Not just scaffolding: plectin regulates
actin dynamics in cultured cells
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Plectin, a major linker and scaffolding protein of the cytoskeleton, has been shown to be essential for the
mechanical integrity of skin, skeletal muscle, and heart. Studying fibroblast and astroglial cell cultures
derived from plectin (-/-) mice, we found that their actin cytoskeleton, including focal adhesion contacts,
was developed more extensively than in wild-type cells. Also it failed to show characteristic short-term
rearrangments in response to extracellular stimuli activating the Rho/Rac/Cdc42 signaling cascades.

As a consequence, cell motility, adherence, and shear stress resistance were altered, and morphogenic
processes were delayed. Furthermore, we show that plectin interacts with G-actin in vitro in a
phosphatidylinositol-4,5-biphosphate-dependent manner and associates with actin stress fibers in living cells.
The actin stress fiber phenotype of plectin-deficient fibroblasts could be reversed to a large degree by transient
transfection of full-length plectin or plectin fragments containing the amino-terminal actin-binding domain
(ABD). These results reveal a novel role of plectin as regulator of cellular processes involving actin filament
dynamics that goes beyond its proposed role in scaffolding and mechanical stabilization of cells.
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Plectin is a multidomain protein of exceptionally large
size and versatile binding properties. It has been shown
to interact in vitro with intermediate filament (IF) pro-
teins of various types (Foisner et al. 1988) and to physi-
cally link IFs with microfilaments and microtubules, as
demonstrated by whole mount electron microscopy of
cultured cells (Foisner et al. 1995; Svitkina et al. 1996).
The interaction with vimentin and cytokeratin fila-
ments involves a specific binding domain located near to
the carboxyl terminus of the protein (Nikolic et al. 1996),
whereas the amino-terminal domain of the molecule
harbors an actin-binding domain (ABD) of the spectrin
type, as deduced from its cDNA sequence (Liu et al.
1996; McLean et al. 1996; Elliott et al. 1997). Moreover,
in various cell types and tissues plectin has been local-
ized at specific cytoskeleton-plasma membrane junc-
tional complexes, including epidermal hemidesmo-
somes, dense plagques of smooth muscle, and focal adhe-
sion contacts of cultured cells (Wiche et al. 1983, 1984;
Seifert et al. 1992; Rezniczek et al. 1998). On the mo-
lecular level, we have demonstrated interactions of plec-
tin with membrane skeleton proteins, such as fodrin and
a-spectrin (Herrmann and Wiche 1987), the hemidesmo-
some integrin receptor subunit protein B4 (Rezniczek et
al. 1998), and desmosome-associated desmoplakin (Eger
et al. 1997). Other prominent locations of plectin are
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Z-lines, intracellular junctional structures of striated
muscle, and intercalated discs of cardiac muscle (Wiche
et al. 1983). Consistent with the versatile binding prop-
erties and strategic cellular localization of plectin, the
phenotypic analyses of plectin-deficient epidermolysis
bullosa simplex—muscular dystrophy (EBS-MD) patients
(Chavanas et al. 1996; Gache et al. 1996; McLean et al.
1996; Pulkkinnen et al. 1996; Smith et al. 1996; Mellerio
et al. 1997) and plectin gene knockout mice (Andra et al.
1997) revealed that plectin is essential for the mechani-
cal integrity of skin and muscle cells.

To investigate the function of plectin in more detail on
the cellular level, we characterized the cytoskeleton of
dermal fibroblasts and astroglial cells derived from plec-
tin-deficient mice. No or only minor changes in micro-
tubule and IF network organization were detectable in
such cells; however, contrary to expectations, actin
stress fibers and focal adhesion contacts were substan-
tially increased in numbers. In addition, the actin stress
fiber system of plectin-deficient cells failed to show
characteristic short-term rearrangments in response to
extracellular stimuli, and as a consequence the adhesion
properties, migration abilities, and shear stress resis-
tance of plectin-deficient cells were influenced and/or
compromised. Furthermore, we found that the actin
binding domain of plectin is functional, can be modu-
lated by phosphatidylinositol-4,5-biphosphate (PIP2),
and is able to partially restore the wild-type phenotype
upon expression in plectin-deficient cells. These results
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support the idea that plectin not only provides cells with
mechanical strength but also plays an important role as
regulator of cellular processes linked to actin filament
dynamics.

