups (Fig. 20J), the
transport of coagulated milk was not obstructed. Therefore, it could be ruled out that the
mutant mice suffered from pyloric atresia, characterized by congenital obstruction of the

gastric outlet.
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Figure 20. Phenotypic analysis of stratified internal epithelia of K5-Cre KO mice. (A) Size
comparison of 2-days-old control and K5-Cre KO pubs (arrowheads). (B) Huge blister (asterisk)
detected in the upper palate of a 2-days-old K5-Cre KO pup. Parts of the epithelial tissue (arrowheads)
are still attached to the connective tissue, indicating disruption of basal oral keratinocytes. (C) Blister
formed at the surface of the tongue. (D-G) H/E stainings of cross-sections of proximal oesophagus
from K5-Cre KO (E, G) and control mice (D, F). F and G show magnifications of the boxed areas in D
and E. No detachment of the epithelium was observed. Arrowheads in (F, G) denote basement
membrane. (H, I) Comparison of stomachs and upper intestines of newborn control and K5-Cre KO
pups. (J, K) Magnifications of pyloric regions. Note the translocation of the milk from the stomach to
the gut, showing that the K5-Cre KO pup has not been affected by pyloric atresia. The insert in (I)
shows the empty stomach of a 2-days-old KO pub. Arrows point to the pyloric regions.
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Inducible knockout of plectin in adult mouse skin leads to increased

epidermal fragility

Since K5-Cre KO mice, similar to plectin-null mice, died within a few days after birth,
they were not suitable as an animal model for studying consequences of plectin loss at later
stages in lifetime. To overcome these limitations, conditional gene targeting was employed,
using the Cre/loxP recombination system with an inducible chimeric Cre-ER" recombinase
that can be activated by tamoxifen or 4-hydroxy-tamoxifen (OHT), but not by endogenous
estradiol (Feil et al., 1996). To achieve temporally controlled somatic plectin ablation in the
epidermis, I crossed mice with one floxed and one null allele (Plec™) with transgenic mice
expressing the chimeric Cre-ER" recombinase under the control of the bovine K5 promoter
(Indra et al., 1999). Resulting mice with a Plec”””:K5-Cre-ER" genotype were injected
intraperitoneally with 1 mg OHT per day for five consecutive days and were subjected to
phenotypic analyses two weeks after the last injections. Southern blotting analysis showed
that the floxed plectin allele was converted to the A allele to an extent of ~35% under these
conditions (Fig. 21A).

Immunofluorescence microscopy of frozen tissue sections, using anti-pan-plectin
antiserum, revealed that plectin deletion in skin was in fact mosaic. In leg as well as in tail
and ear skin, large patches of epidermis expressing plectin were interspersed with small
patches lacking plectin expression (Fig. 21B-D). Histological analysis of sections from tail
and shaved back skin revealed normal organization of the epidermis and the absence of
microblisters (Fig. 21E). However, small blisters could be induced by repeated tape strippings
using D-squame disks (Fig. 21F,G), indicating that localized (mosaic) plectin deficiency
made the epidermis of adult mice more susceptible to mechanical stress, although the rest of
plectin-expressing cells were sufficient to prevent epidermal detachment.

Overall, the data obtained with the inducible mouse model demonstrated that even
localized plectin deficiency in the epidermis renders keratinocytes more prone to mechanical

stress-inflicted damage.
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Figure 21. Inducible knockout of plectin in mice and examination of epidermal integrity. (A)
Southern blot analysis (autoradiography) of DNA isolated from the epidermis of a PLEC"™":K5-Cre-
ER" mouse after treatment with OHT. DNA was digested with Ncol as described in (see
supplementary Fig. 2 in manuscript copy 1 included as Appendix), and hybridized with the Nco probe
shown in (see supplementary Fig. S1A in manuscript copy 1 included as Appendix). The 2.8 kb signal
stems from the plectin-null allele. Note partial Cre-mediated recombination after OHT treatment. (B-
D) Immunofluorescence microscopy of frozen leg (B), ear (C) and tail (D) skin sections of OHT-
treated PLEC":K5-Cre-ER" mouse specimens using anti-pan-plectin antiserum. Note patches of
plectin-deficient keratinocytes in intrafollicular epidermis (brackets). Arrows in (B) depict non-
keratinocyte plectin-positive cells, most likely melanocytes and Langerhans cells. HF, hairfollicle. SG,
sebaceous gland. (E-G) H/E stainings of tail skin (E, F) and shaved back skin (G) specimens from
OHT-treated PLEC"”:K5-Cre-ER" mice, showing normal skin morphology and absence of
microblisters in unstressed skin (E) and formation of microblisters (asterisks) after repeated (10 x)

tape strippings with D-squame disks (F, G). Bars, 20 um.
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PART Il — Plectin as a regulator of keratinocyte
cytoarchitecture and migration.

Molecular characterization of an immortalized mouse keratinocyte cell line

In general the isolation of keratinocytes from the epidermis of newborn or one-day old
plectin null or K5-Cre KO mice gave a very low yield of viable cells (data not shown). Since
one step in the isolation procedure of keratinocytes involves mechanical separation of the
epidermis from the dermis (Caldelari et al., 2000; Hager et al., 1999), it is likely, that plectin-
deficient keratinocytes in the basal epidermal layer were ruptured due to their extreme
fragility (see Fig. 13H,I). Since the basal epidermal layer comprises stem cells and transit
amplifying cells, cytolysis of these cells results in a culture with only few proliferating cells.

For that reason, I used for my experiments two immortalized keratinocyte cell lines
that had previously been generated in our lab by A. Jorgl (Andri et al., 2003). These cell lines
were derived from plectin (+/+), p53 (-/-) and plectin (-/-), pS3 (-/-) mice and from now on
will be referred to as plectin (+/+) and plectin (-/-) keratinocytes, respectively. Plectin (-/-)
keratinocytes originated from plectin-null mice (line 29) carrying a disruption in plectin’s
rod-encoding exon 31, which completely prevents expression of the protein (Andri et al.,
2003; Andri et al., 1997). Inactivation or loss of p53 facilitates keratinocyte immortalization
(Boukamp et al., 1988; Raymond et al., 2005; Raymond et al., 2007; Sedman et al., 1992), but
does not cause cell transformation (Sedman et al., 1992), in contrast to, i.e., expression of
human papilloma virus E6 and E7 proteins (Sedman et al., 1992), or infection with SV40
virus (Steinberg and Defendi, 1983).

Freshly isolated (primary) keratinocytes in culture express a specific set of keratins,
namely K5 and K14, K6 and K16, and K17 (Boukamp et al., 1988; Lloyd et al., 1995; Troy
and Turksen, 1999). Comparison of the keratin expression profile in high-salt resistant cell
fractions of primary mouse keratinocytes and plectin (+/+) keratinocytes revealed identical
patterns (Fig. 22A). Moreover, similar expression levels of the basal keratinocyte-specific
keratins K5 and K14 could be detected in primary compared to plectin (+/+) and plectin (-/-)
keratinocytes (Fig. 22B). In addition to K5 and K14, plectin (+/+) and plectin (-/-)
keratinocytes expressed K6 and K16 at similar levels (Fig. 22C).
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Figure 22. Expression levels of keratins in wild-type and plectin-deficient cells monitored by
immunoblotting. Total cell lysates or high-salt extract (HSE) cell fractions prepared from primary
keratinocytes (pKer), primary fibroblasts (pFib) and immortalized (p53-deficient) plectin (+/4)
(ple +/+) and plectin (-/-) (ple -/-) keratinocytes were subjected to SDS-PAGE, and protein bands were
either directly visualized with Coomassie brilliant blue (CBB) or subjected to immunoblotting using
the antibodies (Ab) indicated. (A) Keratin expression patterns (CBB-staining) assessed in HSE
fractions from whole epidermis, immortalized plectin (4+/+) keratinocytes, and primary keratinocytes
(pKer). Note that pKer and plectin (+/+) cells show similar expression patterns and that K1 and K10,
which are typical for differentiated keratinocytes, are hardly expressed in plectin (+/+) cells. (B)
Immunoblotting of cell lysates revealing comparable expression levels of K5 and K14 in primary
keratinocytes (pKer), plectin (+/+), and plectin (-/-) cells. Note that immortalized keratinocytes do not
express vimentin, whereas the faint signal observed with primary cell cultures stems from
contaminating melanocytes. (C) Comparative immunoblotting analysis of different keratins present in
cell lysates and HSE fractions (CBB only) of immortalized keratinocytes. The relative positions of
keratinocyte and A431 cell keratins are indicated on the flanking CBB-stained PA gels. Note that
plectin (+/+) and (-/-) keratinocytes express comparable levels of K14 (Ab K14), K5 (Ab K5), and K6
(Ab K6). Anti-pan-keratin antibodies, recognizing keratins 5, 6, and 18 (Ab K5, K6, and K18), are
immunoreactive with corresponding antigens in plectin (+/4+) and (-/-) cells and in A431 cells.
Keratins 8 and 18 (Ab K8 and K18) are expressed in A431 cells, but not in immortalized
keratinocytes. Note weak cross-reactivities of Ab K35, K6, K18 and Ab K6 with K14, and of Ab K8
and K18 with K5 and K14. (D) E-Cadherin expression levels. Tubulin, loading control. (E, F)

Projection images generated from Z-stacks through K10 stainings of stratified epithelial sheets.
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Neither cell line expressed K8 and K18 (refer to Fig. 22C), and the type 3 IF protein vimentin
(Fig. 22B), which become expressed during malignant transformation of keratinocytes (Cano
et al., 1996; Davies et al., 2005; Pei et al., 1992; Taki et al., 2003) and moreover were found
to be expressed in many commonly used keratinocyte cell lines (Geerts et al., 1999). One
hallmark of malignant transformation of keratinocytes is the downregulation of cell-cell
junction-associated proteins such as E-cadherin (Faraldo et al., 1997; Taki et al., 2003;
Wilding et al., 1996), concomitant with the disassembly of cell-cell contacts (Cano et al.,
1996) and resistance against calcium-induced differentiation (Kulesz-Martin et al., 1983;
Raymond et al., 2007; Wilding et al., 1996). Howver, E-cadherin was expressed at similar
levels in plectin (+/+) and plectin (-/-) keratinocytes (Fig. 22D) and cell-cell contact
formation was not compromised (see Figs. 43 and 44). Upon calcium-induced differentiation
(Hennings et al., 1980; O'Keefe et al., 1987), both, plectin (+/+) and plectin (-/-) keratinocyte
cultures stratified and expression of the suprabasal keratinocyte-specific keratin K10 was
upregulated in differentiating suprabasal keratinocytes (Fig. 22E;F). In summary, both
keratinocyte cell lines displayed all biological features typical for cultured keratinocytes,
including stratification and differentiation, and did not show signs of ongoing malignant
transformation. Nevertheless, throughout this project I used low passage cultures (passages 4-
10) of the keratinocyte cell lines in order to exclude cellular alterations that might occur after

spontaneous acquirement of other mutations.

Plectin links keratin filaments alternatively to integrin o634 or actin

filaments

Physical proximity and mutual dependence of keratin and actin filaments in
keratinocytes has long been known (Green et al., 1987). The original observation was
supported by pharmacological studies using actin-depolymerizing drugs to destroy the F-actin
network in keratinocytes (Kitajima et al., 1986) and in keratin-transfected SW-13 cells (Woll
et al., 2005). Complete destruction of actin filaments leads to a concentration of keratin
filaments in dense bundles around the nucleus (Woll et al., 2005), along with the formation of
networks of star-like knots or foci colocalizing with actin aggregates (Kitajima et al., 1986),
demonstrating a tight interaction of keratin and actin filaments.

Plectin, with its N- and C-terminally located actin and IF-binding domains, is believed

to play an essential part in the integration of the keratin and actin networks in keratinocytes.
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In fact, codistribution of plectin and MFs has been noted in cultured keratinocytes (Geerts et
al., 1999), in addition to plectin's predominant association with hemidesmsome-like
structures (André et al., 2003; Geerts et al., 1999). To obtain more insight into plectin’s role
in the crosslinking of keratin and actin filaments and in the organization of the keratin
network, I determined the subcellular distribution of plectin, as well as of actin and of keratin
filaments in plectin (+/4) keratinocytes, and analyzed their distribution patterns after
pharmacological destruction of the actin filaments.

Both, plectin (+/4) and plectin (-/-) keratinocytes, adhered on collagen I matrices within
1 hour after seeding and thereafter started to spread. Spreading was characterized by
flattening of cells, followed by extension of lamellipodia. In plectin (+/+) keratinocytes that
had attached to the collagen I matrix and were beginning to spread, the actin cytoskeleton was
most frequently found to be composed of numerous concentrically arranged bundles of MFs
that were intersected by a series of radial spoke-like MF bundles that extended radially from

the cell center to the cell periphery (Fig. 23B).

_pan-Keratin . _K5/Actin

Figure 23. Cytoarchitecture of keratin and actin filament networks in adherent vs. spreading
mouse Kkeratinocytes. Cells were immunolabeled using antiserum to actin (B, C, E, F) and anti-pan-
keratin mAbs (A, C, D, F). Arrowheads in A-C depict codistribution of keratin filaments with radial
actin bundles in a spread cell. Arrowheads in D-E point to a concentric ring of MFs forming a

boundary for keratin filament extension. Bars, 10 um.
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Such an organization of actin filaments is typical of subconfluent keratinocyte cultures
(Green et al., 1987; Vasioukhin et al., 2000). Keratin filaments extended from the nucleus,
where they were forming a cage-like envelope, to the cell periphery (Fig. 23A), where they
were colocalizing with MFs (Fig. 23C, arrowheads). As keratinocytes spread and started to
migrate, they formed multiple lamellipodia along the outside of the concentrically arranged
MF bundles (Fig. 23E). Interestingly, keratin filaments were restricted to the boundaries
defined by the outermost of the concentric MF bundles (Fig. 23D,F).

Freshly spreading keratinocytes formed a peripheral ring-shaped zone densely packed
with plectin structures (Fig. 24A) which codistributed with MFs (Fig. 24C) and clusters of
integrin a6P4 (insert in Fig. 24C).

Plectin Plectin/Actin

Figure 24. Distribution of plectin in adherent versus spreading mouse keratinocytes. Cells were
immunolabelled using antiserum to plectin (A, C, D, F, G, I) and mAbs to actin (B, C, E, F, H, I).
Arrowheads in A-C, codistribution of plectin with cortical actin bundles in a freshly spreading cell.
Arrowheads in D-F, codistribution of plectin with radial actin bundles. (G-I) At early timepoints of
spreading, plectin and actin segregate into stable anchoring contacts (SACs) and stress fibers/focal

adhesion contacts (small arrows), respectively. Bar, 10 um.
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Moreover, in some cells, colocalization of actin with discontinuous plectin-positive
structures could be observed along radial MF bundles (Fig. 24F). As keratinocytes started to
form lamellipodia, plectin/integrin a6P4 clusters enlarged and clearly segregated from MFs
(Fig. 241, arrowheads), however, they were still found in close proximity to focal adhesions,
that were identified as the origins of stress fibers (Fig. 241, arrows). These clusters of plectin
and integrin o634 proteins have been previously called stable anchoring contacts (SACs) and
correspond to HDs of basal keratinocytes found in the epidermis in situ (Carter et al., 1990).

Ultimately, SACs became reorganized into a peripheral ring-shaped structure, with
keratin filaments extending to the inner circumference of this ring (Fig. 25A, arrows), as if
SACs acted inhibitory on filament extension. At early timepoints of spreading (e.g. shortly
after the 1 hour adhesion period) plectin-positive dots could be seen along the tips of keratin
filaments extending to the cell periphery (insert in Fig. 25C), indicating that keratin filaments
were possibly captured by plectin molecules at maturing SACs.
pan-Keratin/Plectin

pan-Keratin Plectin

Figure 25. Relative distribution of plectin and keratin filament networks in freshly spreading
mouse keratinocytes. Cells were immunolabeled using antiserum to plectin (B, C) and anti-pan-
keratin mAbs (A, C). Arrowheads depict peripheral endings of keratin filaments. The insert in C
shows plectin distribution along the tips of peripheral keratin filaments in a cell which has just started

to spread. Bar, 10 um.

Treatment with cytochalasin D during the spreading period resulted in destruction of the
MF network and the formation of actin aggregates by depolymerization of MFs (Fig. 26B).
As a consequence, keratin filaments showed a dramatic reorganization into a network of
connecting star-like knots or foci (Fig. 26A) that coincided with the actin aggregates (Fig.
26C).
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pan-Keratin _ Actin

Plectin

Figure 26. Distribution of plectin, actin, and keratin filament networks after cytochalasin D
treatment. Cells were immunolabelled using antiserum to actin (B, C, H, I, K, L), antiserum to plectin
(E-G, I, J, L, insert in L), anti-pan-keratin mAbs (A, C, D, F) and mAbs to integrin o6 (insert in L).
Arrows in A-I depict actin-containing patches coinciding with keratin filament foci (C) and plectin (I).
Arrowheads in J-K point at cytochalasin-D resistant plectin localizing in SACs. The insert in L shows

cytochalasin D-resistant colocalization of plectin with integrin o6. Bar, 10 pm.
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No changes in the organization of the MT network could be observed under these
conditions (data not shown). As expected, plectin was also found to codistribute together with
keratin (Fig. 26F) and actin (Fig. 26]) in the star-like foci. However, in many cells, plectin
remained also partially associated with integrin a6 in SACs at the cellular periphery (Fig.
26L). Thus, when plectin is associated with SACs, it cannot redistribute together with actin.
These data are in excellent agreement with Geerts et al. (1999), who showed that plectin
binds actin and integrin B4 in a mutually exclusive manner, and confirm plectin as a
crosslinker of keratin filaments to either integrin a6B4 or MFs. Moreover, these data show

that the stability of SACs is not dependent on MFs.

Plectin-deficient keratinocytes display enhanced spreading along with

reduced integrin B4 clustering

During routine subculture of our immortalized keratinocyte cell lines, I regularly
observed an increased number of lamellipodia in freshly passaged cultures of plectin (-/-)
keratinocytes (data not shown), indicative of enhanced spreading and cell migration. To
quantify cell spreading, freshly seeded cultures of plectin (+/+) and plectin (-/-) keratinocytes
were fixed after 1 and 3 hours, respectively, stained with phalloidin to visualize F-actin (Fig.
27A-D), and their cell circumferences were measured. Both, plectin (+/+) and plectin (-/-)
keratinocytes, adhered on collagen I matrices within 1 hour after seeding and displayed a
similar subcortical organization of MFs (Fig. 27A,B). After 3 hours of adhesion to collagen I,
keratinocytes started to spread (Fig. 27C,D). Plectin (-/-) keratinocytes that had adhered to
collagen I matrices for 3 hours showed higher cell circumference values, demonstrating
increased lamellipodia formation (Fig. 27D,I). Vinculin staining patterns were similar
between spreading plectin (+/+) and plectin (-/-) keratinocytes (Fig. 27E-H), indictaing

normal assembly and turnover of focal adhesions contacts.
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Figure 27. Distribution of actin filament networks and focal adhesion contacts in adhering
versus spreading wild-type and plectin-deficient keratinocytes. Freshly adhered (1 hour after
seeding), or spreading (3 hours after seeding) wild-type [ple (+/+)] and knockout [ple (-/-)] cells were
immunolabeled using antiserum to actin (A-D) or mAbs to vinculin (E-H). Small arrowheads in (C, D)
depict small lamellipodia found in both cell types; in addition plectin (-/-) keratinocytes formed large
lamellipodia (large arrowhead in D). (I) Quantitative analysis of keratinocyte spreading. Histogram
shows the distribution of measured cell circumference of 50 wild-type (ple +/+) and plectin-deficient

(ple -/-) keratinocytes, each, after 3 hour of adhesion. Bar, 10 um.
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Faster migration of plectin (-/-) keratinocytes

As plectin-deficient keratinocytes showed enhanced spreading (Fig. 27I), it was of
interest to analyze their migratory behavior. Migration was analyzed of single keratinocyte
cells and of keratinocytes in epithelial monolayers. A so called “scratch wound closure assay”
was used to analyze the migration of keratinocytes that were growing in a confluent epithelial
cell monolayer into an artificially introduced “wound”. Average migration distances
measured for plectin (-/-) cells in this assay were almost twice as long as those of plectin

(+/+) cells (Fig. 28A-C).
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Figure 28. Faster migration of plectin (-/-) keratinocytes in scratch wound closure assays. (A, B)
Cells were stained using mAbs to actin (false gray color). The lines drawn in the images represent
reference lines marking the width of the scratch when it was made. (C) Average values of migration
distances from 10 different optical fields (10X objective) from three independent experiments are

shown (mean + the SEM). {, P < 0.001.

In addition, migration of single cells in sub-confluent wild-type and plectin (-/-)
keratinocyte cultures was measured by time-lapse video microscopy (measurements were
done together with G. Burgstaller). Migration measurements were started after initial
adhesion and spreading. In accordance with migration distances measured in “scratch wound
closure assays” (Fig. 28C), plectin (-/-) keratinocytes displayed a migration velocity (1.58
um/min) approximately two times as high as that of plectin (+/+) cells (0.82 pm/min), when
observed 3-6 hours after plating (data not shown). By analysis of the migrated distances and
the processive index, which describes the directionality of migration (see materials and

methods), cells could be clustered into three groups according to their migratory behavior

(Fig. 29).
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Figure 29. Faster migration of single plectin (-/-) keratinocytes. (A) Processive indexes of 30
wildtype (+/+) and plectin-deficient (-/-) cells are shown as a function of the total migrated distance.
Three clusters defined by distinct migratory behavior are indicated by colour coded circles. (B-D)
Representative images of the shapes of cells belonging to one of the clusters defined in (A). Cells
were stained using mAbs to actin. The association with a cluster is indicated by colour coded image

borders.

The first group consisted of cells that had migrated only over short distances and
displayed a relatively low processive index, meaning that cells migrated with little directional
persistence (Fig. 29A,B). Cells belonging to this group showed a flattened, spread
morphology and frequently displayed retraction fibers (Fig. 29B, arrows). Only plectin (+/+)

keratinocytes belonged to the first group. The second group comprised cells with relatively



REsSULTS 61

long migration distances and low processive indexes (Fig. 29A). These cells were usually
characterized by an aberrantly spread morphology with multiple, randomly oriented
protrusions (Fig. 29C). Interestingly, almost only plectin (-/-) keratinocytes could be found
within the second group (Fig. 29A). The third and final group included cells with a low to
medium migration distance and a high processive index, indicative of a processive, polarized
migration (Frank and Carter, 2004). Accordingly, such cells possessed a large, thin
lamellipodium extending at the leading edge that encompassed half the perimeter of the cell
(Fig. 29D). Again, mostly plectin (-/-) keratinocytes were found in this group (Fig. 29A). In
summary, plectin (-/-) keratinocytes displayed an enhanced migratory ability and showed two
distinct modes of migration: one was fast, but little polarized, -and the other was slower, but

highly polarized.