Results

Plectin deficiency leads to an increased number
of actin stress fibers and focal adhesion contacts

To study the effects of plectin deficiency on cytoarchi-
tecture, cultivated dermal mouse fibroblasts expressing
(plectin*’*) or lacking (plectin™") plectin were used at
passages 10-15. At this stage both types of cells appeared
to be of similar morphology, as judged by phase-contrast
microscopy (not shown), and exhibited similar growth
properties (Fig. 1G). Immunofluorescence microscopy of
plectin™* cells using antiserum to plectin (Fig. 1A) re-
vealed a filamentous staining pattern throughout the cy-
toplasm that was undetectable in plectin™~ fibroblasts
(Fig. 1B). Unexpectedly, when plectin-deficient fibro-
blasts were plated out for a short time (2 hr), the cells
displayed a dramatic increase in actin stress fibers (Fig.
1D) compared to control cells (Fig. 1C). Their stress fi-
bers were also more resistant toward treatment with cy-
tochalasin B (data not shown). The higher abundance of
actin stress fibers in plectin™~ cells was paralleled by an
increase in number and size of vinculin-positive focal
adhesion contacts (FACs). In control fibroblasts these
structures were predominantly observed at the periphery
of cells, displaying typical dash-like shapes (Fig. 1E),
whereas in plectin™~ fibroblasts they appeared to be ab-
normally enlarged and scattered all over the cell (Fig. 1F).
A statistical analysis of 50 cells randomly chosen from
confocal microscopy images demonstrated that the in-
creased numbers of actin stress fibers and FACs in plec-
tin™/~ cells were cell size-independent (Fig. 1H,1). This
analysis also revealed a slight increase in the overall size
of plectin-deficient cells compared to controls (Fig. 1H,1).
Interestingly, after a prolonged time in culture (24 hr),
the abundance of stress fibers in plectin-deficient fibro-
blasts was found to be comparable to control cells (data
not shown), suggesting that other regulatory mecha-
nisms could compensate for the absence of plectin upon
long-term cultivation.

The actin cytoskeleton of plectin-deficient fibroblasts
shows delayed responses to stimuli
of the Rho/Rac/Cdc42 pathways

The formation of stress fibers in fibroblasts, as well as
other short-term responses involving the reorganization
of the actin cytoskeleton of motile cells, specifically the
formation of lamellipodia, microspikes, and filopodia,
are regulated by small GTPases named Rho, Rac, and
Cdc42. These GTPases can be activated via receptor-
linked processes by soluble ligands, such as lysophospha-
tidic acid (LPA), PDGF, or bradykinin (for review, see
Hall 1998). Omission of LPA by starving cells in serum-
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Figure 1. Augmentation of actin stress fibers and focal adhe-
sion contacts in plectin-deficient fibroblasts during early
spreading. Plectin*/* and plectin™~ fibroblasts were processed
for immunofluorescence microscopy after an attachment period
of 2 hr. Anti-plectin (A,B), anti-actin (C,D), and anti-vinculin
(E,F) were used as primary antibodies. Note higher numbers of
stress fibers (C,D) and more numerous and enlarged focal adhe-
sion contacts (E,F) in plectin-deficient cells (D,F), compared to
control cells; also, in plectin™~ cells FACs are evenly, rather
than peripherally, distributed over the cell (F). (G) Growth
curves of plectin-deficient (® +s.0., n=6) and control fibro-
blasts (¢ +s.p., n =6). (H,I) Numerical analysis of actin stress
fibers (H) and FACs (1) in control (CJ) and plectin-deficient fibro-
blasts (@). Data points represent individual cells. Note higher
number of stress fibers and FACs in plectin-deficient cells vs.
control cells of similar sizes. Bar, 30 um.

free medium for 24 hr led to a marked reduction of stress
fibers and partial redistribution of actin to the cell pe-
riphery in control cells (Fig. 2A), but not in the majority
of plectin™~ cells (Fig. 2B). Normal, serum-starved fibro-
blasts formed surface membrane ruffles and lamellipodia
upon treatment with PDGF for 1 hr (Fig. 2C, arrow-
heads), and after a 10-min incubation with bradykinin
they developed numerous microspikes and a few filopo-
dia, which were visualized by immunofluorescence mi-
croscopy as small actin-positive cell protrusions (Fig. 2E,
arrowheads). Small cellular extensions resembling
ruffles were also observed in some serum-starved plec-
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Figure 2. Impairment of actin cytoskeleton rearrangement in
response to Rho, Rac, and Cdc42 activation in plectin-deficient
vs. control cells. Cells exposed to serum starvation (-serum), or
treatment with PDGF or bradykinin, as indicated, were ana-
lyzed by immunofluorescence microscopy using antibodies to
actin. Note contrast between serum-starved plectin*’* (A) and
plectin™~ (B) mouse fibroblasts in number and density of actin
stress fibers. In normal cells formation of membrane ruffles and
lamellipodia (C, arrowheads) and microspikes (E, arrowheads)
were induced upon treatment with PDGF and bradykinin, re-
spectively, but not in plectin™" cells (D,F), except for very few
cell protrusions resembling ruffles (D, arrowheads). Bar, 30 um.

tin™/~ cells after a similar treatment with PDGF (Fig. 2D,

arrowheads). However, the majority of cells ((30%) ex-
hibited unaltered prominent arrays of stress fibers (Fig.
2D), which was true also for bradykinin-treated plec-
tin™/~ cells (Fig. 2F). This clearly indicated that the ca-
pability of cells to rearrange their actin cytoskeleton
upon short-term stimulation with soluble ligands was
compromised in the absence of plectin.

To assess whether the actin cytoskeleton of serum-
starved plectin™~ cells would eventually become respon-
sive to the same stimuli at later times, 24 hr-starved
cells were left for another 24 hr without serum or were
incubated with PDGF, or bradykinin, over the same pe-
riod. Under these conditions, both types of cells showed
similar organization of their actin cytoskeleton. The ac-
tin stress fiber system, still prominent in most plectin™~
cells after 24 hr of serum starvation (Fig. 2B), was hardly
visible (Fig. 3B). The appearances of actin structures in
PDGF- and bradykinin-treated plectin™~ cells (Fig. 3D,F)
overall were very similar to those in control cells (Fig.
3C,E), except for a slight tendency of fewer ruffles and a
more prominent localization of actin at the cell periph-
ery in PDGF-treated mutant cells compared to wild-type
cells (Fig. 3, cf. C and D). These results indicated that
plectin deficiency does not prevent actin cytoskeleton
rearrangements but causes delays in their execution.
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Plectin-deficient fibroblasts exhibit reduced motility
and increased adherence

Cell motility depends to a large degree on a precisely
balanced regulation of the formation and rearrangement
of the actin-myosin-based cytoskeleton. We therefore
investigated whether the impaired capability of cells to
rearrange actin structures, as observed in plectin™~ fi-
broblasts, influences their migratory abilities. In a
wound-healing assay, plectin™~ fibroblasts turned out to
migrate into the denuded monolayer area more slowly
than normal fibroblasts, with significant differences ob-
served particularly at later time points (Fig. 4A). In an-
other migration assay, in which cells, after an adhesion
time of 2 hr, could migrate through a porous membrane
in response to a gradient of the chemoattractant PDGF,
only about half the number of plectin™~ cells had passed
through the membrane as compared to control cells (Fig.
4B). A regulated cooperation between FACs and the actin
stress fibers is believed to be essential for tight cellular
adhesion and stabilization of cells against external me-
chanical stress. When plectin™~ fibroblasts and control
cells were plated out for only 2 hr before being exposed
to a defined fluid shear stress (15 dyn/cm?), plectin™~
cells remained attached to the glass plate more fre-
quently than control cells, indicating greater resistence
to shear stress (Fig. 4C). However, when cells were al-

- Serum, 48h

+ PDGF, 24h

+ Bradykinin, 24h

Figure 3. Impairment of actin cytoskeleton rearrangement in
response to Rho, Rac, and Cdc42 activation is abolished in plec-
tin-deficient cells upon 48 hr serum starvation and prolonged
treatment (24 hr) with PDGF or bradykinin. Cells were analyzed
by immunofluorescence microscopy using antibodies to actin.
Note loss of actin stress fibers in serum-starved, PDGF-treated,
or bradykinin-treated normal fibroblasts (A,C,E), similar to
plectin™~ mouse fibroblasts (B,D,F), and the visualization of
similar membrane-associated structures in both cell types after
incubation with PDGF (C,D, arrowheads), and short mi-
crospikes after treatment with bradykinin (E,F, arrowheads).
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Figure 4. Reduced motility and enhanced adhesion of plectin-
deficient fibroblasts. (A) Wound-healing assay. Note signifi-
cantly reduced migration rate of plectin-deficient fibroblasts (@)
compared to control cells (OJ). Each data point represents the
mean * s.p. (n = 10); significant differences are observed after
6-7 hr. (B) Migration through filter membrane in response to a
gradient of PDGF (mean % s.D., n = 6). (C,D) Shear stress resis-
tance measurements (mean + s.D., n = 6). Assays were carried
out 2 hr (B,C) or 24 hr (D) after plating of cells.

lowed to attach for 24 hr, hardly any difference was seen
between controls and plectin-deficient cells (Fig. 4D).
These results correlated well with a decrease in both the
number of stress fibers and FACs observed in plectin™~
cells after 24 hr versus 2 hr plating. This suggested that
the reduced motility of plectin-deficient fibroblasts was
a consequence of their tighter adherence.

Astroglial cells lacking plectin show delayed
morphological differentiation upon cAMP stimulation

The effects of plectin deficiency on cytoarchitecture and
actin cytoskeleton dynamics were further investigated
in primary cultures of astroglial cells derived from brains
of normal and plectin-deficient mice. Astroglia cells are
known to express plectin at high level (Wiche and Baker
1982; Errante et al. 1994) and to undergo dramatic mor-
phological changes involving actin-based mechanisms
mediated by the GTPase Rho in response to dibutyryl-
CAMP (db-cAMP) treatment (Koyama et al. 1996; Yoshi-
muraetal. 1997). As identified by immunostaining using
antibodies to the glia-specific IF subunit protein GFAP,
no differences in the morphological appearance of GFAP
IF networks in plectin™~ and control astroglial cells
were detectable by immunofluorescence microscopy
(Fig. 5A,B). After a 6-hr incubation period with db-cAMP,
the majority of control astroglial cells had undergone the
expected conversion from a flat and well-spread shape
(Fig. 5A) to a stellate appearance with numerous long
processes extending from the cell body (Fig. 5C, arrow-
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heads). In contrast, the majority of plectin-deficient as-
troglial cells retained their flattened cell shape during
this time and displayed only a few protrusions (Fig.
5B,D). Quantitative measurements indicated that the
percentage of plectin-deficient astroglial cells, having
undergone process formation after 6 hr of incuba-
tion with db-cAMP ([130%), was only about half of the
value ((60%) found in normal astroglial cells (Fig. 5E),
whereas after a 24-hr exposure to the drug nearly 100%
of control cells and 80%-90% of plectin™~ cells were
found to have arborized, indicating a delay in the mor-
phological transformation of the cells due to the lack of
plectin.