Plectin organizes the keratin network in migrating keratinocytes

Within one hour after adhesion, clusters of integrin a6 formed along the basal surfaces
of plectin (+/+) and plectin (-/-) keratinocytes (Fig. 30A,B), but their numbers appeared to be
reduced in plectin-deficient cells (Fig. 30B).

adhesion spreading

ple (-/-)

Figure 30. Relative distribution of keratin filament networks and SACs in spreading wild-type
and plectin-deficient keratinocytes. Keratinocytes at early (A, B), or late timepoints (C, D) during
spreading, were double immunolabeled using antiserum to K5 (A-D), antiserum to actin (insert in D)
and mAbs to integrin a6 (ITGo6, A-D). Arrowheads in C and D point to lamellipodial edges. Arrows
in C and D depict localization of integrin a6 at peripheral endings of keratin filaments in wild-type
cells (C) or at lamellipodial edges in plectin-deficient cells (D). The insert in D shows integrin 06

assoctiation with actin at a lamellipodial edge. Bar, 10 um.
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Both, plectin (+/+) and plectin (-/-) keratinocytes exhibited dense cytoplasmic networks
of keratin filaments shortly after adhesion (Fig. 30A,B). During spreading of plectin (+/+)
keratinocytes, integrin al6P4 clusters became reorganized into SACs at the cellular periphery,
with keratin filaments extending to the inner circumference of this ring (Fig. 30C, arrows). In
strong contrast, plectin (-/-) keratinocytes displayed reduced assembly of SACs and integrin
a6 was instead located at lamellipodial edges (Fig. 30D, arrows), were it frequently co-

localized with F-actin (Fig. 30D, insert).

HSE Figure 31. Association of integrin B4 with the
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To address this issue biochemically, I prepared cytokeratin-enriched cell fractions from
plectin (+/+) and plectin (-/-) keratinocytes, and compared their integrin 4 content using
antibodies to integrin B4. Cell fractions were highly enriched in K5 (unpublished data) and
K14 (Fig. 31) and, in the case of wild-type cells, contained considerable amounts of plectin.
Integrin B4 was, however, completely absent from cytokeratin fractions of plectin (-/-) cells.
The absence of integrin B4 from the cytokeratin fraction of plectin (-/-) keratinocytes
correlated well with the reduced number of SACs found in these cells during spreading (this
study) and after overnight culture (Andri et al., 2003).

Compared to wild-type cells, where the keratin network seemed to be more densely
packed around the cell center and keratin filaments appeared to be anchored to SACs (Fig.
30C and Fig. 251), keratin filaments of plectin (-/-) cells extended further to the cell
periphery, often reaching far into lamellipodia (Fig. 30D). This phenotype was noticed
independently of whether anti-pan-keratin (recognizing K5, K6 and KI18), or anti-K5
antibodies alone were used (data not shown). Regarding expression levels of different

keratins, no differences were observed between plectin (+/+) and plectin (-/-) keratinocytes,
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as revealed by immunoblotting analysis (Fig. 22A-C). The keratin phenotype became even
more pronounced in subconfluent over-night cell cultures (~60% confluence). Plectin (-/-)
cells exhibited a significantly enlarged mesh size of keratin networks at their periphery
compared to wild-type cells (Fig. 32, compare A with C, and their corresponding
magnifications). A quantitative analysis of subconfluent cell populations revealed that more
than 70% of plectin (-/-), but only less than 8% of plectin (+/+) keratinocytes displayed such a
phenotype. Similar phenotypic alterations of the keratin network were observed in primary
keratinocyte cultures obtained from K5-Cre KO mice (Fig. 32E-L) and plectin null mice (see

Fig. 1A-F in manuscript copy 2 included as Appendix).

ple +/+ ple -/-

Figure 32. Cytoarchitecture of keratin filament networks in wild-type and plectin-deficient

mouse Kkeratinocytes. Immortalized (A-D), and primary (E-L) keratinocytes that were isolated from
K5-Cre KO (G, H, K, L) and control (E, F, I, J) mice, were immunolabeled using anti-pan-keratin
mAbs. Boxed areas in A, C, E, G, I and K are shown as 4Xx-magnified images in (B, D, F, H, J, and L),
respectively. Bar in K (representative of A, C, E, G, I, and K, respectively), 10 um.
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As described in (Osmanagic-Myers et al., 2006), transmission electron microscopy
revealed a prominent lateral bundling of keratin filaments in peripheral regions of
immortalized plectin (-/-) cells, resulting in larger spaces between individual and bundled
filaments (see Fig. 2A,b in manuscript copy 2 included as Appendix). In some regions,
filaments showed a complete lateral collapse, appearing as one massive filamentous bundle
(see Fig. 2A,b, arrow, in manuscript copy 2 included as Appendix). Bundling to such an
extent was never observed in plectin (+/4) cells, where corresponding areas were dominated
by numerous fine, and apparently short filamentous structures, with orthogonal cross-bridges
filling the space between the filament bundles (see Fig. 2A,a and ¢ in manuscript copy 2
included as Appendix).

To demonstrate, that the observed changes in keratin network organization where
directly connected to plectin deficiency, the phenotypic rescue potential of plectin was
examined by transient transfection of plectin (-/-) keratinocytes with an expression plasmid
encoding full length mouse plectin isoform 1a, the major isoform normally expressed in this
type of cells (Andri et al., 2003). Similar to endogenous plectin of corresponding wild-type
cells (see Fig. 25B), reexpressed plectin la showed a punctated distribution pattern (Fig.
33B). However, when expressed at a higher level, plectin la was more prominently
distributed along keratin filaments than was the endogenous plectin. A quantitative analysis
revealed that 90% of plectin (-/-) cells expressing plectin la at significantly high levels
displayed keratin networks with mesh sizes as small as those of plectin (+/+) cells (Fig. 33F).
This strong rescue potential of plectin la clearly demonstrated a direct link between the

absence of plectin and the observed alterations of the keratin network cytoarchitecture.
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Figure 33. Plectin reduces the mesh size of IF networks. Plectin (-/-) keratinocytes transfected with
full-length plectin (isoform la) were fixed and immunolabeled for pan-keratin (A, C-E) and plectin
(B,C). Boxed areas in A are shown as 4x-magnified images in D and E. Note that there are more
delicate filamentous network in cells upon forced expression of plectin (D). (F) Rescue efficiency was
determined by analysis of >100 plectin (-/-) cells transiently expressing plectin (three independent
experiments). Keratinocytes with average filament—filament distances of below or above 1.5 nm were
considered as rescued and nonrescued, respectively. Mean values + the SEM are shown. T, P < 0.001.

Bar, 10 pm.

To assess the relationship between the increased mesh size of the keratin network of
plectin (-/-) keratinocytes and keratin solubility, I analyzed NP-40-solubilized, Empigen-BB-
solubilized and detergent-resistant cell fractions (Liao and Omary, 1996) that were
sequentially separated from subconfluent plectin (+/+) and plectin (-/-) cultures (Fig. 34) for
their keratin content. Interestingly, K5 and K14, but not K6 and K16, were slightly reduced in
the Empigen-BB-soluble fraction, and significantly reduced in the detergent-resistant fraction.
Since SACs are enriched in the detergent-resistant fraction (Skalli et al., 1994), these data
confirmed the decreased association of K5 filaments with SACs at the cellular periphery that
was observed by immunofluorescence microscopy, demonstrating that plectin specifically

modulates the K5/14 network.
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Figure 34. Distribution of keratins in NP-40, Empigen BB-solubilized, and detergent-resistant
fractions. Equal numbers of plectin (+/4+) and plectin (-/-) cells were solubilized in 1% NP-40
followed by centrifugation to obtain the NP-40 fraction. The residual pellets were solubilized in 1%
Empigen BB followed by centrifugation to obtain the EMP-BB fraction. The post-EMP-BB pellet was
then solubilized in SDS lysis buffer (SDS-fraction). Equivalent portions of each fraction were
subjected to SDS-PAGE, followed by Coomassie staining. The positions of K5 and K14 are indicated

by arrowheads.

To establish a direct link between the keratin phenotype and keratinocyte migration, I
looked at the distribution of plectin and the organization of keratin network in migrating cells
at the wound edge of scratched monolayers of plectin (+/+) and plectin (-/-) cells (Figs. 35
and 36). In migrating wound edge keratinocytes, plectin’s localization changed from SAC-
associated to keratin filament-associated (compare Fig. 35C with Fig. 36C). Interestingly, the
mesh size of the keratin network in plectin (-/-) keratinocytes along the wound edge was
much larger compared to that of cells at a distance from the wound (compare Fig. 35F with
Fig. 36F), and in these regions the differences to the keratin network of plectin (+/4) cells
became most apparent (Fig. 36 compare A,G with D,J). This was consistent with the finding
that an increased keratin network mesh-size characteristic of plectin (-/-) keratinocytes was
particularly evident in spreading and subconfluent cell cultures (see Figs. 30 and 32).
Together these data highlighted the importance of plectin in organizing keratin

cytoarchitecture during cell migration.
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Figure 35. Relative distribution of keratin and actin filament networks in wild-type and plectin-
deficient keratinocyte monolayers. Cells were immunolabeled using antiserum to plectin (B, C, E,
F), antiserum to actin (H, I, K, L) and anti-pan-keratin mAbs (A, C, D, F, G, I, J, L). Arrowheads in B
depict plectin localization at SACs at the basal surface of wild-type keratinocytes. Arrows in K point

at prominent actin filament bundles that formed in plectin-deficient keratinocytes. Bar, 10 pm.
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Figure 36. Relative distribution of keratin and actin filament networks in wild-type and plectin-
deficient keratinocytes migrating at wound edges. Cells were immunolabeled using antiserum to
plectin (B, C, E, F), antiserum to actin (H, I, K, L) and anti-pan-keratin mAbs (A, C, D, F, G, I, J, L).
Arrowhead in B depicts plectin localization at SACs at the basal surface of a cell that is resting within
the monolyer. Asterisks mark cells that are migrating into the wound and display association of plectin
with keratin filaments. Arrows in K point at large lamellipodia that formed in migrating plectin-

deficient keratinocytes. Bar, 10 um.
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Faster keratinocyte migration is driven by increased activation of Src/Erk

and PKCJ signaling

Keratinocyte migration is driven by two sorts of signals: ECM components and
growth factors (Li et al., 2004). Certain ECM components, such as collagens I and IV,
fibronectin and precursor laminin 322 are able to initiate migration in the absence of growth
factors (Frank and Carter, 2004; Li et al., 2004). On the contrary, the role of growth factors is
to augment ECM-initiated motiliy and provide directionality (Li et al., 2004). The Erk1/2
MAPK cascade is the major signaling pathway involved in mediating the initiation signal and
the growth factor augmentation signal of the ECM, whereas the p38 cascade specifically
mediates only growth factor signals (Li et al., 2004). The Erk1/2 pathway controls the
majority of genes expressed early after scratch wounding, whereas p38 mostly participates in
the stimulation of immediate and late genes (Fitsialos et al., 2007). In addition, important
roles in keratinocyte migration have been attributed to PKCS (Li et al., 2002b), PI3K
(Pankow et al., 2006), Racl (Choma et al., 2004; Tscharntke et al., 2007) and c-Src (Yamada
et al., 2000).

Since we had observed enhanced migration of plectin (-/-) keratinocytes, I assessed
whether Erk1/2 activities were upregulated in these cells. Indeed, I found Erk1/2 activites to
be upregulated ~2-fold in plectin (-/-) keratinocytes compared to wild-type cells (Fig. 37A)
[using immunoblotting with antibodies recognizing the active (phosphorylated) forms of the
kinases]. In contrast, no alterations in the phosphorylation levels of p38 and JNK1/2 could be
found (Fig. 37B). Pharmacological inhibition of MEKI1, the upstream kinase of Erk1/2, with
PD98059 reduced the migration distances of plectin (-/-) keratinocytes by almost a factor of
two (Fig. 37C), bringing their level close to that of untreated wild-type cells. Wild-type cells
showed a similar drug response. The observed decrease in migration of drug-treated cells
directly correlated with the inhibition of Erkl1/2 activities, as demonstrated by analysis of

Erk1/2 phosphorylation (Fig. 37D).
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Figure 37. Increased Erk1/2 activites in plectin (-/-) keratinocytes. (A) Total cell lysates of
migrating cells (prepared 6 hours after adhesion) were subjected to immunoblotting using antibodies
to total (unphosphorylated/phosphorylated) Erkl, (Thr202/Tyr204- and Thr185/Tyr183-
phosphorylated) p-Erk1/2, or (Tyr204-phosphorylated) p—Erk1/2. Tubulin was used as a loading
control. (B) Total cell lysates of migrating cells (prepared 6 hours after adhesion) were subjected to
immunoblotting using antibodies to total (unphosphorylated/phosphorylated) p38 and JNKI1/2,
(Thr180/Tyr182-phosphorylated) p—p38, or (Thr183/Tyr185-phosphorylated) p—JNK1/2. Tubulin was
used as a loading control. (C) Average values of migration distances from 10 different optical fields
(10x objective) from three independent experiments are shown (mean + SEM). §, P < 0.001. (D) Total
cell lysates from controls, scratched cells (scratch) and PD98059-treated (PD) scratched cells were
subjected to immunoblotting using antibodies to total (unphosphorylated/phosphorylated) Erkl, or
(Tyr204 phosphorylated) p—Erk1/2. Tubulin was used as a loading control. (E) Representative images
of keratinocytes at the wound edge, stained with anti-pan-keratin mAbs. PD98059 had no effect on the
keratin filament cytoarchitecture (b). Numbers above lanes in (A, B, D) represent the protein ratios
relative to an arbitrary level of 1.0 determined by the first sample in each lane. One representative

experiment of three is shown in each case. Bar, 10 pm.
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Importantly, although MEKI1 inhibition decreased the migration rate of plectin (-/-)
keratinocytes, it had no effect on their aberrant keratin network organization (Fig. 37E),
clearly placing plectin in the MAP kinase cascade upstream of Erk1/2. These data established
a causal relationship between plectin deficiency and accelerated migration of keratinocytes,
showing hyperactivation of Erk1/2 to be a consequence of plectin deficiency.

PKCS9 and src-family kinases (SFKs), such as ¢c-Src, yes and fyn, have been suggested
as major players in signaling pathways responsible for migration of keratinocytes (Li et al.,
2002b; Yamada et al., 2000), and both have been shown to be upstream activators of Erk1/2
(Gagnoux-Palacios et al., 2003; Miranti et al., 1999). For that reason, I next investigated
activation of these kinases in membrane fractions of plectin (+/+) and (-/-) keratinocytes. As
shown in Fig. 38A, membrane fractions of plectin (-/-) keratinocytes showed increased
reactivity to anti-phospho PKCd and anti-phospho Src Y418 (which monitors
phosphorylation of tyrosine in the activation loop of SFKs) antibodies, compared to wild-type
cell fractions. While total SFK levels (detected with antibodies recognizing Src, Fyn and Yes)
in membrane fractions from both cell types were comparable, those of PKCS were lower in
the membrane fraction of plectin (-/-) compared to plectin (+/+) cells. In accordance with
previous data (Osmanagic-Myers and Wiche, 2004), the reduced PKCJ protein levels were
most likely a consequence of an increased degradation of the enzyme due to elevated
enzymatic activity (Osmanagic-Myers and Wiche, 2004).

To assess whether upregulation of SFKs was related to enhanced Erk1/2-dependent
migration of plectin (-/-) keratinocytes, cells were treated with the SFK inhibitor PP2, a
suppressor of cell motility and Erk activation (Matsubayashi et al., 2004), prior to scratch
wound -or spreading assays. As expected, this treatment led to a dose-dependent decrease in

phosphorylation (activities) of Erk1/2 during spreading (Fig. 38B) and migration (Fig. 38C).
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Figure 38. Upregulation of SFKs and PKCS in plectin (-/-) keratinocytes. (A) Membrane
subfractions of keratinocytes, normalized for equal protein contents, were immunoblotted using
antibodies recognizing total (unphosphorylated/phosphorylated) Src, Fyn and Yes (total-SFK), total
(unphosphorylated/phosphorylated) PKC9, (Tyr416-phosphorylated) p—SFKs (p-SRc), and (Thr505-
phosphorylated) p—PKC3. Caveolinl was used as a loading control. (B) Total cell lysates from
migrating control cells (prepared 6 hours after adhesion) and from cells incubated with PP2 were
subjected to immunoblotting using antibodies to total (unphosphorylated/phosphorylated) Erkl or
(Thr202/Tyr204- and Thr185/Tyr183-phosphorylated) p—Erk1/2. (C) Total cell lysates from control
cells and cells incubated with PP2, as indicated, were subjected to immunoblotting using antibodies to
total (unphosphorylated/phosphorylated) Erk1 or (Tyr204-phosphorylated) p—Erk1/2. Numbers above
lanes in (A-C) represent the protein ratios relative to an arbitrary level of 1.0 determined by the first

sample in each lane. One representative experiment of three is shown.

The effect of SFK-inhibition on the spreading behavior of plectin (-/-) keratinocytes
was monitored by actin and cortactin immunofluorescence (Fig. 39A-D). Cortactin is a Src

substrate which plays an important role in keratinocyte migration (Ceccarelli et al., 2007). Src
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phosphorylation of cortactin leads to its translocation to the membrane (Ceccarelli et al.,
2007), where cortactin is required for the regulation of actin polymerization (Tehrani et al.,
2007). In line with these findings, lamellipodial edges of spreading plectin (-/-) keratinocytes
demonstrated bright cortactin immunofluorescence (Fig. 39B), when compared to plectin
(+/+) cells (Fig. 39A). PP2 treatment of spreading plectin (-/-) keratinocytes reduced cell
circumference to numbers typical of untreated, spreading plectin (+/+) keratinocytes (Fig.

39E) concomitant with a decrease in peripheral cortactin accumulation (Fig. 39D).
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Figure 39. Inhibition of cell spreading by SFK-inhibition. (A-D) Relative distribution of cortactin
and actin filaments in spreading control cells and cell treated with PP2. Cells were double
immunolabeled using antiserum to actin and mAbs to cortactin. Arrows in A and B indicate cortactin
localization at lamellipodial edges in untreated cells. (E) Quantitative analysis of keratinocyte
spreading in the absence and presence of PP2. Histogram shows the distribution of cell circumferences

of 100 cells per culture condition. Bar, 10 pm.
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Ligation of integrin a6P4 by laminin 322 has previously been shown to be directly
connected to migration in many different cell systems, including keratinocytes (Hintermann
et al., 2001; Kippenberger et al., 2004; Sehgal et al., 2006). To address, whether ligation of
integrin a6P4 is responsible for the faster migration of plectin (-/-) keratinocytes, cell
migration was determined in a scratch wound closure assay in the presence or absence of
GoH3 antibodies, which are known to block the adhesion of integrin a6p4 to laminin 322. As
can be seen in Fig. 40, migration distances covered by plectin (-/-) keratinocytes were

significantly reduced in the presence of GoH3 (Fig. 40G).

ple (+/+) ple (-/

E 400 1
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Figure 40. Reduction of faster migration of plectin (-/-) keratinocytes by blocking integrin o634
binding to laminin 322. Monolayers of plectin (4+/+) and plectin (-/-) cells and of plectin (-/-) cells
treated with mAb GoH3 (10ug/ml), were subjected to scratch wound closure assays. (A-F) Cells
migrating into scratch wounds were double immunolabeled using antiserum to actin and anti-
pan-keratin mAbs. (A-C), anti-keratin stainings; (D-F) merged anti-actin and anti-keratin stainings.
Arrows in (D) and (E) point to lamellipodial edges, whereas the arrow in (F) points to cortical actin
bundles that appear as a consequence of GoH3 treatment. (G) Average values of migration distances
from 10 different optical fields (10X objective) from three independent experiments (mean + SEM).
Note shorter migration distances of plectin (-/-) keratinocytes after treatment with mAb GoH3. Bar, 10

pm.
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Moreover, GoH3 treatment directly affected the organization of the actin network, as
migrating GoH3-treated plectin (-/-) keratinocytes displayed no lamellipodia, but a thick
cortical actin belt (Fig. 40C). Keratin network organization was however not altered by
GoH3-treatment, as plectin (-/-) cells at the wound edge still had keratin networks with
increased mesh sizes (Fig. 40F). These data leave no doubt that integrin B4 is in control of
migration in plectin (-/-) keratinocytes.

Recently it was shown, that integrin o6B4 regulates laminin 322 organization by a
pathway involving Racl, slingshot phosphatase (SHH) and cofilin (Kligys et al., 2007).
Increased phosphorylation and thereby inactivation of cofilin in keratinocytes leads to
enhanced spreading (Honma et al., 2006) and an increase in the number of lamellipodia,
similar to the phenotype observed in a subpopulation of migrating plectin (-/-) keratinocytes
(see Fig. 30). Therefore I analyzed the phosphorylation of cofilin in spreading cultures of
plectin (-/-) and wild-type keratinocytes (Fig. 42). Inmunoblotting analysis revealed a strong
increase of phosphorylated (inactive) cofilin in plectin (-/-) keratinocytes compared to wild-
type cells. Thus, increased cofilin inactivation might indeed be the reason for the unpolarized

migration of some plectin (-/-) keratinocytes.

Figure 41. Upregulation of cofilin phosphorylation in plectin (-/-)
IB
ple: (+/+) (--)
1.0 6.0
«= @ P-Cofilin  antibodies to total (unphosphorylated/phosphorylated) Cofilin or (Ser3-

keratinocytes. Total cell lysates from migrating cells (prepared 6

hours after adhesion) were subjected to immunoblotting using

e Cofilin phosphorylated) p-Cofilin. Numbers above lanes represent the protein
ratios relative to an arbitrary level of 1.0 determined by the first sample

in each lane. One of two experiments is shown.

Absence of plectin reduces desmoplakin expression levels, but does not

influence desmosome formation and function

Plectin was previously identified as a component of desmosomes of polarized
monolayers of simple epithelial cells (Eger et al., 1997), of the epidermis (Skalli et al., 1994;
Wiche et al., 1983) and of differentiated keratinocytes in culture (Skalli et al., 1994). Since
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electron microscopic analysis had revealed subtle changes in sizes and numbers of
desmosomes of plectin-deficient epidermis (see Fig. 18), I decided to investigate plectin’s
possible role in desmosome function in more detail using cultured primary and immortalized
keratinocytes.

Within several hours of switching the calcium concentration from 0.05 mM to more
than 1.2 mM, keratinocytes form adhesion zippers, which are precursor structures of adherens
junctions, followed by the formation of nascent desmosomes (Green et al., 1987; Vaezi et al.,
2002). Subsequently, actin-myosin-based tension, by moving the apical surfaces of cells
relative to their bases, drives the expansion of zones of cellular overlap, thereby generating
new sites for nascent cellular junctions and catalyzing maturation of adherens junctions and
desmosomes (Vaezi et al., 2002). By 24 hours, a stratified epithelial sheet consisting of two to
three cell layers, with an organization of intercellular junctions similar to that of the epidermis
in vivo, forms in some parts of the keratinocyte monolayer (Vaezi et al., 2002).