The actin-binding domain of plectin is functional
and can be modulated by PIP2 in vitro

The above results convincingly demonstrated an impor-
tant role of plectin in regulating motility and cellular
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Figure 5. Impairment of db-cAMP-induced morphological dif-
ferentiation of plectin-deficient astroglial cells. (A-D) Immuno-
fluorescence microscopy of GFAP IF networks in 6-day-old pri-
mary astroglial cells derived from plectin*/* and plectin™"~
mouse brain, after incubation with (C,D) or without (A,B) 1 mm
db-cAMP for 6 hr. Note stellate morphology with long protru-
sions in db-cAMP-treated normal astroglial cells (C, arrow-
heads), compared to more regular and flat appearance of plectin-
deficient astroglia with hardly any processes (D). Bar, 20 um. (E)
Quantification (mean # s.p., n = 10) of differentiation after 6 hr
treatment with 1 mm db-cAMP. (Shaded bar) Plectin*/*; (open
bar) plectin™".
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morphogenesis, especially involving short-term re-
sponses of the actin cytoskeleton. To investigate
whether the highly conserved ABD of plectin, identified
at the amino terminus of the molecule by sequence ho-
mology (Elliott et al. 1997), was important for these ef-
fects, a series of in vitro experiments were carried out.
First, recombinant plectin protein fragments containing
(ABD/2-6, ABD/1-24, and ABD/1b-24) or not contain-
ing [Ple-R4, Ple-R5, and Ple-R5 5 an)] the putative ABD
were purified from transfected bacteria (Fig. 6A,; see also
Fig. 5A in Nikolic et al. 1996), and subjected to a mi-
crotiter plate overlay assay (Nikolic et al. 1996) using
Eu®*-labeled G-actin. Binding of G-actin was observed to
all fragments containing the ABD but to none of the
plectin mutant proteins corresponding to molecular do-
mains excluding this domain (Fig. 6B,C). Preincubation
of ABD/2-6, ABD/1-24, and ABD/1b-24 with PIP2, a
signaling molecule known to alter the actin-binding
properties of many proteins that regulate actin assembly
(for review, see Janmey 1994), led to a significant (con-
centration-dependent) reduction in their actin-binding
abilities (Fig. 6C). From Lineweaver-Burk analysis of
binding data obtained with fragment ABD/1-24, a disso-
ciation constant of K, ,=3.2+0.6x10"' m was esti-
mated (Fig. 6D), which was within the range of that of
other actin binding proteins, such as BPAG1n and tensin
(Lo et al. 1994; Yang et al. 1996). These experiments
indicated that plectin’s ABD was fully functional under
in vitro assay conditions and could be modulated by
PIP2.

Plectin™~ actin stress fiber phenotype is partially

restored by forced ABD expression

To assess functionality of plectin’s ABD under condi-
tions closer to the in vivo situation and to examine its
potential to restore the phenotype of plectin®* cells,
plectin-deficient fibroblasts were transiently transfected
using Myc-tagged expression plasmids encoding full-
length rat plectin (pBN60) or an amino-terminal frag-
ment (pBK23). Transfection of cells with pBN60 led to
the collapse of vimentin IF networks into perinuclear
aggregates (Fig. 7A, arrowheads), which were immunore-
active with anti-vimentin (not shown) and anti-plectin
(Myc) antibodies. A similar IF phenotype has been ob-
served previously in various cell types overexpressing
full-length plectin or carboxy-terminal fragments of the
protein (Wiche et al. 1993; Nikolic et al. 1996). Interest-
ingly, in pBN60-transfected cells (Fig. 7B, arrowheads)
the actin stress fibers appeared considerably reduced in
number and complexity, compared to nontransfected
cells (Fig. 7B, arrow).

To study the effects of ABD expression independently
of vimentin network rearrangment, plectin-deficient
cells were transfected using plasmid pBK23, which en-
codes an amino-terminal fragment of the molecule
(ABD/1a-14), containing the ABD but not the IF-bind-
ing domain. The actin phenotype of (-/-) fibroblasts
transfected with this plasmid was similar to that of cells
transfected with full-length plectin. In this case too, the
actin stress fiber system appeared to be largely, and in

ve}

Figure 6. Binding of plectin to actin is in-
fluenced by PIP2. (A) SDS-PAGE of purified
plectin fragments containing the ABD.
ABD/2-6, ABD/1b-24, and ABD/1-24,
fragments corresponding to plectin exons
2-6 (human), 1b-24 (rat), and 1-24 (rat), re-
spectively. Positions of molecular mass
markers are indicated. (B-D) Purified His-
tagged recombinant plectin fragments were
coated onto microtiter plates at concentra-
tions of 50-500 nm (B) and 500 nm (C,D),
and overlaid with Eu®'-labeled G-actin at
concentrations of 100 nm (B,C) and 0-800
nv (D). Data are presented as the
mean * s.D. of triplicate determinations. (B)
Overlay assay of ABD/2-6 and recombinant
plectin fragments lacking the ABD [PleR-4,
Ple-R5, Ple-R5,nanyl. Data have been cor-
rected for nonspecific binding to BSA. (C)
Recombinant proteins ABD/1-24, ABD/
1b-24, ABD/2-6, and BSA (negative con-
trol) immobilized on microtiter plates were
preincubated with 0, 8.5, and 42 pg/mL
PIP2 for 1 hr before being overlaid with
Eu®*-labeled G-actin. Note strong reduction
of plectin-actin binding in the presence of
PIP2. (D) Concentration-dependent binding
of actin to ABD/1-24.
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Figure 7. Transfection of cDNAs encoding full-length plectin
(A,B) or the amino-terminal plectin fragment ABD/1a-14 (C-G)
into plectin™~ fibroblast cells. (A-F) Double immunofluores-
cence microscopy was carried out 6 hr post-transfection using
primary antibodies as indicated; expression plasmids used were
pBNG60 (A,B) and pBK23 (C-F). Note that the staining pattern of
full-length plectin in the two transfected cells visualized in A
(arrowheads) would hardly be distinguishable from that of the
collapsed IF network (not shown) in these cells. Furthermore,
expression of both full-length plectin (A,B) and ABD/1a-14 (C-
F) clearly correlates with a decrease of actin stress fibers in
transfected cells (B, arrowheads; C,D, cells 1 and 2) compared to
untransfected cells (B, arrow; D, cell 3). Numerous plectin*’*
cell protrusions in cells transfected with ABD/1a-14 (C,E, small
arrowheads) are missing in full-length plectin-transfected cells
(cf. A with C and D). Note also, codistribution of ABD/1a-14
and actin at peripheral structures and protrusions (C-F, large
arrowheads) and remaining stress fibers (E,F, arrows). (G) Nu-
merical analysis of actin stress fibers in plectin™~ (®) and ABD/
la-14-transfected cells (). Data points represent individual
cells. Note higher number of actin stress fibers in plectin-defi-
cient cells compared to ABD/1a-14-expressing cells of similar
size. Bar, 30 pum.

some cells completely, abolished upon transfection of
cells (Fig. 7C,D, cells 1 and 2), whereas it was fully re-
tained in nontransfected cells (Fig. 7C,D, cell 3). In most
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of the transfected cells, the expressed plectin mutant
protein showed colocalization with actin primarily at
the cell periphery (Fig. 7C-F, large arrowheads). Further-
more, >70% of transfected cells exhibited cellular pro-
trusions, in which plectin fragments, identified by their
Myc tag (Myc), were found in relatively high concentra-
tion (Fig. 7C,E, small arrowheads). Such protrusions
were hardly found in cells transfected with expression
plasmids encoding full-length plectin, suggesting that
different domains of the molecule may have distinct ef-
fects on cell morphology. Apart from codistribution in
peripheral areas of cells, anti-Myc staining was also ob-
served along the few stress fibers that were retained in
some of the transfected cells (Fig. 7E,F, arrows).

The substantial reduction of actin stress fibers in
pBK23-transfected (ABD/1a-14) cells compared to un-
transfected cells could be documented clearly by statis-
tical analysis of 60 randomly chosen cells of both types
from the same culture dishes (Fig. 7G). This analysis also
revealed a slightly larger size of nontransfected plectin-
deficient cells compared to their transfected counter-
parts. Thus, the phenotypic differences revealed between
pBK23-transfected and untransfected plectin™~ cells
closely resembled those observed in a direct comparison
of plectin™~ and plectin*/* control cells (cf. Figs. 7G and
1H). This suggested that an amino-terminal fragment of
plectin containing a functional ABD was sufficient to
reverse important phenotypic aspects of plectin-defi-
cient fibroblasts. The formation of long cellular protru-
sions as observed in some of the pBK23-transfected cells
(see Fig. 7C) was, however, rarely noticed in plectin*/*
control cells.

Association with actin structures could be demon-
strated even in the case of full-length plectin in the IF
(vimentin)-free environment of SW-13 cells (Sarria et al.
1994). Upon transfection of cDNA encoding full-length
plectin into these cells, codistribution of Myc-tagged
overexpressed plectin with actin structures was pre-
dominantly observed at the periphery of cells (data not
shown). These data, in conjunction with those obtained
from in vitro-binding assays (see Fig. 6) and cDNA trans-
fection into plectin-deficient fibroblasts (Fig. 7), provided
strong evidence for plectin being a genuine actin-binding
protein, presumably regulated by PIP2.