After 3 hours of incubation with 1.8 mM calcium, primary plectin-deficient
keratinocytes (ple -/-) that were derived from K5-Cre KO mice (Ackerl et al., 2007) had
formed adhesive zippers and nascent desmomes of normal appearance (Fig. 42B,F), that were
indiscernible from intercellular junction precursors of control cultures (Fig. 42A,E). By 48
hours, single cells and cell clusters that had stratified were found on the surfaces of
monolayers of ple (-/-) and control keratinocytes (Fig. 22E;F and Fig. 42C,D). Formation of
mature desmosomes and adherens junction, visible as thick cortical belts of desmoplakin and
E-Cadherin, respectively, could be readily observed at this timepoint in clusters of stratified
plectin-deficient and control cells (Fig. 42 compare C with D and G with H). Similar results
were observed with epithelial sheets generated from plectin (+/+) and plectin (-/-)
keratinocytes (Fig. 43A,B). Together, these data strongly speak against a role of plectin in the
formation of desmosomes and the establishment of a polarized stratified epithelium.
However, these results are consistent with the absence of altered stratification/differentiation

in the epidermis of K5-Cre KO mice (see above).
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Figure 42. Cell-cell contact formation

and  stratification of primary

wild-type and plectin-deficient
keratinocytes. Primary keratinocytes

were isolated from skins of K5-Cre KO

3h low Ca2+

(ple -/-) and control mice (ple +/+) and
after reaching confluence, were cultured
in the presence of 1.8mM Ca** for
three- (A, B, E, F) or 48 hours (C, D, G,
H) to induce cell-cell junction formation

and stratification, respectively. Cells

48h high Ca2*

were immunolabeled using antiserum to
K5 (A-488-conjugated secondary Abs,
green) and mAbs to desmoplakin (Texas
Red-conjugated secondary Abs, red) (A-
D), or antiserum to actin (A-488-
conjugated secondary Abs, green) and

mAbs to E-cadherin (Texas Red-

3h low Ca2t

conjugated secondary Abs, red) (E-H).
Note, (i) regular formation of nascent
desmosomes (A, B) and adhesion
zippers (E, F), and (i) normal
stratification along with formation of
mature desmosomes (C, D) and

adherens junctions (G, H) in epithelial

48 hhigh Ca2*

sheets of control and plectin-deficient

P8 keratinocytes. Bar, 10 um.

Interestingly, stratified epithelial sheets of immortalized and primary plectin (-/-)
keratinocytes expressed slightly less desmoplakin protein than their wild-type counterparts
(Fig. 43C,D). Moreover, the relative amounts of desmoplakin in the detergent-resistant
fraction of stratified plectin (-/-) keratinocytes were reduced (Fig. 44B), which correlates with
a reduced incorporation of desmoplakin into desmosomes (Yin et al., 2005). Plectin-
deficiency did only affect desmoplakin expression, since E-cadherin expression levels were

similar in stratified plectin (+/+) and plectin (-/-) epithelial sheets (Fig. 43C,D and Fig. 44B).
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Figure 43. Cell-cell contact formation and stratification of immortalized wild-type and plectin-
deficient keratinocytes. (A, B) After reaching confluence, cells were cultured in the presence of
1.8 mM Ca® for 48 hours to induce cell-cell junction formation and stratification. Cells were
immunolabeled using mAbs to desmoplakin. Note regular formation of desmosomes in epithelial
sheets of plectin (+/+) and plectin (-/-) keratinocytes. (C, D) Total cell lysates of stratified epithelial
sheets generated from immortalized (C) or primary (D) keratinocytes were subjected to
immunoblotting using antibodies to desmoplakin, or E-cadherin. Tubulin was used as a loading
control. Numbers above lanes represent the protein ratios relative to an arbitrary level of 1.0

determined by the first sample in each lane. One of two experiments is shown. Bar, 10 um.

A B
Coomassie IB
low Ca2* 48h high Ca2*+ low CaZ* 48h high Ca2*
SN P SN P SN P SN P
LA A C L A o HE - HE o o)
10 064 0 0 10 094 1.0 074
Ty T
-~ n—-’ DP

- 1.0 1.0 012017 10 106 052 04

“ — — s (-Catenin

0 045 055 1.0 1.0 053049
- *. E-Cadherin

Figure 44. Association of desmoplakin with desmosomal complexes. Relative expression levels of
desmoplakin, f—catenin and E-cadherin in detergent-soluble (SN) and insoluble (P) fractions obtained
from unstratified monolayers (low Ca2+) and stratified epithelial sheets (48 hours high Ca2+)) of wild-
type (+/+) and plectin-deficient (-/-) keratinocytes. Proteins were extracted from cells as described in
materials and methods and equal amounts of proteins were analyzed by SDS-PAGE and
immunoblotting using antibodies indicated. (A) Coomassie staining. (B) Immunoblotting using
antibodies indicated. Numbers above lanes represent the protein ratios relative to an arbitrary level of

1.0 determined by the first sample in each lane. One representative experiment of three is shown.
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To test whether the reduced desmosome-associated desmoplakin levels observed in
stratified plectin (-/-) epithelial sheets had consequences on the stress-resistance of the
keratin-desmosome network, stratified epithelial sheets were subjected to oscillating
mechanical stretch at a frequency of 1 Hz (i.e. one cycle of stretch and relaxation per second)
and a 12% stretch (i.e. a 12% increase in diameter across the silicone membrane). Continuous
stretching of plectin (+/4) and plectin (-/-) keratinocyte sheets over a 24 hour period did not
affect cell integrity, nor did it cause changes in the organisation of the keratin network and
desmosomes, but led to a re-orientation of keratinocytes within the sheet along the stretch-
axis (Fig. 45C,D). However, signs of cell rupture along cell-cell interfaces or rupture of
keratin filaments, such as were described previously for EBS keratinocytes (Russell et al.,
2004), were not observed in plectin (-/-) keratinocytes. From these results one may conclude
that plectin-deficiency and the resulting downregulation of desmoplakin have no effect on the
stress resistance of the keratin-desmosome network of cultured keratinocytes. However, it can
not excluded, that the keratin-desmosome network would react differently if higher

frequencies are applied (Russell et al., 2004).

Figure 45. Effect of cyclic strain stress

on stratified plectin (-/-) keratinocyte

o' sheets. Confluent monolayers were

no strain

_ 24 h strain

allowed to stratify for 48 hours and were
subsequently subjected to mechanical
stress using an oscillating stretch with
frequency of 1 Hz and amplitude of 12%
for 24 hours (C, D) or left un-stressed (A,
B). Cells were double immunolabeled
using antiserum to K5 and mAbs to
desmoplakin. Note, elongated cell shape
and alignment of cells along the stretch
axis in wild-type and plectin-deficient
epithelial sheets after stretching, but intact

keratin filament network and desmosomal

cell-cell contacts in plectin-deficient

epithelial sheets. Bar, 10 pm.
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To directly analyze cell-cell adhesion, I next used a so called “dispase-based cell
dissociation assay”, which is directly related to desmosomal adhesion, because it involves
splitting of the desmosomal material by application of shear stress (Kimura et al., 2007; Yin
et al., 2005). The degree of dissociation was quantified by counting the number of fragments
released from stratified keratinocyte sheets during the assay. As shown in Fig. 46, there was
no statistically significant difference between the number of fragments released from plectin

(+/+) and plectin (-/-) sheets, indicating similar adhesive strength in both cell types.

, HEC A Figure 46. Effect of shear stress on

stratified plectin (-/-) keratinocyte
sheets. (A-D) Stratified epithelial

no stress

sheets after their detachment from
culture dishes with dispase (A, B), or

after subsequent 50 rotations in falcon

w
@ tubes in 4 ml of PBS containing 1.8
- mM Ca® (B, C). (E) Quantification of
@ :
> ~ ¥ the degree of dissociation of epithelial
é sheets by counting fragments of the
@ sheet after rotation. Mean values +
[=
qg; 1 SEM from three experiments are
< T 1 shown.
g 1
£
2
(+/+) (-/-)

Summarized, my experiments with cultured keratinocytes did not reveal a role of
plectin in the reinforcement of desmosomes; however, they showed that steady state

expression levels of desmoplakin are partially regulated by plectin.
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Part Illl — Biochemical characterization of plectin
isoform 1c as a microtubule binding protein

In a study on plectin isoform expression on the mRNA level in epithelial tissues, a
dominance of transcripts containing exon la or exon lc has been observed (Fuchs et al.,
1999). This was onfirmed by quantitative RNase protection assays of RNA isolated from
primary human keratinocytes, where it was revealed that the predominant plectin isoforms
expressed contained exon la (71% of all transcripts detected), exon 1c (22%), exon 1 (4%),
and exon 1b (1%) (Andri et al., 2003). As the role of plectin 1a as a stabilizer for HDs has
been established (Andri et al., 2003), this part of the thesis was focused on the second major

epithelial isoform, plectin 1c.

Plectin 1c is expressed in stratified mouse epithelia

In skin, plectin Ic is expressed in all living cell layers of the epidermis (Andri et al.,
2003). To find out, whether this isoform was also expressed in other stratified epithelia,
oesophageal and palate tissues were subjected to immunofluorescence microscopy using anti-
plectin Ic antibodies (Fig. 47).

K5-Cre KO

Control Control

K5-Cre KO

Figure 47. Expression and localization of plectin 1c in stratified internal mouse epithelia.
Immunofluorescence microscopy of frozen oesophagus (A, B) and palate (C, D) tissue sections of
newborn control and K5-Cre KO specimens using anti-plectin 1c antibodies. In the epithelia of the
oesophagus (A) and the palate (C), the plectin 1c signal is most prominent along cell borders and the
basal membranes. Also note absence of plectin 1c-specific label in K5-Cre KO oesophagus (B) and

palate (D). Asterisks indicate lumens of oesophagus and oral cavity. Bars, 20 um.



REsSULTS 82

Indeed, antibodies to plectin 1c strongly labelled the periphery of keratinocytes in these
epithelia similar to the staining pattern obtained in epidermis (Andrd et al., 2003). Thus,
plectin lc is specifically expressed in basal and suprabasal keratinocytes of stratified

epithelia.

Plectin 1c expression remains stable during differentiation of keratinocytes

in-vitro.

Expression levels of plectin 1a and plectin 1c during the process of epithelial sheet
formation were examined using immunoblotting. Total cells lysates were prepared from
immortalized plectin (+/+) keratinocyte at different time points after increasing the
concentration of calcium to 1.8 mM. After 24 hours of stratification, involucrin expression
began slightly to increase (Fig. 48A), indicative of keratinocytes undergoing terminal
differentiation (Watt et al., 1984), and was strongly upregulated at day 5 of differentiation. In
two days-old epithelial sheets, reduced immunodetection of plectin la was observed and

expression levels decreased further with progressing terminal differentiation.
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Figure 48. Regulation of plectin 1a and 1c expression levels during terminal differentiation of
keratinocytes. (A) Immunoblotting analysis of plectin la, plectin lc, integrin B4, and involucrin
expression levels during Ca**-induced terminal differentiation of plectin (+/+) keratinocytes. Note, the
hemidesmosomal components integrin B, and plectin la were downregulated during terminal
differentiation of keratinocyte monolayers, whereas plectin 1c expression remained stable. The
upregulated involucrin expression is indicative of keratinocyte differentiation. (B) Comparison of
relative expression levels of plectin 1a, plectin 1c, integrin B4, and involucrin at days null and five of

differentiation, respectively. Mean values + SEM from three experiments are shown.
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Since differentiation of keratinocytes in vitro was shown to be associated with
downregulation of hemidesmosomal integrins (Tennenbaum et al., 1996), the expression of
integrin 4 was also analyzed. Integrin B4 expression started to decrease after 24 hours, and no
immunoreactivity could be detected after five days of stratification. In contrast to plectin 1a,
plectin 1c was more or less stably expressed during the time course of epithelial sheet
formation, and plectin lc immunoreactivity was still detectable even after five days of
differentiation (Fig. 48A). For a comparison of plectin la and plectin 1c expression levels at
days null and five of differentiation, immunoblots were subjected to densitometric analysis

(Fig. 48B).

Plectin 1c associates with MTs in vivo

It was previously reported by our group that plectin 1c, contrary to isoforms lacking the
Ic-specific sequence, such as plectin 1a or plectin 1, colocalized with MTs in keratinocytes
(Andri et al., 2003), suggesting that this sequence might contain a MT-binding site. To study
plectin 1¢c-MT interaction in more detail, I decided to use immortalized mouse keratinocytes
which express plectin 1c at relatively high levels (Andri et al., 2003). Since plectin 1c is most
prominently expressed in brain (Fuchs et al., 1999), additionally I used the cell lines N2a and
PC12, both of which are of neuronal origin and express plectin Ic (Walko, 2002).
Immunofluorescence microscopy using isoform-specific antibodies revealed a clear
colocalization of plectin 1¢ with MTs in N2a cells (Fig. 49A-C). Codistribution of plectin lc
with MTs was most prominent at the cellular periphery (Fig. 49C) with a similar distribution
pattern as observed in plectin (+/+) keratinocytes (Andrid et al., 2003). Plectin 1c-positive
structures resembled “speckles” arranged in a discontinuous pattern alongside single MTs
(Fig. 49C, arrowheads), and were often found near intersections of MTs (Fig. 49C, arrows).
Similar structures have previously been found to contain non-neuronal MAPs or MT-bound
MAP fragments (Faire et al., 1999). Correlating with the density of MTs, the staining
intensity of plectin 1c was generally higher near the nucleus compared to peripheral regions
of the cell (Fig. 49A,B). However, high plectin 1c staining intensities were also often noticed
in MT-rich domains at the cellular periphery (Fig. 49D-F). Using an antiserum recognizing all
isoforms of plectin (anti-pan-plectin), a similar staining was observed (Fig. 49G-I). Pan-
plectin staining was most intensive in perinuclear areas and appeared more dotlike at the

cellular periphery, with plectin-positive dots coaligning with MTs (Fig. 491, arrowheads).



REsSULTS

84

When neurite outgrowth was induced in these cells, plectin 1c redistributed with MTs into

neurites and growth cones (Fig. 49J, K).

Figure 49. Isoform 1c-specific association of plectin
with MTs and the plasma membrane in neuronal
cells and Kkeratinocytes. N2a cells (A-K), PC-12 cells
(L-N) and stratified plectin (+/+) epithelial sheets (O-
Q) were processed for immunofluorescence
microscopy using anti-plectin 1c (A, B, D, E, J-L, N,
0O, Q), anti-pan-plectin (G, H), and anti-tubulin (B, E,
H, K, M, N, P, Q)-specific primary antibodies. (A-C)
Note extensive colocalization of plectin 1c with N2a
MTs, often in a discontinuous pattern (C, arrowheads)
and at MT intersections (C, arrows). (D-F)
Localization of plectin 1c at MT-rich cortical domains
(arrows in F) in N2a cells. (G-I) Anti-pan-plectin
antibodies decorate the peripheral MT network in N2a
cells (I, arrowheads) and MT intersections (I, arrow).
Note, that pan-plectin staining shows a pattern similar
to plectin 1c (compare C with I). (J, K) Plectin 1c
redistributes to neurites and growth cones (arrowhead)
of differentiating N2a cells. (L-N) Localization of
plectin 1c and tubulin at cell-cell contact areas
(arrows) and at the cellular membrane (arrowheads) in
PC-12 cells. (0-Q) Redistribution of plectin 1c to the
cellular periphery upon keratinocyte stratification.
Note cortical bundles of MTs in stratifying

keratinocytes (arrowheads in P). Bars, 10 um.

Upon stratification of keratinocytes, plectin 1c redistributed to the cellular periphery,

were it was frequently found in close association with cortical bundles of MTs (Fig. 49Q),

which form in suprabasal keratinocytes during stratification (Lechler and Fuchs, 2007). Anti-

plectin 1c antibodies did not label cell-cell borders in plectin-deficient keratinocytes,

demonstrating that the peripheral staining of stratified plectin (+/4) keratinocyte sheets was
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not an antibody artifact (data not shown). A similar codistribution of plectin 1c with cortical
MTs was also observed in clusters of adrenal PC-12 pheochromocytoma cells (Fig. 49L-N).
In stratified keratinocyte sheets, plectin 1c partially codistributed with desmoplakin at
areas of cell-cell contact (Fig. 50A-C), but subcellular fractionation of stratifying
keratinocytes showed only a mild enrichment (~ 1.5 times after 24 hours) of plectin Ic in the
detergent/high-salt insoluble fraction in contrast to desmoplakin and y-catenin, which became
highly insoluble after 24 hours of stratification [referr to Fig. 30 in (Ackerl, 2005)], indicating

that plectin 1c was not an integral component of desmosomes.

Figure 50. Plectin 1c associates with the
submembrane cytoskeleton of stratified
keratinocytes. (A-F) Keratinocytes were allowed
to stratify and form epithelial sheets for 48 hours
in high calcium medium. (G-Q) Ca**-switch
assays. Epithelial sheets were incubated in
< keratinocyte growth medium with 0.05 mM Ca**
for 24 hours. Cells were processed for
immunofluorescence microscopy using anti-
plectin 1c (A, C, D, F, G, [, J-M, N, P, Q), anti-
desmoplakin (B, C, Q, insert in Q), anti-fodrin (E,
F, H, I, K, O, P), and anti-K10 (L) -specific
primary antibodies. (A-C) Partial codistribution of
plectin 1c (A) and desmoplakin (B) in stratified
plectin (+/+) keratinocyte cultures. Note absent
colocalization of plectin lc and desmoplakin in
some areas of stratification (C, arrowheads). (D-F)

Colocalization of plectin 1c (D) and fodrin (F) at

‘ cell-cell borders of stratified plectin (+/4)
keratinocyte epithelia sheets. (G-Q) Upon Ca**-switch, basal keratinocytes loose their cell-cell
contacts (Q), whereas clusters of suprabasal keratinocytes retain desmosomes (insert in Q). Plectin 1c
and fodrin colocalize in these suprabasal clusters of keratinocytes (I). Close-up view of a suprabasal
cell cluster shows codistribution of plectin 1c with fodrin at cell-cell contact areas (K-M, arrows) and
at the plasma membrane (K, arrowheads). Suprabasal cell cluster consist of differentiated
keratinocytes, which express K10 (L). Side view of a suprabasal keratinocyte cluster generated from a
Z-stack through a plectin 1c/fodrin co-staining shows codistribution of plectin 1c and fodrin at lateral

cell-cell contact areas and at lateral and apical plasma membranes (P). Bars, 10 pm.
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Previous data have demonstrated an association of plectin with the submembrane
cytoskeleton of simple epithelial cells via fodrin (Hermann and Wiche, 1987; Eger et al.
1997). In accordance, 1 observed extensive colocalization of plectin lc with fodrin in
stratified keratinocyte sheets (Fig. S0D-F). When stratified keratinocyte sheets were subjected
to a low Ca’* switch (South et al., 2003), cell-cell contacts disassembled, but clusters of
suprabasal, Kl10-expressing (Fig. 50L), keratinocytes retained calcium-independent
desmosomes (insert in Fig. 50Q). Plectin 1c clearly colocalized with fodrin at areas of cell-
cell contact (arrows in Fig. 51K) and at the plasma membrane (Fig. 50N-P and arrowheads in
Fig. 50K) of this suprabasal cell clusters, indicating a strong association of plectin 1c with the

submembrane cytoskeleton upon cell-cell contact-maturation.

Plectin 1c¢ binds to MTs in vitro

To demonstrate association of plectin 1c with MTs in vitro, I performed MT
cosedimentation assays. First, MTs, isolated from either mouse or hog brain homogenates by
repeated cycles of temperature-dependent polymerization and depolymerization, were
subjected to immunoblotting using anti-plectin 1c antibodies. Immunoreactive bands
comigrating with HMW MAPs were clearly detected in both cases (Fig. 51A). These bands
were also recognized by antibodies directed to epitopes encoded by exons 9-12 (N-term) or to
the C-terminal repeat domain 5 of plectin (C-term) (Fig. 51B). This, and previous
experiments showing comigration of plectin with HMW MAPs in brain tissue homogenates
(Hermann and Wiche, 1987) confirmed the association of full length versions of plectin Ic
with MTs isolated by in vitro assembly. Antibodies specific to plectin 1a showed no reaction
with these or any other bands contained in brain samples (Fig. 51C), consistent with
published mRNA expression data (Fuchs et al., 1999).

MT cosedimentation of plectin 1c was assessed also in a similar way using high
speed-supernatant (hs-SN) fractions from N2a cells (Fig. 51D). In this case MT
polymerization was induced by taxol. When various fractions obtained during the isolation
procedure were subjected to immunoblotting using antibodies specific to plectin 1c and the
presence of tubulin was visualized by Coomassie staining, an enrichment of both tubulin and
plectin 1c in the taxol-stabilized MT fraction was clearly observable (Fig. 51D, lane 6); in
controls without taxol neither plectin 1c nor tubulin were detectable in this fraction (Fig. 51D,

lane 9).
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To exclude the possibility of unspecific trapping of plectin 1c during taxol-
polymerization of endogenous tubulin, in another experiment, hs-SNs from N2a cells were
incubated with exogenous (pre-assembled) brain MTs, followed by centrifugation (Fig. S1E).
Similar to MAP1b heavy chain, tested in parallel as a control, again, a considerable portion of
plectin 1¢ was found to cosediment with MTs (Fig. 51E, lane 3). These data clearly showed

that a major fraction of full length plectin 1c present in neuronal cells specifically bound to

MT polymers.
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Figure 51. Cosedimentation of plectin 1¢ with MTs. (A) Cosedimentation of plectin 1¢ with twice-
cycled tubulin from adult mouse and hog brain. Positions of molecular mass markers and of MAP1
and MAP?2 are indicated. Presence of plectin 1c in MT pellets was analyzed by immunoblotting. (B)
Immunoblotting analysis of mouse brain MT pellets using antibodies to plectin's N and C termini and
plectin 1c. Positions of molecular mass markers are indicated. (C) Immunoblotting analysis of mouse
brain homogenates and N2a cell lysates using antibodies to plectin 1a and plectin 1c. Positions of
molecular mass markers are indicated. (D) Cosedimentation of plectin 1c with taxol-stabilized
endogenous MTs from N2a cells. N2a postnuclear supernatant (PNS, lane 1) was subjected to
centrifugation to obtain high-speed supernatant (hs-SN, lane 2) and pellet (hs-P, lane 3) fractions. hs-
SN aliquots were incubated with (+), or without (-) taxol. Formed MTs were sedimented by

centrifugation, leaving a SN;, and the MT-pellet was subjected to two cycles of resuspension and
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centrifugation to obtain a final pellet (P) and SN (SN,) fractions. All fractions were analyzed by SDS-
PAGE, followed by coomassie-staining (CBB) or immunoblotting (IB) using anti-plectin lc
antibodies. Note high amounts of plectin 1c cosedimenting with MTs (compare lanes 6, 9). The
position of tubulin (Tub) on the gel is indicated. (E) A plectin 1c-containing hs-SN was incubated with
exogenous taxol-polymerized tubulin (+ MT), and MTs sedimented by centrifugation. Fractions were
analyzed with anti-plectin 1c and anti-MAP-1b heavy chain antibodies, revealing partial
cosedimentation of plectin 1c and MAP-1b heavy chain with pre-formed MTs. (F) Distribution of
plectin 1c and pan-plectin (detected with N-term antibodies) in subcellular fractions of keratinocytes
obtained by sequential extraction with NP-40, Empigen-BB and SDS. Note absence of plectin 1c from
the SDS-soluble fraction. (G) Plectin (+/+) keratinocyte supernatant freed of nuclei was subjected to
centrifugation to obtain high-speed supernatant (hs-SN, lane 1) and pellet (hs-P, lane 2) fractions. hs-
SN aliquots were incubated with (+MT) or without (-MT) taxol-stabilized MTs. Centrifugation
yielded pellet (P) and supernatant (SN) fractions. Aliquots from each fraction were analyzed by SDS-
PAGE, followed by immunoblotting using anti-plectin 1c and plectin la antibodies. Note that
endogenous plectin 1c, but not plectin 1a from keratinocytes partially cosediments with pre-assembled

MTs.