Discussion

Previous studies indicated a major role of plectin as scaf-
folding and a cytoskeletal linker protein. On these
grounds a destabilizing effect on cytoskeletal filament
systems may have been expected to occur in cells devoid
of plectin. In contrast, our results demonstrated that the
absence of plectin in cultured mouse fibroblasts resulted
in a short-term stabilization of their actin filament cyto-
skeleton. It might be argued that the formation of stress
fibers and FACs could be a secondary response of the cell
to mechanical stress resulting from a destabilization of
other cytoskeletal systems due to the lack of plectin.
However, the microtubule system, known to have an
influence on stress fibers and FACs (Bershadsky et al.
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1996), was found to be intact in plectin™~ fibroblasts,
and so was the vimentin filament system (data not
shown). Moreover, plectin-deficient fibroblast and as-
troglial cells failed to promptly show typical morpho-
logical changes in response to activation of the Rho/Rac/
Cdc42 pathways by extracellular factors. Such a pheno-
type would not be expected if the increase in stress fibers
were just a stress response of the cell.

It is known that as primary cells grow in culture they
often appear to become larger and more spread out on
solid substrates. Therefore, the increased amount of ac-
tin stress fibers in plectin™~ cells could be a secondary
response of a more rapid aging process in plectin™~ ver-
sus plectin*/* control cells. However, we consider this
not very likely in view of the very similar growth behav-
ior of both cell types (see Fig. 1G). Furthermore, the in-
crease in the number of stress fibers in plectin-deficient
cells was independent of cell size, as clearly revealed by
statistical analysis.

Our report is the first showing that the amino-termi-
nal ABD of plectin is fully functional and presumably
subject to PIP2 regulation. With a value of K, =3.2 %
0.6 x 1077 m, plectin’s dissociation constant turned out
to be very similar to that of other actin-binding proteins
containing binding domains of the same type as the one
found in plectin. Thus, the dissociation constant of plec-
tin—-actin binding was considerably higher than that de-
termined for plectin—-vimentin interaction [K4=0.5-
0.9 x 1077 m (Nikolic et al. 1996)]. The lower affinity of
plectin binding to actin compared to vimentin is in
agreement with transfection experiments (Fig. 7; see also
Nikolic et al. 1996), showing preferential association of
overexpressed full-length plectin with IFs.

Regarding molecular mechanisms operating in plec-
tin-mediated regulation of the actin cytoskeleton, the
following scenarios may apply. First, as a component of
FACs (Seifert et al. 1992) plectin might interfere with the
assembly of mature FACs and the subsequent anchorage
of stress fibers, which requires tyrosine phosphorylation
of specific FAC proteins (Yamada and Geiger 1997) as
well as costimulation of the Rho/Rac/Cdc42 pathways
(Hall 1998). Formation of FACs per se is likely indepen-
dent of plectin, because vinculin-positive FACs were
found to be present in plectin-deficient fibroblasts. How-
ever, FACs appeared to be increased in number and size
and not properly localized, similar to the phenotype of
fibroblasts derived from mice deficient in focal adhesion
kinase (FAK; llic et al. 1995), a main regulatory compo-
nent of FACs. Not only the formation of FACs but also
the turnover of these structures and their dynamic as-
sembly and disassembly might ensure the motility of
cells. Thus, similar to FAK, plectin may either directly
take part in regulating the dynamics of FAC assembly or
provide a structural matrix for other regulatory proteins
contributing to this process. In both cases, the absence of
plectin may impair FAC and stress fiber dynamics, keep-
ing plectin-deficient fibroblasts firmly attached to their
underlying substratum, thereby counteracting mecha-
nisms driving cellular movement.

Second, in addition to its linker capacity, plectin may
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act as a sequestering or capping protein controlling po-
lymerization/depolymerization of actin or the assembly
of preexisting filaments to actin-myosin stress fibers.
The latter possibility would agree with several reports
indicating a correlation between the overexpression of
different actin binding proteins and increased motility of
cells (Cunningham et al. 1991, 1992; Hug et al. 1995; Sun
et al. 1995), whereas the underexpression or absence of
these actin-binding proteins resulted in a decrease of mo-
tility (Hug et al. 1995; Witke et al. 1995) and, at least in
one case, in increased numbers of actin stress fibers
(Witke et al. 1995). This concept is also supported by the
finding that PIP2, a signaling molecule known to inter-
act with numerous actin regulating proteins (Janmey
1994), interfered with actin-plectin binding. Actin poly-
merization leading to actin stress fibers, actin mesh-
works, or actin bundles can be controlled in a number of
ways. First, the inhibition of actin filament capping leads
to increased numbers of free barbed actin filament ends
available for polymerization; second, the dissociation of
a complex consisting of G-actin-binding proteins and ac-
tin leads to increased levels of polymerizable monomeric
actin; and third, F-actin becomes stabilized. At least two
of these mechanisms (filament capping and G-actin com-
plex formation) have been demonstrated to be PIP2 con-
trolled, involving capping proteins such as gelsolin, cap
32/34, and capl00 (Haus et al. 1991; Hofmann et al.
1992; Hartwig et al. 1995) or the G-actin-binding protein
profilin (Lassing and Lindberg 1985, 1988). Thus, both of
these mechanisms may be relevant also for plectin,
which can bind to G-actin, as shown by in vitro assays
(Fig. 6), as well as to F-actin, as demonstrated by colo-
calization of plectin and actin stress fibers in living cells
(Fig. 7).