To investigate the ability of plectin 1c to associate with keratin filaments in-vivo, |
followed a sequential detergent extraction protocol (Liao and Omary, 1996), which uses first
NP-40 and then Empigen-BB to solubilize large amounts of keratin. Indeed, 22% and 46% of
keratin 5/14 were solubilized by NP-40 and Empigen-BB, respectively, whereas 32% of
keratins remained unsoluble and could only be solubilized with SDS (see Fig. 34).
Immunoblotting analysis using anti-plectin 1c and anti-pan-plectin antibodies revealed that
plectin 1c was not present in the SDS-soluble pool (Fig. 51F), whereas a strong signal was
obtained using pan-plectin (N-term) antibodies. These data indicate a differential association
of plectin lc with keratin-based cytoskeletal structures in comparison to other plectin
isoforms present in keratinocytes.

Next, I carried out cosedimentation assays with soluble cell extracts from plectin (+/+)
keratinocytes using pre-assembled brain MTs as an affinity matrix (Fig. 51G). The two major
keratinocyte isoforms of plectin, plectin la and plectin 1c (André et al., 2003), were present
in high-speed cell supernatants in comparable amounts (Fig. 51G, lane 1). However, only
plectin 1c showed partial cosedimentation with pre-assembled MTs, while plectin la
remained unbound (Fig. 51G, lane 4). No plectin was sedimented in the absence of MTs (Fig.
51G, lanes 5,6). These results showed that association of plectin with MTs in keratinocytes

was isoform-specific, with plectin 1c exhibiting MAP-like behavior.
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The plectin C terminus does not associate with keratinocyte MTs in-vivo

A fragment of the C-terminal tail domain of plectin harboring 4 GSR repeats has
previously been reported to decorate and bundle MTs upon transfection into COS7 cells (Sun
et al. 2001). To verify the ability of the plectin tail to bind to MTs, a plasmid encoding an
EGFP-fusion protein containing a tail fragment of plectin (Fig. 52A), similar to the one used
by Sun et al. (2001), was transfected into plectin-deficient keratinocytes (Fig. 52B-D). Albeit
this fragment was expressed in cells at the correct size (Fig. 52E), no decoration or bundling
of MTs using immunofluorescence microscopy could be observed. Instead, we found this
fragment to be diffusely distributed in the cytoplasm and/or associated with cytoplasmic

aggregates (Fig. 52C, D), inconsistent with a role of plectin’s tail in MT-binding.
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Figure 52. Plectin’s tail fragment does not colocalize with MTs upon transient transfection of
plectin (-/-) cells. (A) Schematic representation of plectin subdomains, exon allocations and the tail
fragment of plectin used for transfection. Segments to which functions have been assigned are
indicated. ABD, actin-binding domain consisting of CH1/CH2 regions; IF-BS, intermediate filament
binding site. (B-D) Transfected plectin (-/-) keratinocytes were stained with anti-tubulin antibodies to
visualize MTs. Localization of the tail-fragment was visualized by GFP fluorescence. Note diffuse
cytoplasmic and nuclear distribution of plectin’s tail, but no decoration of MTs. (E) Immunoblot
analysis of a total cell lysate of transfected (-/-) cells using anti-GFP antibodies. Note expression of
GFP-tail fragment of the expected size (35.5 kD). The observed band-shift is likely due to
phosphorylation of GSR-repeats within the tail sequence. Bar, 10 pm
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SH3-like domain in plectin’s plakin domain binds to MAPs in vitro

Earlier experiments had shown that plectin purified from glioma C6 cells bound to
high-Mr MAPs from hog brain (Hermann and Wiche, 1987). To investigate which interaction
sites were involved in plectin’s binding to high-Mr MAPs (Herrmann and Wiche, 1987)
various fragments of plectin 1¢ were expressed as fusion proteins with N- or C-terminal GST
tags (Fig. 53A) and used for blot overlay assays. In studies on ACF7/MACF (Yang et al.,
1999) the M1 domain which represents a segment of the N-terminal plakin domain, and thus
is common to all known plakin protein family members, has recently been identified as a

putative MT-binding site.
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Figure 53. Binding of plectin's SH3-like domain to MAPs. (A) Schematic representation of plectin
subdomains, exon allocations and fragments of plectin used for cosedimentation and overlay assays.
Note that the C terminus of plectin is not shown. ABD, plakin and rod domains are indicated. Putative
MT-binding sites are indicated. (B, C) MAPs prepared from hog brain (B, arrows) and plectin (+/+)
keratinocytes (C) were separated by SDS-PAGE (B, Coomassie), transferred to nitrocellulose
membrane and overlaid with 8 pg/ml of indicated GST-tagged plectin fragments, or GST alone, or
overlay buffer as negative control. Bound proteins were visualized using antibodies to GST. Note
specific binding of plectin fragments plc-30, p16-24 and p20-21 to hog brain MAPs (B), and of plc-
30 to two HMW keratinocyte MAPs (C, arrows). Protein bands showing unspecific binding are

marked by asterisks in (C). Positions of molecular mass markers are indicated.

When fragments of plectin containing the entire N terminus, including the ABD and plakin

domain (plc-30) or parts of it (p16-24 and p20-21; see Fig. 53A, C) were purified (Fig. 53C)
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and overlaid onto nitrocellulose-blotted MAPs prepared from hog brain (Fig. 53D), all of
them showed binding to a neuronal high-M; MAP (Fig. 53D, lanes 4-6), whereas plc-8 and
the GST tag alone showed no binding (lanes 3 and 7). Similarly, plc-30 showed specific
binding to two high-M; MAPs isolated from plectin (+/+) keratinocyte homogenates (Fig.
53E, arrows). These data led me to conclude that plectin Ic can interact with MTs via two
independent N-terminal binding sites, one representing an isoform-specific tubulin targeting
site, the other an additional MAP interaction site.

Interestingly the minimal sequence of the plectin plakin domain (p20-21) that bound to
MAP2 encompassed exons 20-21. Protein sequence alignment of the sequence encoded by
plectin exons 20-21 and a putative SH3 domain residing within BPAG1's plakin domain
(Jefferson et al., 2006) revealed the presence of an SH3-like domain also within the plakin

domain of plectin (Fig. 54)
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Figure 54. Localization of a putative SH3 domain in sequences of plectin encoded by exons 20-
21. Protein sequence alignment of the putative SH3 domains of BPAGI1 (Jefferson et al., 2006) and of
plectin. The position of the SH3 domain is indicated with a black line. The amino acid sequence of
plectin fragment p20-21 is marked with arrowheads. Background in black indicates identical amino

acids, that in light grey similar amino acids.

Absence of plectin leads to increased density and stability of MTs during

Ca**-induced stratification of keratinocytes.

MTs are dynamic polymers that change their distribution during the cell cycle and
differentiation of cells. To study possible effects of plectin deficiency on MT organization in
vivo in cells undergoing stratification, plectin (+/4) keratinocytes and their plectin-deficient
counterparts were subjected to Ca**-induced stratification. Stratification of keratinocyte
monolayers in vitro is accompanied by a dynamic rearrangement of MTs (Lewis et al., 1987).

Immunfluorescence microscopy of plectin (+/4+) and plectin (-/-) keratinocytes grown in
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normal (low Ca®*) medium, revealed typical MT networks radiating from the nucleus towards
the cellular periphery in both cell types, with a slight tendency to a higher density of MTs
observed in plectin (-/-) cells (Fig. 55A,B). When the concentration of Ca”" in the culture
medium was raised, formation of desmoplakin and E-cadherin-positive cell-cell contacts
occurred in both cell types (see Figs. 43 and 44). MTs in plectin (+/+) keratinocytes did not
undergo significant changes during the initial stages of stratification, except that in some
cells, they were found to accumulate in peripheral bundles oriented in parallel to cell-cell
contact sites (Fig. 55C, arrowheads). Contrary to this, in plectin-deficient keratinocytes a
strongly increased tubulin signal and dense arrays of MTs extending throughout the whole

cell were observed (Fig. 55D).

ple (+/+) Figure 55. Increased MT formation and MT

. density in plectin-null Kkeratinocytes. (A-F)
NS Immunofluorescence microscopy of control (+/+)
5 and plectin-deficient (-/-) keratinocytes. Cells were
processed for immunofluorescence microscopy after
cultivation in 0.05 mM Ca®* medium (low Ca®)

(A, B), or after exposure to 1.8 mM Ca** (high Ca®")
for 3h (C-F). MTs were visualized using anti-tubulin
antibodies. Note denser arrays of MTs in plectin (-/-)
keratinocytes after Ca”**-induced stratification (D, F),

compared to control cells (C, E). Bars, 10 um. (G)

high Ca2*

Fractions containing protomeric and polymeric
tubulin pools were prepared from cells cultured in
low Ca™ (- Ca®™) or high Ca® for 3 hours (+ Ca®")

and subjected to immunoblotting using anti-tubulin

antibodies. Note increased amount of tubulin in the
G 1 2 3 4 5 6 7 8
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Protomer  Polymer Protomer Polymer ~ experiment of three and mean values + SEM from
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As revealed at higher magnification (Fig. 55F), these densely packed MTs appeared to
be laterally aligned, whereas in most plectin (+/+) keratinocytes MTs were still distributed in
a network-like, more orthogonal pattern (Fig. 55E). Using a protocol to obtain subcellular
fractions containing protomeric and polymeric tubulin, I observed that stratifying (-/-)
keratinocytes contained increased amounts of polymeric tubulin compared to (+/4) cells (Fig.
55G, lanes 7 and 8 and quantitation below). This indicated that the increase in fluorescence
intensity observed during stratification was due to increased MT formation.

These observations were further supported by electron microscopy of embedded thin
sections from stratifying plectin (+/+) and (-/-) keratinocytes. In this way, networks of densely
bundled MTs were revealed in plectin (-/-) cells, but not in wild-type cells (S. Reipert and K.
Andri, unpublished data). These data left no doubt that the absence of plectin led to a dense
packing or bundling of cytoplasmic MTs.

Immunoblotting analysis of cell lysates of plectin (+/+) monolayers, prepared at
different timepoints of Ca®*-induced differentiation, using antibodies to tyrosinated,
detyrosinated, and acetylated tubulin revealed a slight increase in the amount of detyrosinated
tubulin-containing, and thus stable, MTs (Fig. 56A), during terminal differentiation, whereas
the content of acetylated tubulin did not change and levels of tyrosinated tubulin were
downregulated. Tubulin detyrosination, which happens as a consequence of increased MT
stability, increased only very late in terminal differentiation. To address the question, whether
the bundled MT arrays observed in plectin (-/-) keratinocytes consisted of stable MTs, I
performed immunoblotting on lysates of undifferentiated and stratifying plectin (-/-) and
wild-type keratinocytes using antibodies to acetylated tubulin. Interestingly, undifferentiated
monolayers of plectin (-/-) cells already contained a significantly increased amount of
acetylated tubulin in comparison to their wild-type counterparts (Fig. 56B). This elevated
levels of acetylated tubulin in plectin (-/-) keratinocytes became even higher during
stratification (Figs. 56B and C), whereas in wild-type cells, the levels of acetylated tubulin
remained generally low. These data confirmed the presence of more stable (less dynamic) MT
arrays in plectin (-/-) keratinocytes. In fact, MTs of stratifying plectin (-/-) keratinocytes
showed a strong resistance against nocodazole or colchicine-induced depolymerization (K.

André, unpublished data).
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Figure 56. Increased acetylated tubulin content in plectin (-/-) keratinocytes. (A) Immunoblotting
analysis of post-translational tubulin modifications in differentiating keratinocytes using antibodies to
detyrosinated (glu-), tyosinated (tyr-), or acetylated (acetyl-) tubulin. Note a slight increase in levels of
detyrosinated tubulin and a strong decrease in levels of tyrosinated tubulin. (B, C) Immunoblotting
analysis of post-translational tubulin modifications in plectin (+/+) versus plectin (-/-) keratinocytes
grown in low Ca™ or in high Ca” for 3 (B, C) or 24 (C) hours. Numbers above lanes represent the
protein ratios relative to an arbitrary level of 1.0 determined by the first sample in each lane. One of

two experiments is shown.

Part IV — Analysis of the migration defect of a
plectin-deficient fibroblast cell line

In contrast to plectin-deficient keratinocytes, plectin-deficient primary fibroblasts were
shown to migrate slower than their wild-type counter parts (André et al., 1998). Participating
in a project to analyze the molecular mechanisms causing the slower migration of wild-type

and plectin-deficient plectin-deficient fibroblasts, I compared the migratory behavior of
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immortalized fibroblast cell lines. These cell lines were derived from plectin (+/+)/p53 (-/-)
and plectin (-/-)/pS3 (-/-) mice and will be referred to as plectin (+/+) and plectin (-/-)
fibroblasts, respectively. Similar to plectin (-/-) keratinocytes, plectin (-/-) fibroblasts were
isolated from plectin-null mice (line 29) carrying a disruption in plectin’s rod-encoding exon

31, which leads to a null phenotype (Andri et al., 1997).

Slower PDGF-dependent migration of plectin-deficient fibroblasts

In a scratch wound closure assay, plectin (-/-) fibroblasts turned out to migrate more
slowly into the denuded monolayer area in response to PDGF-BB (biologically active dimeric
PDGF composed of two B subunits) stimulation than plectin (+/+) fibroblasts (Fig. 57),
similar to the migration behavior that was originally described for primary plectin-deficient
fibroblasts (Andri et al., 1998). The reduced migratory ability of plectin (-/-) fibroblasts was
later confirmed by time lapse video microscopy (Gregor et al., manuscript in preparation).
ple (-/-)

ple (+/+) Figure 57. Slower PDGF-dependent migration of

plectin (-/-) fibroblasts. (A, B) Plectin (+/+) and

plectin (-/-) fibroblasts were grown in parallel until
reaching confluence (~48 h) and serum-starved o/n.
Subsequently, a scratch wound was introduced into
the monolayer and cells were further incubated for

12 h in medium supplemented with PDGF-BB. Cells
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were fixed and stained using mAbs to actin. The
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L

lines drawn in the images represent reference lines
marking the width of the scratch when it was made.

(C) Average values of migration distances from 10

migration distnace (um)
L] B
s 8

different optical fields (10x objective) from three

o

(+1+) (1) independent experiments are shown (mean * the

SEM).

The migration phenotype manifested itself only, when cells were stimulated with serum
or PDGF-BB, but not when growth factors were absent from the medium, indicating a defect
in the chemotactic response of plectin (-/-) fibroblasts (Gregor et al., manuscript in

preparation).
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Increased peripheral RACK1 accumulation and PKC3 activity in
migrating plectin (-/-) fibroblasts

It has previously been shown that in fibroblasts, plectin serves as a regulator of PKC
signaling, through sequestration of the PKC-scaffolding protein “receptor for activated C
kinase 1” (RACKI1) (Osmanagic-Myers and Wiche, 2004). In plectin (-/-) fibroblasts, the
cytoskeleton-associated fraction of RACK1 was found to be reduced, and the protein was
found predominantly at sites to which it normally translocated upon growth factor-induced
PKC activation. Concomitantly, dislocation of PKCd and elevated enzymatic activity were
observed in these cells (Osmanagic-Myers and Wiche, 2004). Importantly, PDGF-BB-
stimulated membrane translocation and clustering of PKCd at the leading edge was shown to
drive migration of fibroblasts (Fan et al., 2006). Therefore, I analyzed activation of PKCJ in
fibroblasts migrating into a scratch wound. PKCdwas found to be reproducibly
hyperactivated in three plectin (-/-) fibroblast cell lines (isolated from individual plectin
knockout pubs) when compared to two independent plectin (+/+) fibroblast cell lines (Fig.
58A). (These cell lines were prepared and kindly provided by L. Winter, our laboratory).

Since PKCS hyperactivation in plectin (-/-) fibroblasts happens concomitantly with
accumulation of RACKI at the cellular periphery (Osmanagic-Myers and Wiche, 2004), 1
next looked at the localization of RACKI in cells migrating at wound margins (Fig. 58B-I).
As expected, numerous plectin (-/-) fibroblasts that were migrating into the scratched area
displayed increased peripheral accumulation of RACKI1 (Fig. 58C, arrows), in contrast to
plectin (+/+) cells, which rarely showed peripheral RACK1 accumulation (Fig. 58B, arrow).
Higher resolution images demonstrated extensive localization of RACK1 in membrane ruffles
and at lamellipodial edges of plectin (-/-) cells (Fig. 58G-I). Thus, peripheral RACKI1
accumulation and increased PKCO activation, as they were originally observed in
subconfluent plectin (-/-) cell cultures, are definitely related to the reduced migratory ability

of plectin-deficient fibroblasts.
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Figure 58. Slower PDGF-dependent migration of plectin (-/-) fibroblasts correlates with altered
activation of Rack/PKCd complex. (A) Total cell lysates from 3 different scratched plectin (+/+) cell
lines (designated 14 and 15) and 3 plectin (-/-) cell lines (designated 11, 12 and 13) were subjected to
immunoblotting using antibodies to pan-plectin (N-term), (Thr505-phosphorylated) p-PKC, and total
(unphosphorylated/phosphorylated) PKCd. Tubulin was used as a loading control. (B, C)
Representative images of scratch wounds. Plectin (+/+) (line 15) and plectin (-/-) (line 11) cells were
immunolabeled with antibodies to RACKI1. Arrows point to cells displaying peripheral RACK1
accumulation. (D-I) Representative images of fibroblasts at the wound edge stimulated with PDGF.
Cells were double immunolabeled for RACK1 (D, F, G, I) and actin (E, F, H, I). Note increased
accumulation of RACKI1 at lamellipodial edges of plectin (-/-) in comparison to plectin (+/+) cells

(arrows in G-I). Bar, 10 um.
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Increased focal adhesion contact numbers and decreased focal adhesion

kinase/paxillin phosphorylation levels in migrating plectin (-/-) fibroblasts

Other hallmarks of the cytoskeletal phenotype of primary plectin-deficient fibroblasts
are increased formation of stress fibers and enlargement and increase in numbers of focal
adhesion contacts (FACs) (Andri et al., 1998). As expected, plectin (-/-) fibroblasts migrating
at the wound margin displayed both these phenotypes (Fig. 59B). Immunoblotting analysis
with anti-pan-phospho-tyrosine antibodies revealed reduced tyrosine-phosphorylation of
proteins corresponding to focal adhesion kinase (FAK) and paxillin (Burridge et al., 1992) in
lysates of scratched plectin (-/-), compared to wild-type fibroblast monolayers (Fig. 59C).
Reduced phosphorylation of these proteins is correlative with reduced FAC turnover
(Tilghman et al., 2005; Zaidel-Bar et al., 2007), suggesting that the increased number and size

of FACs in migrating plectin (-/-) fibroblasts can be attributed to their reduced turnover.
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Figure 59. Increased stress fibers and focal adhesion contacts content in plectin (-/-) fibroblasts.
(A, B) Cells were fixed and immunolabeled for actin (red) and vinculin (green). Note increased
numbers of stress fibers and vinculin-positive focal adhesion contacts in plectin (-/-) cells migrating at
wound edges. (C) Total cell lysates from different scratched plectin (+/+) (lines 14 and 15) and plectin
(-/-) cell lines (lines 11, 12 and 13) were subjected to immunoblotting using antibodies to pan-phospho-
tyrosine. Tubulin was used as a loading control. The positions of phosphorylated FAK and paxillin are

indicated. Bar, 10 um.
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DISCUSSION

Conditional targeting of plectin in prenatal and adult mouse stratified

epithelia causes keratinocyte fragility and lesional barrier defects

Similar to plectin-null mice, K5-Cre KO mice with a specific deletion of plectin in
stratified epithelia died within 1-3 days postnatally exhibiting severe skin fragility, focal skin
barrier defects and growth retardation. Focal skin barrier defects appeared to arise as a
consequence of localized keratinocyte cytolysis and thus did not imply a direct role of plectin
inbarrier formation. Similar skin lesions with increased TEWL have previously been reported
for desmocollin 1-null mice (Chidgey et al., 2001) where they were related to localized
acantholysis. Small Toluidine-Blue-stained lesions were also found in the skin of K5
knockout mice, where they were attributed to cytolysis of basal keratinocytes (Peters et al.,
2001). The early onset of blister formation and the severity of tissue fragility clearly showed
that plectin is more important than BPAG]1 in linking keratin filaments to HDs, as BPAG1
knockout mice grow to adulthood and display only mild blistering (Guo et al., 1995). The
association of the o634 integrin with plectin via the 34 subunit and their clustering is crucial
for the formation of SACs (Koster et al., 2003). In cultured keratinocytes, subsequent
interaction of BP180 with plectin ultimately leads to incorporation of BPAGI into SACs and
the maturation/stabilization of these complexes (Koster et al., 2003). In accordance with these
data, I found that BPAG1 expression was downregulated in vivo in K5-Cre KO epidermis,
and that hemidesmosomal localization of BPAGI was compromized. Apart from the
formation of blisters and lesions due to epidermal detachment, the epidermis of K5-Cre KO
displayed a normal stratified organization and correct expression patterns of differentiation
markers, and proliferation and survival of keratinocytes were unaffected. The occasional
presence of apoptotic cells in the lumenproximal keratinocyte layer of blister roofs indicated
that, although cytolysis due to keratinocyte disruption above the HDs predominated, some
still intact keratinocytes underwent programmed cell death. However, massive apoptosis of
basal keratinocytes, as it was observed upon epidermal detachment in integrin B4-deficient
mice (DiPersio et al., 2000; Dowling et al., 1996), was not evident. The skin phenotype of
K5-Cre KO mice resembled that of children suffering from EB-PA (OMIM accession no.
226730), who are born with an extremely fragile skin (Charlesworth et al., 2003; Pfendner
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and Uitto, 2005). As most of these patients harbored premature termination codon or
nonsense mutations in exons encoding N-terminal parts of the protein, a rapid decay of the
prematurely terminated short RNA transcripts formed is very likely, leading to a complete
absence of the protein (Charlesworth et al., 2003). EB-PA mutations being located upstream
of exon 31 (the exon encoding plectin’s rod domain; (Liu et al., 1996) could therefore not be
compensated for by rodless plectin isoforms, explaining the more severe phenotype of
patients with plectin-associated EB-PA, compared with patients suffering from EB-MD.
Thus, mice with a specific deletion of plectin in stratified epithelia, such as our K5-Cre KO
mice, can be considered as an ideal model for the stratified epithelia phenotypes of patients
with severe forms of plectin-associated EB-PA. Before dying, K5-Cre KO mice became
progressively weaker, ceased to grow and apparently became unable to suckle, as their
stomachs remained empty. Inspection of the oral cavities of newborn K5-Cre KO mice after
at least one nursing showed the presence of multiple blisters on their palates and in some
cases also on their tongues. Therefore, we reason that the mechanical stress applied to the oral
epithelia by sucking and swallowing was the cause of the oral blister formation. As a
consequence, the pups’ desire for food was probably reduced due to pain and possibly
obstruction of the oral cavity by especially large blisters or cellular debris. A similar runting
due to prevention of feeding by erosive mucosal blistering was described for mice lacking
desmoglein 3 (Koch et al., 1997). In these mice, lesions were initially caused by sucking and
became even worse when growing mice began eating solid food. The finding that K5-Cre KO
mice did not show epithelial detachment in the esophagus was not surprising, as the liquid
diet of neonatal mice exerts only low mechanical stress on such organs. Mucosal involvement
is common in various forms of EB and cases of mucosal blistering associated with EB-MD
(OMIM accession no. 226670) have been described (Kunz et al., 2000; Schara et al., 2004).
The mouth and throat problems of patients suffering from EB have been reported to often
cause a serious disruption of nutrient intake, similar to what we observed with K5-Cre KO
mice. Because of oral blistering these children barely grow, as there is a higher need for
nutrients because the body loses proteins along with the wound exudate and also has to
sustain normal metabolism (information available at the DebRA website: www.debra-
international.org). Pyloric atresia manifests with gastric abnormalities, primarily pyloric and
duodenal atresia. However, in K5-Cre KO mice, the movement of coagulated milk from the
pylorus into the intestine was not obstructed and consequently, the stomachs were not

distended, ruling out that conditional knockout animals were suffering from pyloric atresia.
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Moreover, the absence of gastric pathologies in K5-Cre KO mice proved the targeting of the
plectin gene to be exclusive for stratified epithelia, without affecting simple epithelia.

Even though the epidermis of OHT-treated PLEC"*":K5-Cre-ER" mice showed only a
mosaic pattern of plectin deletion, its susceptibility towards mechanical stress-induced
damage was found to be clearly increased. Evidently, the patchwise deletion of plectin
rendered the epidermis more prone to trauma, as revealed by increased TEWL (Ackerl et al.,
2007) and lesion formation. The observed more readily removable cells of the deeper
epidermal cell layers by tape stripping may also be related to the lesion formation, although
reduced cohesion of keratinocytes in the outer epidermal layers due to weakened desmosomal
connections cannot be ruled out at the present stage. Although we used quite high
concentrations of OHT to activate Cre recombinase, plectin deletion was achieved only in
patches of adult mouse epidermis. Inducible deletion of floxed genes in adult mice via Cre-
ER" recombinase is not always 100% effective and appears to be especially difficult to
achieve when cytoskeleton-associated proteins with a long half-life are targeted (Lopez-
Rovira et al., 2005). The very low turn-over rate of plectin in polarized epithelia (Eger et al.,
1997) might explain the relatively weak deletion of plectin expression 14 days after Cre
activation, since Cre is activated within 24 hours of the final OHT treatment (Indra et al.,
1999). It might be advantageous for future studies to use K14-Cre-ER'™ mice, in which
induction efficiency is more potent than in K5-Cre-ERr mice (Indra et al., 1999), and to
combine this approach with topical application of OHT, which is less toxic than
intraperitoneal injection (Vasioukhin et al., 1999) and can be done over longer periods
(Benitah et al., 2005). Once more efficient deletion of plectin in adult stratified epithelia has
been achieved, it will be interesting to re-evaluate skin barrier function, and moreover,
investigate other yet unaddressed skin related topics, such as wound healing and hair growth.
Interestingly, it was shown that keratin mutations contribute to EBS in a mouse model by
inducing local inflammation that mediates a stress response with possible involvement of
matrix metalloproteinases (Lu et al., 2007). It would thus be interesting to investigate by
using the mouse models presented in this study, whether similar mechanisms might be
involved in the pathologies of EBS-MD and EB-PA. In summary, the generation of
conditional stratified epithelia-specific plectin knockout mice has improved our
understanding of the phenotypic manifestations of plectin deficiency in multilayered
epithelia. Most importantly, the generation of mice carrying floxed plectin alleles makes it
now possible to analyze the function of plectin in various other tissues known to be affected

by EB-MD, such as skeletal muscle and brain. In addition, by refining the inducible knockout
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of plectin in skin, deeper insights into plectin functions in the adult organism might be gained,
and a test system for the development of therapeutic approaches for skin blistering in EB-

MD/EB-PA might be obtained.

Plectin organizes IF networks and mediates formation of SACs in cultured

keratinocytes

This study provides evidence that plectin plays a crucial role in the appropriate organization
of IF networks in keratinocytes. As discussed in (Osmanagic-Myers et al., 2006), in plectin's
absence, these networks are less delicate, their mesh size is increased, and individual
filaments appear bundled and more straight. Plectin appears to control the properties of other
IF systems as well, as alterations of IF networks resembling those described here for
keratinocytes were also observed in plectin-deficient fibroblasts (Martin Gregor, unpublished
data). Furthermore, a recent study suggests that plectin regulates both the organization and
solubility of GFAP in astrocytes (Tian et al., 2006).

Interestingly, the keratin phenotype in plectin-deficient keratinocytes becomes most
apparent in cells that are migrating. Upon initiation of migration, plectin relocates from SACs
at the basal surface to the periphery of cells, where it associates with the tips of keratin
filaments. Thus it appears that plectin plays an important role in organizing keratin network
cytoarchitecture during keratinocyte migration. In fact, plectin mRNA expression was found
to be quickly upregulated upon wounding of human skin (Cole et al., 2001). The importance
of keratins as negative regulators of epithelial migration has been previously studied in
keratinocytes and simple epithelial cells. Gene targeting of both K6a and K6b increases
keratinocyte outgrowth in skin explant assays (Wong and Coulombe, 2003) and K8-ablated
HeLa and Panc-1 cells migrate faster than control cells (Long et al., 2006). Likewise,
epidermolysis bullosa simplex cell lines carrying K14 mutations display fast migration in
vitro (Morley et al., 2003). Importantly, perinuclear reorganization of intact K8/18 filaments
in Panc-1 cancer cells upon treatment with sphingosylphosphorylcholine has been shown to
increase cellular elasticity and to stimulate migration (Beil et al., 2003). Shortly after we
published our paper, two reports showed that depletion of periplakin or plectin in MCF-7
cells, contrary to keratinocytes, leads to slower migration rates, caused by defects in the re-

organization of K8/18 filaments at the wound edge (Boczonadi et al., 2007; Long et al., 2006;
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Nievers et al., 2000). Likewise, plectin deficiency in hepatocellular carcinoma cells leads to
altered organization of their K8/K18 network (Cheng et al., 2007). Thus, plectin appears to
have opposite effects on cell migration in different epithelial cell types (i.e. keratinocytes
versus simple epithelial cells). Taken together, it appears that the three-dimensional
organization of the keratin network is crucial for adjusting epithelial cell migration, and that
cytoskeletal linker proteins of the plakin family act as key regulators in this process.

Based on ultrastructural analysis, we suggested (Osmanagic-Myers and Wiche, 2004)
that the mechanism behind the observed phenotype is a reduction of orthogonal cross-linkages
between individual keratin IFs and of keratin filaments with F-actin in the absence of plectin.
In cross-linking individual filaments at high angles, plectin's interaction with IFs would
resemble that of filamin with microfilaments. Such a mode of action would be consistent with
earlier studies showing plectin to be predominantly localized at crossover and branching
points of IFs (Foisner et al., 1988). Similar to filamin, plectin was shown to exist in dimeric
and tetrameric states. Tetrameric structures are assumed to be formed by antiparallel
alignment of two parallel plectin dimers (Wiche, 1998). Thus, exposed C-terminal IF-binding
sites on both ends of such structure have the ability to cross-link two filaments. Even
individual parallel dimers may have a cross-linking capacity, as an additional N-terminal
vimentin-binding site resides in the N-terminal actin-binding domain of plectin (Sevcik et al.,
2004). Oligomers of plectin tetramers, which are generated by the head-to-head fusion of
dumbbell-shaped plectin molecules (Foisner and Wiche, 1987), have been shown to form at
IF branching points (Foisner et al., 1988). Cross-linking functions of plectin have also been
clearly demonstrated by (Svitkina et al., 1996), who used immunogold electron microscopy to
show that plectin is organized in millipede-like structures around the core of individual IFs,
with plectin sidearms frequently making Y contacts with each other. Conceivably, such Y-
shaped structures may emerge from head-to-head fusion of plectin molecules, allowing cross-
linking at high angles. Moreover, these authors reported that plectin was not localized
regularly all along IFs, but was more concentrated at their distal ends, which is consistent with
my finding that defects in IF organization were most prominent in the peripheral regions of
plectin (—/-) cells.

In line with plectin's well defined role in the assembly and stabilization of
hemidesmosomal complexes (Andri et al., 1997; Koster et al., 2004; McMillan et al., 1998;
Nievers et al., 2000; Schaapveld et al., 1998), I found the numbers of SACs, the in vitro
equivalent of HDs in the epidermis, to be reduced in cultured plectin-deficient keratinocytes.

Concomitantly, integrin B4 was only partially associated with SACs and instead co-
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distributed with F-actin at lamellipodial edges. Thus, plectin-mediated clustering of Integrin
B4 and subsequent stabilization of the bond of integrin 4 and laminin 322 in the ECM by
anchoring of integrin 34 to the keratin network appears to be an important initial step in the
formation of SACs (see Fig. 60). As SACs are being formed, strong binding of plectin to
integrin ai6B4 via its ABD and plakin domain (Koster et al., 2004; Litjens et al., 2003; Litjens
et al., 2005; Rezniczek et al., 1998) prevents plectin association with F-actin, thereby
generating microdomains that exclude microfilaments (Fig. 60). Destruction of actin
filaments does not impair SAC assembly (Tsuruta et al., 2003), but increases the recovery of
fluorescent integrin B4 after photobleaching (Tsuruta et al., 2003), indicating that F-actin
might act as a “brake to integrin f4 dynamics by limiting lateral diffusion of integrin 34
molecules. After SACs have been established, the anchorage of keratin filaments to the stable
complex of laminin 322, integrin 34 and plectin then provides stress resistance for the keratin
nework. In support of this view, keratin filaments of plectin (-/-) keratinocytes show a
dramatic retraction from the cellular periphery upon hypoosmotic shock-induced cell swelling
(Osmanagic-Myers et al., 2006). Importantly, during the time this thesis was written,
Raymond et al. (2007) produced phenotypes similar to the ones observed in plectin (-/-)
keratinocytes, including altered keratin network cytoarchitecture and integrin 34 distribution,
by siRNA-mediated downregulation of plectin in a pre-cancerous keratinocyte cell line, thus
confirming our data.

Mobilization of integrin 64 from HDs and subsequent re-localization in lamellipodia
and filopodia accompanied by activation of integrin B4's signalling potential is a major
mechanism driving migration of keratinocytes (Geuijen and Sonnenberg, 2002; Santoro et al.,
2003). Moreover, it contributes to carcinoma progression (Herold-Mende et al., 2001; Owens
et al., 2003; Rabinovitz and Mercurio, 1997; Rabinovitz et al., 1999; Witkowski et al., 2000).
Consistent with findings that a lack of integrin 34 association with hemidesmosomes drives
keratinocyte migration, a mutation in integrin 34 that prevents plectin—integrin 84 interaction
leads to accelerated migration of keratinocytes (Geuijen and Sonnenberg, 2002; Herold-
Mende et al., 2001). Fully in line with this, my studies demonstrate that in the absence of
plectin keratinocytes show a completely abolished association of integrin o634 with keratins,
and consequently have an elevated migration potential. Importantly, the migration of plectin-
deficient cells was significantly reduced when plectin was reexpressed (Osmanagic-Myers et

al., 2006).
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Figure 60. Model summarizing plectin’s role in organizing keratin filament cytoarchitecture and SAC
formation. In plectin (+/+) keratinocytes, binding of integrin a6p4 to laminin 322 in the ECM, and
connection of integrin a6P4 to the keratin filament cytoskeleton via plectin leads to the formation of
SACs. SACs are keratin IF-anchored membrane-based multiprotein complexes which exclude actin
filaments. Outside of SACs, plectin orthogonally crosslinks keratin filaments and connects them to F-
actin. The scheme also depicts plectin as a cytoskeletal sequestering platform for RACK1/PKCS.
When plectin is absent [plectin (-/-)], integrin 64 re-distributes to lamellipodial edges where it
associates with cortical actin. Clustering of integrin al6p4 in this “signaling-competent” compartment
likely leads to binding and activation of SFKs and initiation of downstream signaling casccades,
including the MAPK cascade. Absence of its scaffolding partner could also lead to accumulation of
RACK1 (and possibly other plectin-binding regulatory proteins) at the cell periphery. As a

consequence (direct or indirect), membrane-associated PKCJ activities become activated.
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The plectin-MAP Kkinase link and its consequences for keratinocyte

migration

The studies presented in my thesis show that the increased migration potential of plectin
(-/-) compared with plectin (+/4) keratinocytes is directly linked to increased activation of a
signaling cascade involving SFKs, MEK1/2 and Erkl1/2. Erk has been implicated in the
migration of numerous cell types (Huang et al., 2004), and it has been shown to be the sole
kinase responsible for ECM-initiated migration of keratinocytes (Li et al., 2004). On the other
hand, enhancement and directionality of growth factor signaling is mediated by both Erk and
p38 kinases, whereas JNKs were reported to be uninvolved in keratinocyte motility (Li et al.,
2004). By pharmacological inhibition of Erk's upstream kinases MEK1/2, the aberrant high
migratory potential of plectin (—/—) keratinocytes could be restored to normal levels, but the
abnormal keratin network organization of these cells could not be rescued. Therefore, it is
safe to conclude that hyperactivation of Erk1/2 is a result of keratin network alterations and/or
altered integrin B4 localization caused by plectin deficiency, rather than the opposite. In
support of this, keratinocytes from EBS patients, with mutations in keratins leading to
spontaneous formation of keratin aggregates, migrate significantly faster in comparison to
control cells (Morley et al., 2003). Although Erk activities were not investigated in this study,
elevated basal levels of the stress-activated kinase SAPK/JNK found in these cells
(D'Alessandro et al., 2002) were implicated in their faster migration. This raises the intriguing
question of whether distinct alterations in keratin network organization, such as aggregation
in keratin-related EBS versus bundling in EBS caused by plectin deficiency, may lead to the
up-regulation of distinct signaling pathways, such as SAPK/JINK versus MAPK.

The signaling pathway leading from plectin-related keratin network alterations to
hyperactivation of the MAPK cascade still remains elusive. The analysis conducted so far
shows that the activities of SFKs and PKCJ, key proteins known to be involved in the
regulation of keratinocyte migration, are up-regulated in the membrane fraction of plectin-
deficient cells, and that PP2-inhibition of SFKs indeed down-regulates Erkl1/2 activities.
Moreover, inhibition of PKCJ activity in keratinocytes by rottlerin also decreases Erk1/2
phosphorylation (Martin Gregor, unpublished data). Thus, membrane-associated SFKs and
PKCS are likely candidates for mediating of signals from plectin to Erk1/2. Both, SFKs and
PKC can signal to the MAPK cascade. PKC can activate RAF-1 trough a mechanism
involving RAF kinase inhibitory protein (RKIP) (Corbit et al., 2003), and c-Src was shown to
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relieve RAF-1 autoinhibition (Tran and Frost, 2003). It remains to be answered, however,
whether signals from SFKs and PKCS plectin (-/-) keratinocytes converge in the MAPK
cascade, or if both signaling proteins are part of the same signaling cascade. A signaling
pathway involving c-Src activity upstream of PKC which transduces mechnical pressure
signals has been described in keratinocytes (Hofmann et al., 2004). However, if the same
signaling cascade is at play in plectin (-/-) keratinocytes remains to be established.

For the transduction of signals from the IF network to the membrane, the following
mechanism might apply. Similar to a model proposed for PKC regulation through plectin-
sequestration of RACKI1 on vimentin IFs of fibroblasts (Osmanagic-Myers and Wiche, 2004),
I propose that in keratinocytes PKCJ is sequestered on keratin IF-associated plectin
molecules in a wild-type scenario, but is unbound to keratin IFs and has free access to the
membrane because of its missing anchor in plectin-deficient cells. Upon pro-migratory
signals, the complex of plectin, RACK1, and PKC3J dissociates from keratin filaments, PKC3
becomes activated and translocates to the cellular membrane, where it phosphorylates its
targets, among them integrin B4 (Alt et al., 2001; Rabinovitz et al., 1999; Rabinovitz et al.,
2004; Wilhelmsen et al., 2007). Release of integrin B4 from SACs by PKC3 phosphorylation
and re-location to signaling competent domains (see below) then drives migration (Mariotti et
al., 2001). In plectin (-/-) keratinocytes, RACK1 and PKCJ constitutively accumulate at the
cellular periphery where they normally only relocate after pro-migratory signals. This leads to
uncontrolled PKCS activation (Fig. 60). Faster migration of plectin (+/+) keratinocytes
overexpressing RACK1 (Osmanagic-Myers et al., 2006), is consistent with such a model.

Laminin-binding of integrin a6B4 was shown to trigger dimerization of integrin 4,
followed by binding and activation of tyrosine phosphatase SHP-2 and the activation of
SFKs. SFK-mediated phosphorylation of the cytoplasmic tail of integrin 4 then leads to
recruitment of Shc, and activation of Ras and PI3K (Mainiero et al., 1997; Mainiero et al.,
1995; Merdek et al., 2007). For these signaling events to occur, integrin B4 must be released
from SACs and be palmitoylated, causing its association with lipid rafts (Gagnoux-Palacios et
al., 2003). Based on these data, I propose as a hypothesis that in plectin (-/-) keratinocytes,
where integrin B4 is released from its mechanical, adhesive role at SACs, more integrin
becomes incorporated into signaling competent lipid rafts, leading to increased SFK
activation and downstream Erk1/2 signaling (Fig. 60). There is no doubt about a major
involvement of integrin 34 in the enhanced migratory potential of plectin (-/-) keratinocytes,

since blocking laminin-binding by use of an inhibitory antibody lead to reduced migration
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rates and moreover, caused changes in the MF network. Such a link between integrin 34 and
actin organization has been discovered also in colon carcinoma cells (Rabinovitz and
Mercurio, 1997).

Cortactin, an immediate downstream effector of c-Src, which is directly involved in
actin assembly (Tehrani et al., 2007) at the lamellipodial edge, and is required for
keratinocyte migration (Ceccarelli et al., 2007), showed strong accumulation at lamellipodial
edges of plectin (-/-) keratinocytes, which was completely inhibited by PP2-treatment.
Therefore, elevated SFK activities in plectin (-/-) keratinocytes are directly linked to
enhanced migration via cortactin activation.

Fiftyfive % of migrating plectin (-/-) keratinocytes displayed a morphology with
multiple, randomly oriented protrusions and migrated in a fast, but highly unpolarzied
manner. The nature of the switch between slow directional and fast, but non-directional
migration of plectin (-/-) keratinocytes remains elusive at the moment, but could involve
activation/deactivation of cofilin. Integrin f4 was recently shown to activate cofilin via a
pathway involving Racl and slingshot family (SSH) phosphatases (Kligys et al., 2007).
Inactivation of cofilin by overexpression of dominant negative Racl or phosphatase dead
SSH proteins in keratinocytes leads to formation of multiple lamellipodia and loss of cell
polarity (Kligys et al., 2007; Sehgal et al., 2006). Kligys and collegues proposed a model,
where integrin B4 activates cofilin in migrating keratinocytes allowing for local actin
depolymerization at the leading edge of the cell, increasing integrin f4 dynamics and a
concomitant modelling of laminin 322 matrix to generate a trail over which the cells migrate
(Kligys et al., 2007). How exactly the high levels of inactivated cofilin in plectin (-/-)
keratinocytes are brought about, is unclear at the moment, but changes in Racl activities due
to plectin deficiency-caused alterations of integrin B4 localization could be involved.

In conclusion, I believe the results reported here have important implications for our
understanding of the complexity involved in IF network regulation and formation and its
influence on cell migration. In addition, they provide a better view on the actual severity and
extent of EBS caused by plectin deficiency, as well as the basic molecular mechanism

underlying this disease.
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Plectin 1c¢ - a novel microtubule binding protein

It is shown in this thesis that only one of several plectin isoforms expressed in neuronal
N2A cells and epidermal keratinocytes, namely plectin 1c, specifically associates with MTs.
Involving two distinct molecular domains of plectin, binding occurs to MTs without MAPS,
and additionally to high-M; MAPs. The association with MTs apparently dominates other
potential interactions of this isoform, such as those with actin and cytokeratins. Direct binding
to MTs appeared to occurr via plectin lc-specific sequences, since plectin la did not
cosediment with MTs. It is interesting to note that a segment in the sequence encoded by exon
Ic shares high homology with the sequence repeats in the MT binding region of MAP 2 and
Tau, where they are present in multiple copies (Dehmelt and Halpain, 2005). One can
speculate that by proper localization of the 66 amino acids of the 1c sequence close to the
core of the ABD of plectin a proper MT binding domain with a large positively charged
interaction surface for tubulin could be formed.

Furthermore, a MAP-binding site in the plectin molecule could be narrowed down to
an amino acid sequence within the plakin domain corresponding to exons 20 and 21 of its
gene. Structural analysis of the plakin domain of plectin has recently revealed a molecular
architecture that is defined by two pairs of spectrin repeats interrupted by a putative SH3
domain (Sonnenberg et al., 2007). Moreover, sequence alignments with other plakin family
members have shown that the combination of spectrin repeats and a SH3 domain is a general
feature of the entire plakin family (Jefferson et al., 2007; Jefferson et al., 2006). Interestingly
the minimal sequence of plectin's plakin domain (encoded by exons 20-21) that bound to
MAP2 encompasses the putative SH3 domain (see Fig. 54). Several specific ligands of the
SH3 domain of spectrin have been identified (Chow et al., 1999; Nedrelow et al., 2003). SH3
domains commonly recognize proline-rich sequences (Li, 2005), such as the ones present in
multiple copies in members of the MAP2/tau family. We therefore strongly favor a model,
where plectin binds to the PXXP motifs of MAP2/tau family members via its SH3 domain.
The present results are in agreement with earlier reports showing specific binding of purified
plectin from glioma C6 cells to MAP2 and MAP1 subtypes from brain (Herrmann and Wiche,
1987) and strong association of a BPAG1n-3 fragment, corresponding to the highly conserved
M1 domain, with MTs (Yang et al., 1999). Based on the strong conservationd of the SH3-like
domain among all plakin family members, it is likely that reported MT-binding of the ACF7
M1 domain (Karakesisoglou et al., 2000) is mediated by MAPs.
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Upon transient transfection of plectins’s C-terminal tail fragment into keratinocytes
and COS7 cells, we could not observe an association with MTs. This does not confirm a
recent study where a C-terminal tail fragment of plectin expressed in COS7 cells was claimed
to decorate and bundle MTs (Sun et al., 2001). This obvious discrepancy might stem from the
use of different protein tags (GFP vs. FLAG) or different cell systems (keratinocytes vs.
COS7 cells), which might differentially affect putative MT-binding activity of the tail
fragment.