Taking into account plectin’s abundance and PIP2-
binding ability, the absence of plectin may result in an
alteration of the steady-state level of PIP2. This in turn
could lead to increased actin polymerization and could
be the reason for the longer persistence of actin stress
fibers in plectin-deficient fibroblasts after stimulation
with extracellular ligands. The finding that stress fibers
in plectin-deficient cells failed to disassemble after re-
moval of Rho-activating LPA would be consistent with
such a mechanism. Alternatively, plectin could act
downstream of the Rho-signaling cascade as a negative
regulatory element causing cells to form fewer stress fi-
bers. Increases in PIP2 levels have been demonstrated to
influence FAC formation (Gilmore and Burridge 1996),
and consequently they might be responsible for the in-
creased number of FACs observed in plectin-deficient
cells. At this point our experiments do not allow us to
distinguish whether plectin acts as a direct or indirect
regulator of actin cytoskeleton dynamics. Further stud-
ies are necessary to fully understand the molecular
mechanisms that underlie the observed phenomena. As
the abnormalities in actin filament dynamics observed
in plectin-deficient cells seem to affect primarily short-
term responses of the cell, it will be of particular interest
to investigate the molecular mechanisms that can com-
pensate for the lack of plectin in the long run.



In conclusion, the results reported extend the previous
view of plectin as a major cytoskeletal linker and scaf-
folding protein to an important regulator of cellular pro-
cesses linked to actin cytoskeleton dynamics. Future
studies aimed at elucidating the molecular mecha-
nism(s) involved in this previously undetected regula-
tory function of plectin may provide important new in-
sights into the role of this protein, and the cytoskeleton
in general, in cell motility and differentiation.

Materials and methods

cDNA constructs

Rat plectin cDNA constructs were generated by PCR and/or
other cloning techniques on the basis of the complete rat and
human cDNA sequences (GenBank/EMBL/DDBJ accession
nos. X59601 and Z54367). Rat exons la and 1b sequences are
published in Elliott et al. (1997). Briefly, the plasmid pBN60
used for transfection studies encoding full-length plectin was
generated by releasing full-length rat plectin cDNA fragment
(14049 bp) from pAD29 vector (Nikolic et al. 1996) by HindllIl
and Xbal digestion and directional cloning into expression vec-
tor pPRC/CMV (Invitrogen). For the plasmid pBK23 correspond-
ing to exons la-14a, PCR product was generated by using the
primers rPEla/U (5'-GATAAGCTTGAATTCATGTCTCAG-
CAACGGCTCCG) and AS7-8 1237 (5'-CGAAGCTTATTGGC-
CCTCACTCCATC) and rat cDNA as template. After digestion
of the PCR product with Hindlll and Bglll and directional clon-
ing into the vector AD43, the insert was again released by di-
gestion with Hindlll and Xbal and cloned into a modified ver-
sion of pPRC/CMV (Invitrogen).

All constructs used for in vitro experiments were subcloned
into the bacterial expression vector pBN120 (Nikolic et al. 1996)
which enabled expression of amino-terminally His-tagged pro-
teins, except for the ones encoding ABD/1-24 and ABD/1b-24,
which were inserted into the unique EcoRI site of pFS23, a
pET23a (Novagen) derivative driving the expression of carboxy-
terminally His-tagged proteins. Plectin plasmids encoded the
following segments of the protein: ABD/1-24 (amino acids M-
L1129), ABD/1b-24 (amino acids corresponding to exon 1b and
Dig1—L1129), ABD/2-6 (amino acids E;;g—Kj3g), Ple-R4 (amino
acids Ysz750-Tagpa), Ple-R5 (amino acids F,q,5-L,s67), Ple-
R5anaa (@Mino acids Fygo5-L,gg-mutated A,,7,NAA).

Cell culture and transfection

+/+

Plectin*/* and plectin™~ fibroblasts were cultivated from mouse
skin explants, as described (Jones 1996), and analyzed at passage
number 10-15. Growth properties were analyzed by plating out
cells in triplicate wells in the appropriate medium. At each time
point, cells were trypsinized and counted in a hemocytometer.
No difference was found in the rate of cell division between
plectin®’* and plectin™~ cells. For drug treatment, cells were
incubated for 30 min with 0.2 mm cytochalasin B (Sigma). For
other treatments, cells were incubated with serum-free DMEM
overnight and then with 10 ng/ml PDGF (Sigma) for 1 or 24 hr,
or with 100 ng/ml bradykinin (Sigma) for 10 min or 24 hr. As-
troglial cells were isolated from neopallium of brains of 1-day
old plectin™~ and normal control mice and cultivated as de-
scribed (Hao et al. 1992). For differentiation assays, 6-day old
subconfluent cultures, containing 80%-90% GFAP-positive
cells, were treated with 1 mm db-cAMP for 6 or 24 hr. For quan-
tification, differentiated cells were counted in randomly chosen
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microscopic fields. Mouse fibroblast cells, maintained in 10%
FCS/DMEM, were transfected with Myc-tagged CMV pro-
moter-driven expression plasmids (Invitrogen) encoding full-
length plectin starting with exon 1 (pBN60), or an amino-termi-
nal fragment of plectin corresponding to exons la-14 (pBK23),
using lipofectamin (GIBCO) according to the manufacturer’s in-
structions.