The dual mode of binding to MTs described here for plectin 1c has recently also been
characterized for another plakin family member, ACF7, which in addition to direct MT-
binding via the M1 (Karakesisoglou et al., 2000) and/or the GAS2/GAR2 domain (Sun et al.,
2001) can associate with EB1 (Slep et al., 2005), and therefore bind to MTs also indirectly.
Moreover, desmoplakin was recently shown to regulate microtubule organization in
stratifying keratinocytes by localizing the centrosomal microtubule-anchoring protein ninein
to desmosomes (Lechler and Fuchs, 2007).

The involvement of MAPs in MT interaction of plectin suggests that this particular
function of the protein has to be seen in a specific cellular context, as morphogenesis, status
of cells, and specific cellular responses depend on a precise regulation of the MT network
mediated by a balance of stabilizing (structural) MAPs and destabilizing factors. Plectin 1c
and maybe other plectin isoforms, may play a key role in modulating this balance, however,
in a strictly cell type-specific manner. This could explain why, for example, the MT network
in plectin-deficient fibroblasts from mouse appears normal at least morphologically (Andri et
al., 1998), distinguishing it from differentiating keratinocytes.

The functional aspects of the interactions of cytolinkers, such as BPAGIn and
ACF7/MACF, with MTs up to now have mainly been characterized as stabilization of MT
networks (Kodama et al., 2003; Lee and Kolodziej, 2002; Lee S, 2002; Sun et al., 2001; Yang
et al., 1999). Thus, it came as a surprise to find that the absence of plectin in keratinocytes
undergoing Ca”*-induced stratification resulted in densely packed and disorientated MT
arrays. Moreover, MTs in plectin-deficient keratinocytes show increased stability towards
MT-depolymerizing drugs. This phenotype can be rescued by forced expression of plectin 1c
(Kerstin Andrd-Marobela, unpublished data), demonstrating that indeed plectin isoform Ic
modulates MT dynamics in keratinocytes.

Regarding the molecular mechanisms operating in plectin 1c-mediated regulation of
the MT system, the following scenarios may apply (Fig. 61). Plectin 1c is targeted to MTs via
its ABD including exon Ic-specific sequences, and subsequently binds to MT-bound MAPs
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of the MAP2/Tau family via the SH3 domain, acting as an antagonist of their MT-stabilizing
role. This modulates the stability and dynamics of MTs during cellular rearrangements, such
as Ca’*-induced stratification of keratinocytes. E-MAP115 (ensconsin), for example, is a
MAP that redistributes during Ca**-induced stratification of keratinocytes to the periphery of
cells and bundles and stabilizes MTs in this process (Fabre-Jonca et al., 1999). A lacking
antagonist to such MAPs might 1) results in an impaired redistribution during stratification
and 1i) lead to higher density and stabilization of MTs. Such a modulator of MAP activities
has recently been identified for the broadly expressed, non-neuronal MAP2/tau family
member MAP4 (Kremer et al., 2005). The authors showed that depletion of the septin 2:6:7
trimer, a complex of GTP-binding proteins which was originally identified in budding yeast
as a scaffold protein localized at the bud neck during cytokinesis, leads to increased
stabilization of MTs by allowing more cytoplasmic MAP4 protein, which is normally
sequestered by septins, to bind to MTs. Moreover, pathological overexpression of MAP4,
occurring in pressure overload cardiac hypertrophy (Sato et al., 1997), was shown to induce a
persistent stabilization of MTs that accounts for the contractile dysfunction of affected
cardiocytes. One can envisage a mechanism for the regulation of MAP activities by plectin

similar to the one described for septins and MAP4.

Plectin 1c (+/+) Plectin 1c (-/-)

Figure 61. Model depicting plectins's role in the regulation of MT dynamics. Plectin 1¢c-MT
binding occurs via the plectin 1c-ABD. The SH3 domain binds to MAPs. Interference with MAP
function(s) regulates the dynamics of MTs in wild-type cells [plectin 1c (+/+)]. When plectin 1c is

absent [plectin 1c (-/-)], MAPs are hyperactive and MTs become hyperstabilized.
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Only a few MAPs, such as E-MAP115 (Fabre-Jonca et al., 1999), have sofar been
identified in keratinocytes. My findings that a recombinant N-terminal fragment of plectin 1c
bound to a ~220 kD band (the approximate size of MAP4) in blot overlay assays of MAPs
isolated from keratinocytes, would speak in favor of MAP4 being plectin’s binding partner in
keratinocytes. However, the MAP binding partner(s) of plectin in keratinocytes must still be
established.

Previous data have defined ACF7 and desmoplakin as regulators of MT-stability and
cortical MT networks in keratinocytes (Kodama et al., 2003; Lechler and Fuchs, 2007). With
plectin 1c, a third member of the spectraplakin family, to be likely involved in the regulation

of keratinocyte MT networks, has now been identified.

Plectin’s function in desmosomes

Plectin has been identified as a desmosomal protein in stratified as well as simple
epithelia (Eger et al., 1997; Skalli et al., 1994; Wiche et al., 1983). However, the desmosomal
function of plectin remained elusive. So far, only one study has described the presence of
“hypoplastic” desmosomes in the epidermis of a patient suffering from EBS-MD (Bauer et
al., 2001). My studies in mice and cultured keratinocytes showed that plectin is not required
for the formation and stability of desmosomes. Instead, I found that plectin-deficiency leads
to reduced expression levels of desmoplakin. However, desmoplakin reduction was only
moderate and did not affect desmosome formation and stress resistance of desmosomes,
possibly as a consequence of compensation by other upregulated desmosomal plakins, such as
envoplakin and periplakin. The mechanism behind the reduction of desmoplakin expression
levels in plectin-deficient keratinocytes could possibly be the formation of a complex of
desmoplakin and plectin, which stabilizes desmoplakin during transport to cell-cell contact
areas. In fact, IF-associated particles containing desmoplakin have been observed in close
proximity to microfilaments near cell borders and microfilament-associated adherens
junctions at cell contact sites, upon induction of cell-cell contact (Godsel et al., 2005). Plectin
might assist in the formation of such particles along IFs and keep desmoplakin in a soluble,
transport-ready complex, similar to heterodimers of envoplakin and periplakin (DiColandrea

et al., 2000; Karashima and Watt, 2002). Direct binding of plectin and desmoplakin has been



Discussion 113

reported (Eger et al., 1997), and recently, plectin was shown to exist also in a complex

together with periplakin, thereby preventing its aggregation (Boczonadi et al., 2007).

Differential regulation of cell migration by plectin in keratinocytes and

fibroblasts

In contrast to the faster migration of plectin-deficient keratinocytes, plectin-deficient
fibroblasts migrate slower than their wild-type counterparts (Andrd et al., 1998). I found that
their slower migration correlated with increased activation of PKCS and enhanced
accumulation of RACKI1 at lamellipodial edges of migrating cells. Release of RACK1 from
the cytoskeleton and subsequent hyperactivation of PKCS could lead to inactivation of c-Src
(Chang et al., 2001; Chang et al., 1998; Chang et al., 2002), thereby inhibiting chemotactic
migration (Shah and Vincent, 2005). Reduced phosphorylation of FAK and paxillin, as well
as increased stress fiber formation in plectin-deficient fibroblasts, such as were observed in
fibroblasts with inactive c-Src (Shah and Vincent, 2005), would be in line with such a model.
In fact, our most recent data show that c-Src activity is indeed decreased in plectin-deficient
fibroblasts (Gregor et al., manuscript in preparation). Interestingly, whereas overexpression of
RACKI1 in keratinocytes enhances their migration (Osmanagic-Myers et al., 2006), it slows
down migration of fibroblasts (Gregor et al., manuscript in preparation). Thus, although the
same molecular mechanism seems to be at play in keratinocytes and fibroblasts (i.e. loss of
cytoskeleton-association of RACKI in the absence of plectin-scaffolding), hyperactivation of
RACKI1/PKCS apparently  has  cell-type-specific ~ outcomes. In  keratinocytes
RACKI1/PKCS most likely act on integrin a6P4, causing it to dissociate from HDs
(Rabinovitz et al., 1999; Wilhelmsen et al., 2007) and to activate migration-related signaling
cascades (Gagnoux-Palacios et al., 2003; Mainiero et al., 1997). While in fibroblasts,
RACKI1/PKCS9 activation leads to downregulation of c-Src activity, which directly affects
migration by reducing focal adhesion contact turnover (Schlaepfer et al., 1997; Schober et al.,

2007).
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MATERIALS AND METHODS

Commonly used buffers
1x TE (Tris-EDTA)
TLIS/HCT oo 10 mM
EDTA ... 1 mM
pH 8.0

INACT . 81.8 g
KCLu e 201g
KHoPO4 o 204 ¢g
KoHPO4 .o 1132 ¢

pH 7.4; ddH,0 to 1000 ml

1x TBS (Tris buffered saline)

TriS-HCT ..o 20 mM
NACT ... 150 mM
pH 7.5

1x PBS-T
PBS containing..........c.cccceevveeriieiniiiennneenn. 0.1% Tween-20

1x SSC (sodium chloride/sodium citrate)

INACT ..o eeeeenees 150 mM
INA-CIETAL cevvveiee ettt e e e ee e e eeees 15 mM
pH 7.0

1x TAE (Tris-acetate-EDTA)

TrIS-ACELALE .. .eeiieiiiieeeeeeee ettt 400 mM
EDTA oo eeeeeeeee 20 mM
pH 8.2

1x TBE (Tris-borate-EDTA)
TLIS-HCT .o 90 mM

BOTIC ACI coveeeeiiiiiiiiiiieeee et 90 mM
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Antibodies, antisera and enzyme conjugates

Antibody name/ | Antibody Antigen/ o Vendor/
. Dilution
clone name type Epitope Reference
#9 serum, plectin 1:3000 (WB) | Andri et al., 2003
rabbit (exon 9-12)
#21 serum, plectin 1:200 (IF-C) | Andri et al., 2003
rabbit (rod-domain) 1:200 (IF-T)
#46 serum, plectin 1:400 (IF, C) | Andri et al., 2003
rabbit (rod-domain) 1:100 (IF, T)
#61 serum, GST-coupled 1:200 (IF-C) | Andri et al., 2003
rabbit peptide encoded | 1:200 (IF-T)
by plectin Ic | 1:1000 (WB)
B-Catenin monoclonal, | C-terminal end 1:500 (WB) BD Transduction
(LP 14) mouse of human Laboratories,
B-catenin Lexington, KY,
USA
v-Catenin monoclonal, | C-terminal end | 1:2000 (WB) | BD Transduction
(LP 15) mouse of human Laboratories,
Y-catenin Lexington, KY,
USA
Acetylated monoclonal, acetylated 1:1500 (WB) | Sigma-Aldrich,
Tubulin mouse tubulin from Austria
(6-11B-1) outer arm of sea
urchin sperm
axoneme
Actin monoclonal, | C-terminal end | 1:100 (IF-C) Sigma-Aldrich,
(AC-40) mouse of actin 1:200 (WB) Austria
Actin serum, C-terminal actin | 1:80 (IF-C) Sigma-Aldrich,
rabbit fragment Austria
BPAGI1 monoclonal, n.d. 1:100 (IF-T) | Hashimoto et al.,
(Mab-5E) mouse 1993
Caveolin 1 polyclonal, fragment of 1:10000 BD Transduction
rabbit central portion (WB) Laboratories,
of human Lexington, KY,
caveolin 1 USA
Cofilin polyclonal, synthetic 1:1000 (WB) Cell Signaling
rabbit phospho- Technology,
peptide Danvers, MA,
corresponding USA
to residues
surrounding

Ser3 of human
cofilin
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Antibody name/ Antibody Antigen/ e Vendor/
. Dilution
clone name type Epitope Reference
p-Cofilin polyclonal, synthetic 1:1000 (WB) Cell Signaling
rabbit phospho-peptide Technology,
corresponding to Danvers, MA,
residues USA
surrounding
Ser3 of human
cofilin
Cortactin monoclonal, | affinity-purified | 1:100 (IF-C) Upstate
(4F11) mouse tyrosine Biotechnology,
phosphoproteins Lake Placid, NY,
from chick USA
embryo
fibroblasts
Desmin serum, purified chicken 1:20 (IF-T) Sigma-Aldrich,
rabbit gizzard desmin Austria
Desmoplakin I, II | monoclonal, bovine 1:50 (IF-C) Progen,
(DP-2.15, DP- mouse desmoplakin I, undil. (IF-T) Heidelberg,
2.17, DP-2.20) 1I 1:100 (WB) Germany
E-Cadherin monoclonal, | C-terminal end | 1:200 (IF-C) | BD Transduction
(LP 36) mouse of human 1:100 (IF-T) Laboratories,
E-cadherin 1:2000 (WB) Lexington, KY,
USA
Erk2 monoclonal, | C-terminal End | 1:800 (WB) Santa Cruz
(D-2) mouse of human Erk2 Biotechnology,
Santa Cruz, CA,
USA
p-Erk1/2 Santa Cruz
(E-4) monoclonal, | phospho-peptide | 1:800 (WB) Biotechnology,
mouse containing Santa Cruz, CA,
Tyr204 USA
p-Erk1/2 polyclonal, phospho- 1:10000 Sigma-Aldrich,
rabbit peptides for (WB) Austria
Erk1, containing
Thr202/Tyr204
and Erk2,
containing
Thr185/Tyr187
Fodrin monoclonal, n.d. 1:500 (WB) Signet
(D8B7) mouse Laboratories,
Dedham, MA,
USA
GFP serum, purified 1:700 (IF-C) | Molecular Probes,
rabbit A.victoria GFP | 1:2000 (WB) Eugene, OR,
USA
GST monoclonal, purified 1:1000 (WB) Sigma-Aldrich,
(GST-2) mouse recombinant Austria
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Antibody name/ Antibody Antigen/ s Vendor/
. Dilution
clone name type Epitope Reference
Glu-Tubulin polyclonal, C-terminal 1: 500 (WB) Gundersen et al.,
(Super-Glu) rabbit peptide of non- 1984
tyrosinated o-
tubulin
Integrin o monoclonal, n.d. 1:100 (IF-C) BD Bioscience
(GoH3) rat
Integrin B4 polyclonal, N-terminal 1:200 (WB) Santa Cruz
(H-101) rabbit domain of Biotechnology,
human integrin Santa Cruz, CA,
By USA
Integrin B4 monoclonal, C-terminal 1:100 (IF-T) | Kennel et al., 1989
(356-11A) rat domain of
human integrin
Ba
Integrin B4 serum, C-terminal 1:200 (WB) Mainiero et al.,
rabbit domain of 1997
human integrin
Ba
Involucrin serum, peptide of 1:1000 (WB) Covance,
(PRB-140C) rabbit mouse Princeton, NJ,
involucrin USA
Keratin 5 serum, C-terminal end | 1:1500 (IF-C) Covance,
(PR-B160-P) rabbit of mouse keratin | 1:800 (IF-T) Princeton, NJ,
5 1:2000 (WB) USA
Keratin 6 serum, C-terminal end | 1:1000 (IF-C) Covance,
(PR-B169-P) rabbit of mouse keratin | 1:500 (IF-T) Princeton, NJ,
6 1:2500 (WB) USA
Keratins 5, 6, 18 | monoclonal, | human stratum | 1:100 (IF-C) | Dako-Cytomation,
(LP 34) mouse corneum keratin | 1:100 (IF-T) | Glostrup, Denmark
preparation 1:1000 (WB)
Keratin 8 monoclonal, | human keratin 8 | 1: 100 (WB) Progen,
(Ks 8.07) mouse Heidelberg,
Germany
Keratin 14 monoclonal, n.d. 1: 100 (WB) | Morley et al., 1995
(LLOO01) mouse
Keratin 18 monoclonal, human keratin 1: 100 (WB) Progen,
(Ks 18.04) mouse 18 Heidelberg,
Germany
Ki-67 monoclonal, n.d. 1:50 (IHC) Dako-Cytomation,
(TEC-3) mouse Glostrup, Denmark
MAPI1b monoclonal, | purified rat brain | 1:500 (WB) Sigma-Aldrich,
(AA6) mouse MAPs Austria
PKCd monoclonal, cysteine-rich 1:500 (WB) BD Transduction
(clone 14) mouse repeat fragment Laboratories,

of human PKCd

Lexington, KY,
USA
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Antibody name/ Antibody Antigen/ e Vendor/
. Dilution
clone name type Epitope Reference
p-PKCd polyclonal, synthetic 1:500 (WB) Cell Signaling
rabbit phospho-peptide Technology,
of human Danvers, MA,
PKCJ containig USA
Thr505
Plectin 1a serum, synthetic 1:1000 (WB) | (Rezniczek et al.,
rabbit peptide 1998)
corresponding to
a 12-amino acid
residue-long
sequence of
human exon la
RACK1 monoclonal, C-terminal 1:100 (IF-C) | BD Transduction
(Clone 20) mouse fragment of rat | 1:2500 (WB) Laboratories,
Rack1 Lexington, KY,
USA
c-Src polyclonal, | peptide mapping | 1:200 (WB) Santa Cruz
(SRC-2) rabbit C-terminus of Biotechnology,
Fyn p59 of Santa Cruz, CA,
human origin USA
c-Src Tyrd16 polyclonal, synthetic 1:1000 (WB) Biozol
rabbit phospho-peptide Diagnostica,
containing Eching,
tyrosine 418 Germany
o-Tubulin monoclonal, | Strongylocentros | 1:1000 (IF-C) Sigma-Aldrich,
(B-5-1-2) mouse purpuratus sperm 1:500 (WB) Austria
axoneme
filaments
Phospho Tyrosine | monoclonal, n.d. 1:1000 (WB) | BD Transduction
(PY-20) mouse Laboratories,
Lexington, KY,
USA
Tyr-Tubulin monoclonal, C-terminal 1:800 (WB) Sigma-Aldrich,
(TUB-1A2) mouse peptide of Austria
tyrosinated
o-tubulin
Vimentin polyclonal, n.d. 1:400 (IF) P. Traub
goat 1:500 (WB)
Vinculin monoclonal, | purified chicken | 1:200 (IF-C) Sigma-Aldrich,
(VIN-11-5) mouse gizzard smooth Austria
muscle vinculin

Table 2. Primary antibodies used in immunofluorescence microscopy (IF) studies and
immunoblotting (WB) analyses. I[F-C, immunofluorescence microscopy of methanol-fixed cells; IF-
T, immunofluorescence microscopy of cryo-fixated tissues; IHC, immunohistochemistry of

paraformaldehyde-fixed tissues
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Enzyme conjugate Dilution Source
used
Goat-anti-mouse-IgG-Texas Red 1:200 (IF-C) | Jackson Immuno-Research
Laboratories Europe
Goat-anti-mouse-IgG-Alexa FluorTM 488 | 1:800 (IF-C) | Molecular Probes, Eugene,
OR, USA
Donkey-anti-mouse-IgG-Cy5 1:400 (IF-C) | Jackson Immuno-Research
Laboratories Europe
Goat-anti-mouse-IgG-AP 1:5000 (WB) | Jackson Immuno-Research
Laboratories Europe
Goat-anti-mouse-IgG-HRPO 1:10000 Jackson Immuno-Research
(WB) Laboratories Europe
Donkey-anti-IgM (u-chain)-Texas Red 1:200 (IF-C) | Jackson Immuno-Research
Laboratories Europe
Donkey-anti-rabbit-Texas Red 1:200 (IF-C) | Jackson Immuno-Research
Laboratories Europe
Goat-anti-rabbit-Texas Red 1:200 (IF-C) | Jackson Immuno-Research
Laboratories Europe
Goat-anti-rabbit-Alexa FluorTM 488 1:800 (IF-C) | Molecular Probes, Eugene,
OR, USA
Goat-anti-rabbit-Cy5 1:400 (IF-C) | Jackson Immuno-Research
Laboratories Europe
Goat-anti-rabbit-AP 1:5000 (WB) | Jackson Immuno-Research
Laboratories Europe
Goat-anti-rabbit-HRPO 1:10000 Jackson Immuno-Research
(WB) Laboratories Europe
Goat-anti-rat-IgG-Cy2 1:150 (IF-C) | Jackson Immuno-Research
Laboratories Europe
Donkey-anti-goat-Alexa FluorTM 488 1:3000 Molecular Probes, Eugene,
OR, USA

Table 3. Secondary antibodies used in immunofluorescence microscopy studies and
immunoblotting analyses (WB). AP, alkaline phosphatase; HRPO, horseradish peroxidase; IF-C,
immunofluorescence microscopy of methanol-fixed cells; IF-T, immunofluorescence microscopy of

cryo-fixated tissues.
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DNA and RNA

Synthetic oligonucleotides

Primer Primer sequence 5°-3° Primer specification
mPleEx26L CTTCAAGCTCTTGGAGAGTGGCAGG
mPleIn25-26U GTATTTGGATTCAGAGGCACAGTAG
mPle32/L7714 GCAGCCGCTGGTTTTCCTCCGCCAG
Cre sense CCAATTTACTGACCGTACACC 5 nt 3 of the ATG
Cre antisense TAATCGCCATCTTCCAGCAGG 1010 nt 3~ of the ATG

Table 4. Primers used for PCR on genomic DNA. The 5”-end of the oligonucleotide was used to

determine exact primer specification.

Preparation of plasmid DNA

Small scale preparation of plasmid DNA from bacteria was carried out according to the
method of Holmes and Quigley (Holmes and Quigley, 1981). Large scale preparation of
plasmid DNA was performed using JetStar columns according the manufacturer’s protocol

(Genomed).

Phenol-purification and precipitation of DNA from aqueous solutions

For extraction with phenol-chloroform (PC 1:1) the same volume of PC-solution
(phenol was equilibrated in 0.5 M Tris-HCI, pH 8.0) was added to the DNA solution, mixed
by vortexing for 15 seconds and centrifuged at 14000 rpm for 1 minute (Eppendorf
centrifuge). The aqueous phase was transferred to a new tube and extracted with chloroform
twice.

For precipitation of DNA 1/10 volume of 3 M NaOAc, pH 5.2 and 2.5 volumes EtOH
were added. After incubation at -20°C for 30 minutes, the DNA was pelleted (14000 rpm,
20 minutes, Eppendorf centrifuge, RT), washed with 70% EtOH, air dried and dissolved in
dH,0 or 1x TE. Alternatively DNA can be precipitated by adding 0.7 volumes isopropanol

and incubation at RT for 5 minutes.



MATERIALS AND METHODS 122

Determination of DNA-concentration

The concentration of double stranded DNA was measured spectrophotometrically at

260 nm. An extinction of 1 OD corresponds to a DNA concentration of 50 pg/ml.

Separation of DNA by agarose gel electrophoresis

50x TAE
5 USSR 242 ¢
ACEHIC ACIA oevvieiiiiieiiieeeeeee et eeees 57 ml
NAEDTA2HoO ..o 4¢

ddH,0 to 1000 ml

10x DNA sample buffer
UTA. ettt et 4M
SACChATOSE. ....vvvvveieiiiiiieiieeeeeee e, 50% (w/v)
EDTA oo 1 mM
EDTA oottt e 1 mM
Bromphenol-blue ...........cccoceeiiiiiiiiiiiiiiiiiees 0.1% (w/v)

Agarose was suspended in 1x TAE and dissolved by boiling in a microwave oven. The
solution was cooled down and ethidiumbromide (0.01 mg/ml) was added prior to pouring the
gel. Before electrophoresis, the gel was overlaid with 1x TAE and the DNA samples were
mixed with 1/10 10x DNA sample buffer. Gels were run at 80-120 Volts.

Preparation of electrocompetent bacteria and transformation

5 ml of a fresh over-night culture of bacteria (XL-1, XL-2, BL21) were used for
inoculation of 1000 ml LB-medium (Luria-Bertani-Medium 10 g Bacto-Trypton, 5 g
Bacto-Yeast extract, 10 g NaCl per 1000 ml; pH 7.5). Bacterial cells were grown at 37°C
until an ODggy of 0.5 was attained. The bacterial cultures were placed on ice for 15 minutes
and pelleted for 20 minutes at 3500 rpm (GSA rotor, 4°C). The supernatant was poured off,
the pellet resuspended in 1000 ml ice-cold, autoclaved dH,O and centrifuged again. The

supernatant was discarded, the pellet again dissolved in 500 ml dH,O, and the bacterial cells
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pelleted. The pellet was dissolved in 40 ml 10% glycerol (sterilized by filtration) and
centrifuged for 10 minutes in an SS34-rotor at 4100 rpm (4°C). The resulting bacterial pellet
was resuspended in 4 ml 10% glycerol and aliquoted into Eppendorf tubes. The electro-
competent, bacterial cells were either used immediately or frozen in liquid nitrogen and
stored at -80°C.

For transformation an aliquot was thawed on ice and DNA was added to the competent
bacteria. The mixture was transferred to a cuvette (Biorad) and a pulse (2.5 kV, 25 pF, 200
W; Biorad) was applied. 1 ml of pre-warmed LB-medium was added and bacteria were
incubated at 37°C for 30 minutes. Thereafter they were plated onto LB-agar plates containing

the appropriate antibiotics.

Polymerase chain reaction

For genotyping of transgenic mice polymerase chain (PCR) reactions were carried out
in a total volume of 25 ul containing 5 pl 5x PCR buffer (Promega, Mannheim, Germany),
0.5 ul of each primer (10 pmol/ul), 0.25 ul Go-TAQ-polymerase (Promega, Mannheim,
Germany), 0.5 ul dNTPs (10 mM each) and 1 pl of template DNA. The Perkin Elmer Gene
Amp® PCR System 2400/9700 was used. 1/3 of the PCR reaction products were analyzed on
a 0.8-1.0% agarose gel. Table 4 shows the PCR program used for genotyping of different

mouse-lines.

Duration Temperature Step
300 sec. 94°C initial denaturation
30 sec. 94°C denaturation
30 sec. 62°C annealing 35 cycles
120 sec. 72°C extension
7 min. 72°C final extension
00 04°C storage

Table 5. PCR program used for genotyping of different transgenic mouse-lines. The extension

time varies, depending on the length of the template (1 kb per minute).
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Isolation of genomic DNA from mouse tails

For isolation of genomic DNA from mouse tails, a piece (0.5 cm) of tail was cut and
incubated in 750 ul of lysis buffer (50 mM Tris-HCI, pH 8.0; 100 mM EDTA; 100 mM NaCl;
1% SDS, 0.5 mg/ml Proteinase K) at 55°C overnight on an Eppendorf thermomixer with
gentle agitation. 300 ul 5 M NaCl were added, mixed vigorously and centrifuged at
14000 rpm in an Eppendorf centrifuge at RT for 10 minutes. 700 ul of the supernatant was
transferred to a fresh tube and the genomic DNA was precipitated by adding 500 pl
isopropanol and subsequent centrifugation (14000 rpm, 10 minutes at RT). The pellet was
washed with 70% EtOH, again centrifuged, and resuspended in 200 ul dH,O by incubation at

37°C for several hours.

Southern blot analysis

10 pug of genomic DNA were digested with 30-40 U of restriction enzyme in a total
volume of 300 pl of the respective enzyme buffer. Genomic DNA fragments were
precipitated with NaOAc/EtOH abs. and redissolved in 40 ul 1x TE. Thereafter the digested
DNA was separated by agarose gel electrophoresis (0.8% agarosegel). The DNA was
depurinated by soaking the gel once for 15 minutes in 500 ml of 0.25 M HCI, then denatured
twice for 15 minutes in 500 ml of 0.5 M NaOH; 1.5 M NaCl. Semi-dry alkaline blotting was
used to transfer DNA fragments to a nylon membrane (PALL Biodyne®B, pore size 0.45 um,
the membrane was rinsed with dH,O prior to the assembly of the blot). The next day the blot
was disassembled and the membrane neutralized for 1 minute in 0.2 M Tris/HCI pH 7.5, 1x
SSC. Then the DNA was fixed to the membrane by baking the membrane for 30 minutes at
80°C, followed by crosslinking using a UV Stratalinker 2400 (Stratagene; 120 mJ/cm?). For
hybridization, probes were radioactively labeled (0->*P dCTP) using the Prime-it II random
labeling kit (Stratagene). Labeled probes were purified with ProbeQuant'™ G-50 Micro
columns (Amersham Pharmacia Biotech). The activity of the labeled probe was measured by
Cerenkov-counting (Liquid Scintillation Analyzer, Packard). The membrane was
pre-hybridized for 2-3 hours in Church buffer (0.5 M NaP;, pH 7.2; 7% SDS; 1 mM EDTA)
at 65°C. For hybridization, the labeled probe was denatured at 95°C for 5 minutes, then
immediately cooled on ice for 3 minutes and added to the membrane. Hybridization was

carried out at 65°C overnight. The following day, the membrane was once washed at RT and
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three times for 20 minutes at 65°C with Church wash buffer (12 mM NaP;, pH 7.2; 1% SDS).
The membrane was exposed to an X-ray sensitive film (Fuji medical X-ray film HR-E30) at -

80°C using an intensifying screen.

Isolation of RNA

Total RNA was isolated from cultured mouse keratinocytes using TRIzol Reagent (Life

Technologies).

Determination of RNA-concentration

The concentration of RNA was measured spectrophotometrically at 260 nm. An

extinction of 1 corresponds to a RNA concentration of 40 pg/ml.

Proteins

Expression of recombinant proteins in bacteria

cDNA expression plasmids encoding GST fusions of plectin fragments corresponding
to exons 1c-8 (plc-8, pGR337) (Rezniczek et al., 2003); 1¢c-30 (plc-30, pGR324); 16-24
(p16-24, pGR329); 20-21 (p20-21, pGR331) were generated by PCR using mouse cDNAs
and primers based on published sequences (Fuchs et al., 1998; Rezniczek et al., 2003; Andri
et al., 2003; GenBank accession nos X59601, 254367 and NM_011117) containing ends with
suitable restriction sites. For protein expression in bacteria, final cDNA constructs were
cloned into the expression vector pGEX4-T (Pharmacia) digested with EcoRI. GST fusion

proteins were expressed in BL21 (DE3)gry. E. coli.
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Purification of GST-tagged proteins

Bacterially expressed GST fusion proteins were purified on gluthathione-Sepharose 4B

beads as described in the manufacturer’s instructions (Amersham Biosciences).

Determination of protein concentration (Bradford Method)

Coomassie solution

Coomassie G-250.......cccceeriiiiniieiiieeieeeeee e 100 mg
95% Ethanol...........c.cccooiiiiiiiiiniiiiiniceeieeeeeen 50 ml
85% Phosphoric acid..........cccccueervieenieiiniienieeee. 100 ml

ddH,0 to 1000 ml

Standard protein solution
BSA 0.5 mg/ml

Protein concentrations were measured according the method of Bradford (Bradford,
1976). 5-20 ul of protein solution were diluted to 100 pul with 150 mM NaCl. 1 ml of
Bradford solution (100 mg Coomassie G-250, 50 ml 95% ethanol and 100 ml 85%
phosphoric acid were filled up to 1000 ml with dH,O, filtrated and stored at 4°C) was added
to each sample. The solution was mixed and incubated for 5 minutes at RT. The absorbance

was measured at 595 nm using a Spectrophotometer.

SDS-polyacrylamide gel electrophoresis (PAGE)

Running buffer

LIS et 25 mM
GLYCINE ..ottt 250 mM
SIS e 0.1%

30% acrylamide mix (29:1)
Acrylamide.........eeeviiiiiiiiiie e 29¢g

Bis-acrylamide ..........cooovieiiiieniieeiieceeeeeeeeee e lg
ddH»0 to 100 ml




MATERIALS AND METHODS 127
Separating gel Stacking gel
5% 10% 3% 5%
ddH,O 5.6 ml 4 ml 3ml 2.7 ml
30% Acrylamide 1.65 ml 3.3 ml 0.4 ml 0.67 ml

mix

1.5 M Tris-HCI 2.5 ml 2.5 ml - -
(pH 8.8)

1.5 M Tris-HCI - - 0.5 ml 0.5 ml
(pH 6.8)

10% SDS 100 pl 100 ul 40 pl 40 pl
10% Ammonium 100 pl 100 pl 40 ul 40 ul
persulfate

TEMED 4 ul 4 ul 6 ul 6 ul

Table 6. Separating and stacking gel solutions (10 ml and 4 ml, respectively).

SDS-PAGE was performed according to Laemmli (Laemmli, 1970). The Mini-Protean

Electrophoresesystem (Biorad) was used. The separating gel was poured, overlaid with

isopropanol and left to polymerize. The isopropanol was removed and the stacking gel was

poured on top of the separation gel. A comb was introduced to allow sample application after

polymerization. The protein samples were mixed with 5x SDS-PAGE sample buffer (0.4 M
Tris-HCI1 pH 6.8, 10% SDS, 50% glycerol, 0.5 M Dithiothreitol, 0.1% bromphenolblue) and

heated to 95°C for 5 minutes. Running conditions were 20 mA per minigel in a 1x running

buffer.

Comassie staining and drying of gels

Comassie stock

Coomassie G-250

Methanol
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Staining solution

Coomassie StOCK........covvirriiniiniieicrieeecrececee 30%
ACEHIC ACTA ..o 10%
Methanol ..........cooveeiieniiiiiieeceeee e 30%
Ho0 s 30%

Destaining solution

ACEHIC ACIA oevveiiieieeieeeeeee ettt 10%
MEthanol ......cooueeeiiiieee e 30%
HoO oo ettt eeeeaaaa 60%

After electrophoresis, the gel was briefly rinsed with dH,O, then incubated in staining
solution for at least 20 minutes on a shaker at RT, and thereafter destained by several changes

of destaining solution.

Wet-blotting of proteins onto nitrocellulose membranes

Transfer buffer (10x)
TS ettt e e e e e et eaaaees 048 M
GLYCINE ..ottt 04 M
DS e s 0.01%

Proteins were separated by SDS-PAGE as described above. The polyacrylamide gel
was laid onto a nitrocellulose membrane (Schleicher & Schuell), sandwiched between two
3MM Whatman filter papers and fixed in appropriate blotting frames. The transfer was
performed in a BioRad Mini Protean II wet-blotting chamber containing transfer buffer at

constant voltage (25 V/16 hours at 4°C).

Reversible staining of proteins (Ponceau-S)

Ponceau S staining solution
Ponceau S.......ooooiiiiiiie 05¢g

ACELIC ACIA oot eeeeeeeeens 1 ml
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ddH,0 to 100 ml
To control the efficiency of the transfer the membrane were reversibly stained with

Ponceau-S solution. Excess staining was removed by washing with dH,O. Blots were

destained by washing with PBS.

Western blot analysis

Blocking solution

PBS-T containing either 5% non-fat dry milk or 3% BSA

After transfer and Ponceau S staining, the membrane was blocked for 1 hour at RT in
blocking solution. The membrane was briefly washed with PBS-T and incubated in the
appropriate primary antibody dilution (in blocking solution) for 1 hour at RT (or alternatively
o/n at 4°C). Thereafter the membrane was washed three times with PBS-T for ten minutes
and then incubated with the secondary antibody dilution (in PBS-T) for 1-2 hours. The
washing step was repeated and the bound secondary antibodies were visualized either using
the ECL-detection system (Super Signal West PicoSystem, Pierce) or by incubating the
membrane in AP (alkaline phosphatase) buffer (100 mM Tris-HCI pH 9.6, 100 mM NaCl, 5
mM MgCl,) with 66 ul NBT (nitroblue terazolium chloride; 50 mg/ml in 70% DMF) and 33
ul BCIP (5-bromo-4-chloro-3-indolyl phosphate; 50 mg/ml in 100% DMF) added per 10 ml
AP-buffer. The AP-reaction was stopped by washing the membrane in PBS.

Quantification of protein bands on immunoblots

After immunoblotting using peroxidase-coupled secondary antibodies, protein bands
were visualized by exposure to a X-ray film. Several exposures for different time periods
were performed. The bands were then scanned and quantified using ImageQuant 5.1 software
(Molecular dynamics). Normalization calculations were done in Microsoft Excel 2002.
Values obtained were plotted against corresponding exposure times to establish the range of
signal linearity. For quantitative comparisons only band intensities falling into these linear

ranges were used.
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Preparation of cell and tissue extracts

Preparation of tissue extracts

Tissue lysis buffer

HEPES ... 50 mM
MEC L) et 5 mM
EGTA .o 1 mM
NACT ... 100 mM
Triton X-100 .o..ooiiiiiiiiiieeeee e 0.5%
DT e 0.1 mM
DNaSe L ..ooiieiiieeieiiiieetee e 0.5 mg/ml
RINASE A .o 0.2 mg/ml
INAZVO S et e e 1 mM
pH7.0

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma)

Mouse tissues were collected, immediately shock frozen and pulverized in liquid
nitrogen. Lysis buffer (1 ul/mg of tissue) was added and tissues were homogenized using a
Polytron PT 3000 Kinematica homogenizer (Kinematica AG, Switzerland) at 12000 rpm,
4°C. Samples were incubated at RT for 5 minutes and 1 volume of 2x SDS- sample buffer
was added. Insoluble material was removed by centrifugation (Eppendorf centrifuge; 14000
rpm, 2 minutes at RT). Samples were heated to 95°C for 5 minutes before subjection to SDS-

PAGE.
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Preparation of soluble/insoluble fractions from mouse tissues

Extraction buffer 1

Triton X-100 ....cooiiiiiiiieceee e 1%
INP-40 . 0.5%
THIS/HCT e 20 mM
NACT ... 150 mM
EDTA .o 1 mM
DT e 0.2 mM
INAZVO S e e e 2 mM
pH7.5

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

Extraction buffer 2

Triton X-100 ....ooiiiiiiiiiie e 1%
INP-40 . 0.5%
THIS/HCT e 20 mM
INACT ... 150 mM
EDTA .o 1 mM
DTT e 50 mM
UT ..ottt oM
NAZVO4 oottt aaees 2 mM
pH 7.5

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

Mouse tissues were collected, immediately shock frozen and pulverized in liquid
nitrogen. Extraction buffer 1 was added (1 pul/mg of tissue), and tissues were homogenized
using a Polytron PT 3000 Kinematica homogenizer (Kinematica AG, Switzerland) at
12000 rpm, 4°C. Tissue homogenates were then incubated for 30 minutes on an orbital shaker
at 4°C. Thereafter, soluble and insoluble protein fractions were separated by centrifugation at
13000 rpm for 20 minutes, 4°C. The supernatant (soluble fraction) was transferred to a new
tube and 5x SDS sample buffer was added immediately. The pellet was rinsed once with two
volumes of PBS. An identical volume of extraction buffer 2 (as was used for the initial

extraction) was added and the resuspended pellet was incubated for 2 hours at RT with
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shaking. Insoluble material was pelleted by centrifugation at 13000 rpm for 10 minutes at 4°C
and the supernatant (insoluble fraction) was removed and supplemented with 5x SDS-sample

buffer. Both fractions were stored at -80°C, or immediately subjected to SDS-PAGE.

Total cell lysates

2x SDS-sample buffer (Laemmli)

TriS-HCT ..o 160 mM
DTT e 200 mM
SIS e e 4%
Bromphenol blue............cooveiiiiiiiiiiiiiiieeeee, 0.1%
GIYCETOL ittt 20%
NAZVO4 oot aeees 4 mM
pH 6.8

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

5x SDS-sample buffer (Laemmli)

TriS-HCT ..o 400 mM
DT e 500 mM
SIS e 10%
Bromphenol blue............ccoooviiiiiiiiiiiiniiiiceee, 0.25%
GIYCETOL . netiieiie ettt e e 50%
NAZVO4 oottt aaees 10 mM
pH 6.8

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

Cells were washed once with 1x PBS and then scraped off with a cell scraper into
2x SDS-PAGE sample buffer. DNA was sheared by pressing the samples through a 27 gauge
needle and samples were heated to 95°C for 5 minutes before usage for SDS-PAGE



MATERIALS AND METHODS 133

Cell fractionation (high salt method)

Triton X-100 Buffer

TriS-HC ..o 10 mM
Triton X-100 ....coooiiiiiiiiiieeeeeee e 1%
EDTA .ottt 5SmM
NACT ... 140 mM
DT e 5SmM
NAZVO4 oot eeaees 2 mM
pH 7.6

+ Protease-inhibitor tablet (Roche, Vienna, Austria)

High-salt buffer

Tris-HCL ..o 10 mM
Triton X-100 ....cooiiiiiiiiieeee e 0.5%
KCL e I.5M
NACT ... 140 mM
EDTA .o 5 mM
DT e 5 mM
INAZVO S et 2 mM
pH 7.6

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

Washing buffer
TLIS-HCT o 10 mM

pH 7.6

+ Protease inhibitor tablet (Roche, Vienna, Austria)

Cells were washed twice with 1x PBS, one volume of Triton X-100 buffer was added
and plates were incubated with agitation for 2 minutes on ice. The supernatant (soluble
fraction) was collected, SDS-sample buffer was added immediately and the samples were
heated to 95°C for 5 minutes. Two volumes of high-salt buffer were added to the cell residues
still adherent to the plate and those incubated further for 30 minutes at 4°C with agitation.

Insoluble cytoskeletal residues were scraped off with a cell scraper, resuspended in the buffer
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and homogenized by pressing through a 27 gauge needle. The high-salt buffer resistant pellet
obtained after centrifugation (2500 rpm for 30 minutes at 4°C), which was greatly enriched
in IFs, was washed with washing buffer and pelleted again (8000 rpm for 5 minutes at 4°C).
The pellet (insoluble fraction) was dissolved in 8M urea at 4°C for 30 minutes, SDS-sample

buffer was added and the samples stored at - 80°C until usage.

Cell fractionation (digitonin-based method)

Digitonin buffer

Digitonin (Sigma-Aldrich)......cccccocervieniiininennn. 0.01%
Piperazine-N,N’-bis(ethanesulfonic acid (PIPES).... 10mM
SUCCIOSE ..ttt 300 mM
INACT ... 100 mM
MEC L) et 3 mM
EDTA .o 5 mM
DTT e 0.2 mM
INAZV O et e e 1 mM
pH 6.8

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

Buffer 2

Triton X-100 ....oooiiiiiiiiiiieeeeeeeeeeeeees 0.5%
Piperazine-N,N’-bis(ethanesulfonic acid), PIPES .... 10mM
SUCCIOSE ..ttt 300 mM
INACT ... 100 mM
MECL) et 3 mM
EDTA .o 3mM
DTT e 0.2 mM
INAZVO S et 2 mM
pH7.4

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)
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Cells were scraped into 1x PBS, collected by centrifugation at 1000 rpm (at 4°C),
gently resuspended in 300 ul of ice-cold digitonin buffer and incubated with end-over-end
agitation for 10 minutes at 4°C. After centrifugation at 16000 rpm for 1 minute (4°C), the
cytosolic supernatant fraction was collected and the pellet resuspended in buffer 2. After 20
minutes of end-over-end rotation (4°C), the suspension was centrifuged at 16000 rpm for 1
minute (4°C) to obtain membrane (supernatant), and cytoskeleton (pellet) fractions. Aliquots

of fractions were dissolved in 5x SDS-sample buffer.

Cell fractionation (sequential detergent extraction)

NP-40 buffer

INP-40 e 1%
EDTA .ot 10 mM
DT e 0.2 mM
INAZVO S e e e 2 mM
PBS e Ix
pH 7.5

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

EMP-BB buffer

Empigen BB........oooiiiiiie e 1%
EDTA oot e 10 mM
DT e e 0.2 mM
NAZVO4 oottt aeees 2 mM
PBS s 1x
pH7.5

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

Cells were washed twice with 1x PBS and then lysed in the dish with NP-40 buffer. The
lysate was collected, subjected to centrifugation (16000 rpm, 30 minutes, 4°C), and the

supernatant (NP-40 fraction) was collected. The residual cytoskeletal pellet was solubilized
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with EMP-BB-buffer (30 minutes, 4°C), followed by centrifugation (16000 rpm, 15 minutes,
4°C) and collecting the EMP-BB fraction. The residual detergent-resistant cytoskeletons were
then solubilized with 5x SDS sample buffer. Fractions were stored at -80°C. Fractions were
adjusted for equal protein concentration using the BCA-kit (Pierce Biotechnology, Rockford,
IL, USA) and the adjustments controlled by coomassie staining of samples separated by SDS-
PAGE.

Cell fractionation (two-detergents-based method)

Extraction buffer 1

Triton X-100 ....ooniiiiiiii e 1%
INP-40 e 0.5%
THIS/HCT e 20 mM
NACT ... 150 mM
EDTA o 1 mM
DT e 0.2 mM
INAZVO S et e e 2 mM
pH7.5

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)

Extraction buffer 2

Triton X-100 ....cooiiiiiiiiieeeece e 1%
INP-40 e 0.5%
TIIS/HCT .o 20 mM
INACT ... 150 mM
EDTA .ot 1 mM
DT e 50 mM
UTCa. it oM
INAZVO S et e e 2 mM
pH7.5

+ Protease inhibitor tablet (Roche, Vienna, Austria)

+ Serine/Threonine-phosphatase inibitor cocktail I (Sigma-Aldrich)
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Cells were washed once with ice cooled 1x PBS. One volume of cold detergent lysis
buffer was added, and cells were scraped off with a cell scraper into the buffer. The cell
suspension was sonicated once (50% cycles, 80% power; on ice) and incubated for 30
minutes on an orbital shaker at 4°C. Thereafter, soluble and insoluble protein fractions were
separated by centrifugation at 13000 rpm for 20 minutes (at 4°C). The supernatant was
transferred to a new tube and 5x SDS sample buffer was added immediately. The pellet was
rinsed once with two volumes of 1x PBS, one volume of extraction buffer 2 was added and
the resuspended pellet was incubated for 2 hours at RT with shaking. Thereafter, the pellet
fraction was supplemented with 5x SDS-sample buffer. Both fractions were stored at -80°C,

or immediately subjected to SDS-PAGE.