Immunfluorescence microscopy

Cells were grown on glass coverslips and processed for immu-
nofluorescence microscopy as described (Wiche et al. 1993). Mi-
croscopy and photography were performed using a Zeiss Ax-
iophot microscope and Ilford FP4 film. The following primary
antibodies were used: anti-plectin and anti-vimentin antisera
(Wiche and Baker 1982), both diluted 1:500; anti-tubulin mAb
B5-1-2 (Sigma), diluted 1:1000; anti-actin mAb AC40 (Sigma),
diluted 1:100; anti-vinculin mAb (Genosys), diluted 1:30; and
antiserum to GFAP (Dako), diluted 1:300. We used the follow-
ing as secondary antibodies: Texas Red-conjugated goat anti-
rabbit or anti-mouse IgG (Jackson Immunoresearch) and Bodipy-
conjugated goat anti-rabbit or anti-mouse 1gG (Molecular
Probes), all diluted 1:80.

The size of individual cells, the number of actin stress fibers,
and FACs were calculated from confocal microscopic images
of 50-60 randomly chosen cells, generated by the software
COMOS (Bio-Rad).

Cell motility and adhesion assays

Fibroblast motility measurements were made by wounding a
subconfluent culture dish with a sterile 18-gauge needle (Cun-
ningham et al. 1991). Migration of cells was measured over time
with the scratch serving as reference point. Only cells migrating
completely into the wound were scored. Filter migration assays
were performed by growing 3 x 10* cells/cm? on 12-mm Tran-
swell filter devices with 12 pym pore size (Costar) in 12-well
tissue culture plates. Cells were allowed to attach for 2 hr,
starved in serum-free DMEM for 1 hr, and incubated with 3%
FCS-DMEM containing 50 ng/ml PDGF (Sigma) for 24 hr in the
lower compartment of the 12-well plate. Cells were washed,
fixed with 3% formaldehyde in PBS for 10 min at room tem-
perature, stained with 10% methanol, 10% acetic acid, and
0.05% Coomassie blue for 10 min and destained with 10%
methanol and 10% acetic acid. All cells on the upper side of the
filter were removed with a cotton swab, and cells that had mi-
grated through the filter were photographed and counted. Shear
stress assays were performed by growing plectin™* and plec-
tin™’~ cells for 2 or 24 hr in 10% FCS-DMEM in three separate
reaction fields of the same glass plate. Glass plates were
mounted into a flow chamber (Koslow et al. 1986), and cells
exposed to a defined shear stress level of 15 dynes/cm? by con-
tinuous flow of DMEM for 1 hr at 37°C. Cells were then fixed
with 3% paraformaldehyde, photographed, and counted.

Recombinant protein expression in bacteria, actin overlay,
and PIP2-binding assays

After expression of His-tagged versions of human and rat plectin
cDNA (Liu et al. 1996; Elliot et al. 1997) corresponding to exons
2-6 (ABD/2-6), exons 1-24 (ABD/1-24), and exons 1b-24 (ABD/
1b-24) comprising the ABD of plectin (Elliott et al. 1997), the
recombinant proteins were purified by affinity chromatography
as described (Nikolic et al. 1996). For overlay assays on microti-
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ter plates, actin purified from rabbit skeletal muscle was labeled
with Eu®* essentially following manufacturers’ instructions
(Wallac, Turku, Finland) and the protocol given for vimentin
(Nikolic et al. 1996); this previous report also contains details of
the binding assay. Briefly, 100 pl of 50-500 nm actin solutions
was used for overnight coating of plates at 4°C, followed by
blocking with 4% BSA in TBS for 2-4 hr and incubation with
Eu®'-labeled actin in 100 pul overlay buffer (TBS at pH 7.5, con-
taining 1 mm EGTA, 2 mm MgCl,, 1 mm DTT, and 0.1% Tween
20) for 90 min at room temperature. After extensive washing
with overlay buffer, the amount of bound actin was determined
by releasing complexed Eu®* with enhancement solution and
measuring the fluorescence with a Delfia time-resolved fluo-
rometer (Wallac). The fluorescence values were converted to
concentrations by comparison with an Eu®" standard. PIP2
(Sigma) was dissolved in H,O to a final concentration of 1 mg/
ml and sonicated three times for 10 sec using a sonicator; sus-
pensions were frozen in small aliquots at -80°C. Prior to use,
solutions were thawed quickly and sonicated again. For use in
actin-binding assays, 100 ul of PIP2 diluted to 8.5 or 42 ug/ml in
overlay buffer (pH 8.5) was overlaid onto plate-immobilized re-
combinant plectin mutant proteins for 1 hr at room tempera-
ture. After extensive washing with overlay buffer, the assay was
continued using Eu®*-labeled actin as described.
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