Preparation of fractions containing protomeric and polymeric tubulin

Tubulin protomer and polymer fractions were prepared as described (Gundersen et al.
1987). Cells growing on 10 cm dishes were rapidly rinsed twice in microtubule-stabilizing
buffer (MSB) [85 mM Pipes, pH 6.9, | mM EGTA, 1 mM MgCl,, 2 M glycerol, and protease
inhibitor cocktail (Roche, Vienna, Austria)] and then extracted with 1.6 ml of MSB
containing 0.5 % Triton X-100. After 3 minutes, the Triton extract (monomer fraction) was
gently removed to a graduated tube, the volume was noted and 1/5 volume of 5x SDS buffer
was added. This sample was then boiled for 5 minutes. The cytoskeletons remaining on the
dish were carefully rinsed once with MSB and then solubilized with 1.6 ml MSB plus 0.4 ml
5x SDS buffer. After 5 minutes, this extract (polymer fraction) was removed from the plate
and boiled 5 minutes. Samples were stored at -80°C until analyzed by immunoblotting.
Samples were adjusted for equal protein concentration using the BCA-kit (Pierce
Biotechnology, Rockford, IL, USA) and the adjustments controlled by coomassie staining of
samples separated by SDS-PAGE.

Preparation of high-speed supernatants from cultured cells

Confluent monolayers of keratinocytes or N2a cells were harvested in icecold PBS,
collected by centrifugation at 1000 rpm for 5 minutes at 4°C, and washed in 140 mM NaCl, 8
mM Na,PO,, 1.5 mM KH,PO4, 3 mM KCI, 0.5 mM MgCl,, 5.5 mM glucose, 1 mM EGTA,

supplemented with protease inhibitor cocktail (Roche, Vienna, Austria). Cells were then
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homogenized in 100 mM MES, pH 7.0, 0.5 mM MgCl,, 1 mM EGTA, 1mM GTP, 520 mM
sucrose, S0 mM DTT, protease inhibitor cocktail (Roche, Vienna, Austria), using a syringe
with 22G needle or a dounce homogenizer (ratio of unbroken cells : free nuclei ~20:80). After
removal of cells and nuclei by centrifugation the supernatant was retrieved, drawn 10 times
through a 27G needle, and subjected to ultracentrifugation (Beckmann Tabletop TL-100) at
45000 rpm for 90 minutes at 2°C to obtain a high-speed supernatant (hs-SN).

Purification of MAPs from tissues and cultured cells

MAPs from hog brain were prepared and purified according to (Karr et al., 1979).
MAPs from adult mouse brain were prepared as described (Shelanski et al., 1973). Hog brain
MAP isolations were performed by I. Fischer. For isolation of MAPs from cultured N2a cells,
taxol (Paclitaxel, Calbiochem) was added (to 20 uM) to hs-SNs (see above) which were then
incubated at 37°C for 15 minutes, and centrifuged at 14000 rpm for 30 minutes at 4°C. The
sedimented material was resuspended and centrifuged 2x in 100 mM MES pH 7.0, 1 mM
EGTA, 0.5 mM MgCl,, I mM GTP, 20 uM taxol, and protease inhibitor cocktail, prior to
SDS 5%-PAGE.

Affinity isolation of MAPs using preformed microtubules

MTs were generated from hog brain tubulin (99.9% pure, Cytoskeleton Inc.) according
to (Vallee, 1986). Briefly, 5 mg/ml of tubulin was incubated with 200 um taxol and 1 mM
GTP for 30 minutes at 37°C to induce formation of MTs. 650 pug/ml of preformed MTs were
added to hs-SNs (see above), and incubated for 1hour at RT. MTs and bound proteins were

sedimented and treated as described above.

Protein overlay assay

For overlay assays, hog brain and keratinocyte MAPs were separated by SDS 5%-
PAGE and transferred to nitrocellulose membranes. Membranes were then blocked with 3%

BSA in PBS-T for two hours at RT and overlayed with 8 pg/ml of purified plectin fragments
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dissolved in overlay-buffer (Rezniczek et al., 1998). Bound plectin fragments were detected

by immunoblotting using anti-GST antibodies.

Cell culture and immunofluorescence microscopy

Maintenance of cell lines

KGM (keratinocvytes growth medium:; BioWhittaker CC-3104)

Keratinocyte basal medium............cccccvveervreeneveennee. 500 ml
Hydrocortisone (CC-4031) ...cccveerviiirnieenieeniieene 0.5ml
GA-1000 (CC-4081) .eouvienreniieieeiesienieerieeie e 0.5 ml
BPE (CC-4002) ...c.eiiiiiiiieienienieeieeeeieeeeeesie e 2 ml
hEGF (CC-4015) ..ttt 0.5 ml
Insulin (CC-4021) .coveriiniieiinieieeiereceeeeseeie e 0.5 ml
chelexed FCS ... 2%
Insulin-Transferrin-Selenium (GibcoBRL) ................. 5ml
CaCly (50 MM)...coviiiiriiiiieieneeeeeeeeee e 500 pl

chelexed FCS (Fetal Calf Serum)
To remove Ca2+ from FCS, 5g Chelex were mixed with 100 ml FCS and
stirred at 4°C for 1hour. FCS was then sterilized by filtration.

DMEM (Dulbecco’s Modified Eagle’s Medium)

DMEM ..ottt 170 ml

FCS e 20 ml

Penicillin/streptomycin (P/S)......ccccvvveviiieiiieeiieen. 2 ml

L-Glutamine (100 mM).......ccoovveeieiiiiiiiiiireeeeeeeeeeins 2ml
T/E

Trypsin (filtered) .......cocovveerciieeniieeiiieeieeeeeeeee, 500 mg/1

EDTA (Na-Salt).....ccooeeiiiieiiiiiieeeeeeeeiciereeeee e, 0.2%

Sterilized by filtration and stored at -20°C.
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Collagen coating of dishes

Collagen I solution (Sigma-Aldrich) was diluted 1:10 in PBS and sterile
filtrated. 5 or 3 ml of this dilution were then added per 10 or 6 cm plates,
respectively, and incubated for at least 2hours at 37°C or overnight at 4°C.
Prior to usage, plates were washed once with 1x PBS.

Frozen cells were quickly thawed in a 37°C water-bath and transferred to a 15 ml tube,
containing 10 ml of growth medium and the cells pelleted by centrifugation (Heraeus
Megafuge, 1000 rpm, 3 minutes). The cells were resuspended in growth medium and seeded
into appropriate cell culture dishes. Cell lines were incubated at 37°C in a humified
atmosphere containing 5% CO,. For splitting of cells, the cell layer was once washed with 1x
PBS and then incubated with one volume of T/E (0.05% trypsin, 0.2% EDTA) for 10 minutes
(keratinocytes), 3 minutes (N2a cells) or 5 minutes (804G cells, fibroblasts) at 37°C. Three
volumes of growth medium were added to inhibit trypsin and the detached cells were
transferred to a 15 ml tube. For splitting of PC-12 cells, cells were detached by pipetting, and
triturated vigorously by passing the cells through a 12 gauge needle. After centrifugation
(Heraeus Megafuge, 1000 rpm, 3 minutes) cells were resuspended in growth medium and
split into new culture dishes. 804G cells and fibroblasts were maintained in DMEM, whereas
PC-12 cells were cultured in DMEM supplemented with 5 % horse serum. Keratinocytes
were maintained in KGM.

For freezing, cells were trypsinized, resuspended in freezing medium (FCS containing
10% DMSO) and aliquoted into cryotubes (Nunc A/S, Roskilde, Denmark). The cryotubes

were kept at -80°C for 24 hours and then put into a liquid nitrogen tank for storage.

Differentiation and induction of neurite outgrowth of N2a cells
To obtain a neuronal-like phenotype, the medium was changed to DMEM,

supplemented with 1% FCS and db-cAMP (1 mM, Sigma-Aldrich) in which cells were

maintained for 48-72 hours.

Keratinocyte differentiation and calcium-switch assay

To induce stratification and subsequent differentiation of cultured keratinocyte

monolayers, the CaCl, level in the medium (KGM) was raised from 0.05 mM to 1.8 mM.
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Calcium-switch was performed by culturing keratinocyte monolayers for 24-48 hours in high
calcium (1.8 mM) medium followed by exchanging the high calcium medium with low

calcium medium (0.05 mM).

Separation of epidermis and dermis from adult mouse skin

Dispase II solution

10 mg Dispase II (Roche, Vienna, Austria) dissolved in 1 ml keratinocyte
basal medium

Dispase II (Roche, Vienna, Austria) was used at a concentration of 1.5 U/ml in 1x PBS.
Mice were sacrificed and a patch of skin (about 2.5 x 2.5 cm) was freed of hair. This patch
was cut out with forceps and scissors and put epidermis-side down on a plastic dish.
Connective tissue and fat was mostly removed, before the skin was placed dermis-side down
floating on dispase II. After 1.5-2 hours at 37°C skin was put dermis-side down on a plastic

dish and epidermis was peeled off with forceps.

Isolation of primary mouse keratinocytes

1-2 days old mice were sacrificed by decapitation and washed twice with 70% ethanol.
Using sterile scissors and forceps tails and limbs were amputated and discarded. After making
a longitudinal incision from neck to tail, the skin was removed, flattened and put dermis-side
down floating on Dispase II solution in a Petri dish. Skins were incubated at 37°C for 30
minutes (knockout skins) or 45 minutes (wild-type skins). Next, skins were placed,
epidermis-side down, in a Petri dish and the dermis was gently peeled back with forceps. The
epidermal sheets were placed on a glass slide and minced into very small pieces by using
sterile razorblades. 3 ml of T/E solution were added and the epidermal pieces gently
resuspended using a 5 ml plastic pipette. The suspension was then transferred to a 15 ml tube
and incubated for 10 minutes in water bath at 37°C. Subsequently, epidermal cells were
released from tissue pieces by pipetting up and down 50 times with a 1 ml pipette and the cell
suspension was filtered through a 70 um cell strainer into a 50 ml tube filled with 40 ml of
warm (RT) KGM, and the cells were pelleted by centrifuging at 800 rpm for 8 minutes. The
pelleted cells were suspended in KGM (37°C) and plated on collagen IV-coated (Corning
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B.V. Life Sciences, Schiphol-Rijk, The Netherlands) or laminin 322-coated (804G cell-
derived 3-dimensional matrix) cell culture dishes. The culture dishes were incubated at 37°C,
5% CO,. After keratinocyte attachment (usually after two hours), cells were washed twice
with KGM to remove differentiated and other unattached cells. Medium was changed every
second day. For differentiation of primary keratinocytes, the CaCl, level was raised from

0.05 mM to 1.8 mM and cells were cultured for up to 48 hours.

Preparation of 804G cell-derived 3-dimensional matrix

804G cells were grown on cell culture dishes in DMEM, 10% FCS, 1% P/S, 2 mM L-
Glucose to post-confluence. Subsequently, cells were rinsed with 1x PBS and incubated with
PBS containing 20 mM NH4OH for 5 minutes. Cell culture dishes were washed 3 times with
ddH,O to remove cell debris. In case of surviving cells, incubation with 20 mM NH4OH was
repeated. To remove all traces of NH4OH, cell culture dishes were washed two times more
with 1x PBS. Thereafter dishes were used immediately for seeding of primary keratinocytes
or frozen at -20°C by using 1x PBS containing 10% DMSO. Frozen plates were thawed at RT
and rinsed with 1x PBS and KGM prior to seeding cells.

Cyclic strain stress

Mechanical stress experiments were performed in collaboration with the Trauma
Research Laboratories, Department of Trauma Surgery, Vienna General Hospital, Vienna,
Austria. For cyclic strain stress experiments, keratinocytes were plated on silicone elastomer-
bottomed and collagen IV-coated plates (BioFlex culture plates, Dunn Labortechnik GmbH,
Asbach, Germany). After achieving 90 % confluence, stratification was induced with high
calcium medium for 24 hours. Stratified keratinocyte sheets were then subjected to
mechanical stress with the computer-controlled Cyclic Stress Unite (Flexercell FX-2000)
placed in a humidified incubator with 5 % CO2 at 37°C. The Cyclic Strain Unit consisted of a
controlled vacuum unit and a base plate to hold the culture plates. Vacuum (15 to 20 kPa) was
repeatedly applied to the elastomer-bottomed plates via the base plate. Cyclic deformation
was carried out at a frequency of 1 Hz and an amplitude of 12 % for 24 hours. Cells were then

prepared for immunofluorescence microscopy.
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Dispase-based keratinocyte dissociation assay

This was performed as described previously (Calautti et al., 1995; Kimura et al., 2007).
Keratinocytes were seeded in 60 mm diameter dishes to achieve 95% confluence within two
days. After reaching confluence, keratinocyte monolayers were allowed to stratify in high
calcium medium for 48 hours. Stratified keratinocyte sheets were then washed in PBS
containing 1.8 mM CaCl, and then incubated in dispase II (2.4 U/ml; Roche, Vienna, Austria)
for about 45 minutes until the cell sheet had become detached from the dish. The detached
cell sheets were washed in PBS containing 1.8 mM CacCl, and placed in 4 ml PBS containing
1.8 mM CaCl, in 15 ml conical tubes (BD-Falcon). Tubes were then secured to a tube rotator
(Reax2, Heidolph Instruments, Schwabach, Germany) and subjected to 50 rotation cycles

before the fragments of cell sheet were counted using a phase-contrast microscope.

Transfection of mammalian cells using FuGENE 6

The FuGENE 6 transfection reagent (Roche, Vienna, Austria) is a non-liposomal
formulation that transfects a very wide variety of eukaryotic cells with high efficiency and
minimal cytotoxicity. The reagent was stored at -20°C. Before use, FUGENE 6 was warmed
to RT and mixed well by inversion or vortexing. Cells were seeded at low densities onto cell
culture dishes 3-24 hours prior to transfection. The DNA-FuGENE complex was prepared in
polypropylene tubes. For each transfection (6 cm dish), 8 pl FuGENE 6 was diluted into 200
ul serum-free medium, mixed gently (no vortexing) and 5 pug plasmid DNA was added. The
solution was mixed gently (no vortexing) and incubated at RT for a minimum of 30 minutes
(up to 45 minutes). Then, 300 ul serum-free medium were added and the well-mixed
suspension was added drop-wise to the culture dish containing 2.5 ml of normal culture
medium. After gentle mixing, the plates were incubated under the appropriate conditions for

the cell-line used.
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Immunofluorescence microscopy of cells

Mowiol

6 g glycerol and 2.4 g Mowiol (Hoechst) were incubated in 6 ml of dH,O for
2 hours. 12 ml of 0.2 M Tris-HCI solution, pH 8.5, was added, stirred for
10 minutes, heated to 50°C and spun for 15 minutes. The supernatant was stored
at -20°C.

Cells grown on 13 mm diameter glass coverslips or on cell culture dishes were washed
with 1x PBS, fixed in 4% paraformaldehyde/PBS (PFA) for 20 minutes at RT and
permeabilized in 1x PBS containing 0.2% Triton X-100 for 5 minutes. Alternatively cells
were fixed with pre-chilled (-20°C) methanol for 90 seconds and washed with 1x PBS. For
blocking of unspecific binding sites, coverslips or dishes were incubated with 3% BSA in
PBS for 1 hour at RT. Primary antibody dilutions were prepared in 3% BSA in PBS, and
coverslips or dishes were incubated with antibody solution for 1 hour at RT. Thereafter,
coverslips or dishes were washed three times for 10 minutes with 1x PBS. Fluorescence-
labelled secondary antibodies were diluted in 1x PBS and coverslips or dishes were incubated
with the secondary antibodies for 1 hour at RT. Coverslips or dishes were washed as
described before, followed by two brief washes with dH,0. Coverslips were mounted by
placing them onto a 10 pl drop of mowiol on glass slides. When dishes were used, a 13 mm
diameter coverlsip was placed onto a 10 ul drop of mowiol covering the immunolabelled
area. The samples were then dried overnight in the dark at RT and examined using a Zeiss
fluorescence laser-scanning microscope (LSM) 510 or a Zeiss META microscope. Digital

images were processed using LSM, Adobe Photoshop and Adobe Illustrator software.

Immunofluorescence microscopy of cryosections

Tissues were fixed in 4% PFA for 1 hour or overnight at RT, washed three times with
1x PBS and soaked in 2 M sucrose/PBS at 4°C overnight. Thereafter specimens were shock
frozen in liquid nitrogen. 2 um cryosections were obtained by using the Cryostat HM 500
OM at -30°C (sectioning was performed by I. Fischer). Alternatively, unfixed samples were
immediately frozen in isopentane (cooled by liquid nitrogen) and sections were obtained as
described before. Sections were air-dried for 30 minutes and fixed with ice-cold acetone for

10 minutes. For immunolabeling, specimens were incubated in 2% BSA/PBS for 30 minutes
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at RT. Incubation with primary antibodies was followed by three washes with PBS and
incubation with secondary antibodies. Again samples were washed three times with PBS,
once with dH,O and embedded in mowiol. Samples were examined using a Zeiss LSM 510 or

a Zeiss META microscope.

Live-cell imaging

Live-cell imaging was performed under supervision by G. Burgstaller. Time-lapse
video microscopy was implemented on a microscope (Axiovert S100TV; Carl Zeiss
Microlmaging, Inc) equipped with phase-contrast and epi-illumination optics. Cells were
seeded on collagen I—coated coverslips at a density of 2.8 X 10° cells/cm” and kept in KGM
during the whole period of observation. Migration was monitored in a closed POCmini
cultivation system (Carl Zeiss Microlmaging, Inc) at 37°C and 5% CO,. Recordings of
migrations started 3 hours after plating, and frames were taken with a 10X lens in 1-minute
intervals over a period of 90 minutes. Images were obtained using a back-illuminated, cooled
charge-coupled device camera (Princeton Research Instruments) driven by a 16-bit controller.
The whole video microscopy system was automated by Metamorph 6.3 (Universal Imaging
Corporation). The length of trajectories of migrating cells was measured by tracking the
central nuclei. Cells that did not spread or remain in the field of view during the whole period
of observation were not taken into account for measuring. For statistical evaluation, we used
30 cells per genotype. The processive index, PI, of migration, was defined PI=l/t, where I is
the linear distance between the starting point and end endpoint of migration, and t is the total

distance traversed by the cell. The ideal PI for linear migration is 1.0

Apoptosis assay

Apoptosis was analyzed on paraformaldehyde-fixed tissue sections using the
DeadEnd™ Fluorimetric TUNEL System (Promega, Madison, WI) according to the
instructions of the manufacturer. This kit measures the fragmented DNA of apoptotic cells by
catalytically incorporating fluorescein-12-dUTP at 3’-OH DNA ends which is then
recognized by the enzyme terminal deoxynucleotidyl transferase (TdT), which forms a
polymeric tail using the principle of the TUNEL (TdT-mediated dUTP Nick-End Labeling)

assay.
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Electron Microscopy

High pressure freezing cryoimmobilization of newborn mouse skins and subsequent
freeze substitution were performed essentially as described (Reipert et al., 2004). Thin
sections were cut with an Ultracut S ultramicrotome (LEICA Microsystems), mounted on
copper grids, counterstained with uranyl acetate and lead citrate, and examined at 60 kV in a

JEOL JEM-1210 (Jeol Ltd Tokyo, Japan) electron microscope.

Haematoxylin/Eosin-staining of tissue sections

Tissue sections were incubated in Haematoxylin (Papanicolaous solution 1b, Merck) for
5 minutes at RT, then rinsed twice with dH,O and washed extensively for 5 minutes with
H,O. Thereafter, glass slides were incubated for 10 seconds in 0.5% Eosin-G solution
(Merck) and again rinsed twice with dH,O. Stained sections were dried and embedded using

Histofluid (Merck).

Animal husbandry and experiments

Mice were kept under standard housing conditions at the animal facility of the
Department of Molecular Cell Biology at the Vienna Biocenter. All experiments involving
animals were performed in accordance with Austrian Federal Government laws and

regulations.

Preparation of tamoxifen solutions

For intraperitoneal (i.p.) injections 10 mg of tamoxifen (Sigma-Aldrich, free base) were
dissolved in ethanol by heating to 55°C to obtain a 10 mg/100 pl tamoxifen suspension. A
10 mg/ml tamoxifen solution was then prepared by addition of sunflower oil (Sigma-Aldrich),

followed by brief heating to 55°C and vortexing for 30 minutes at RT.
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Application of tamoxifen

Mice were injected i.p. with 1 mg tamoxifen per day for 5 consecutive days.

Tape stripping and TEWL measurements

Test animals were shaved on their backs 48 h prior to tape stripping experiments. Adult
mice were anesthetized by intraperitoneal injection of a mixture of 0.22 ml 2% Rompun
(Bayer Austria, Vienna, Austria) and 0.66 ml 10% Ketamidor (Richter Pharma, Vienna,
Austria) in 1x PBS. Newborn nice were anesthetized by inhalation of Isofluoran (Richter
Pharma, Wells, Austria). Test areas were stripped by repeatedly by applying D-Squame tapes
(CuDerm Corporation, Dallas, TX, USA) or TESA 3M tape (TESA GmbH, Vienna, Austria),
respectively, to disrupt skin barrier. For each stripping, a fresh piece of tape was lightly
pressed onto the skin area and pulled of with forceps. To assess epidermal permeability
function, transepidermal water loss (TEWL) was measured using an evaporimeter
(ServoMed, Stockholm, Sweden). TEWL values were registered in g/m*/h after equilibration
of the probe on the skin (> 60 sec). Environment-related variables at the time of the study
were: ambient air temperature 21.3-24.5°C; ambient air humidity 35-42%; atmospheric H,O
pressure 8.8-9.7 mm Hg. Excess air convection was prevented by shielding the measurement
zone. TEWL was measured both under baseline conditions, as well as following acute barrier
disruption by repeated tape stripping. TEWL of 1-day old mice was measured with a
Tewameter TM-300 equipped with a small-diameter (3 mm) probe and measurements were
digitally recorded via a MPAS mulitprobe adapter (Courage and Khazaka, Cologne,

Germany).

In-situ skin permeability assay

Newborn mouse pubs were stained as described by (Hardman et al., 1998). Mouse pubs
were sacrificed by inhalation of an over-dose (600 ul) of Isofluoran (Richter Pharma, Wells,
Austria). They were then dehydrated by incubations (1 minute each) in 25%, 50%, and 75%
methanol/PBS followed by 1 minute in 100% methanol. The mouse pubs were then
rehydrated with series of methanol solutions (75%, 50%, and 25% methanol/PBS; 1 minute

incubations), washed in 1x PBS, and stained for 5 minutes in 0.125% toluidine blue/PBS.
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After destaining in 1x PBS, mouse pubs were photographed. Images were processed with

Adobe Photoshop software.
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