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Caspase 8 plays an essential role in the execution of death receptor-mediated apoptosis. To determine the
localization of endogenous caspase 8, we used a panel of subunit-specific anti-caspase 8 monoclonal antibodies
in confocal immunofluorescence microscopy. In the human breast carcinoma cell line MCF7, caspase 8
predominantly colocalized with and bound to mitochondria. After induction of apoptosis through CD95 or
tumor necrosis factor receptor I, active caspase 8 translocated to plectin, a major cross-linking protein of the
three main cytoplasmic filament systems, whereas the caspase 8 prodomain remained bound to mitochondria.
Plectin was quantitatively cleaved by caspase 8 at Asp 2395 in the center of the molecule in all cells tested.
Cleavage of plectin clearly preceded that of other caspase substrates such as poly(ADP-ribose) polymerase,
gelsolin, cytokeratins, or lamin B. In primary fibroblasts from plectin-deficient mice, apoptosis-induced
reorganization of the actin cytoskeleton, as seen in wild-type cells, was severely impaired, suggesting that
during apoptosis, plectin is required for the reorganization of the microfilament system.

Apoptosis is essential for development and homeostasis of
the organism (60). It is a morphologically and biochemically
distinct form of cell death that can be triggered by a wide range
of internal and external signals (for a review, see reference 70).
Recent studies demonstrated that a subfamily of the tumor
necrosis factor receptor (TNF-R) superfamily, the death re-
ceptors, constitute an important system which can induce ap-
optosis (for a review, see reference 48). Among this death
receptor family, CD95 (also called APO-1 or Fas) is one of the
best-characterized members, especially with regard to intracel-
lular signaling events. Apoptosis mediated by CD95 involves
activation of a cascade of cysteine proteases, the caspases (45).
In the CD95 system, caspase 8 (also called FLICE, Mach, or
Mch5) (4, 9, 43), the most receptor-proximal caspase, is re-
cruited to CD95 through the adapter molecule FADD (Mort1)
(5, 8). This results in activation of caspase 8 by proteolytic
cleavage into the prodomain containing two death effector
domains (DEDs) and two active subunits, p18 and p10 (39, 56).
We have recently shown that caspase 8 can be activated in two
ways. Most of caspase 8 is activated at the CD95 receptor in
type I cells and at the mitochondria in type II cells (55).
Caspase 8 was also found to be essential for other death re-
ceptors such as TNF-RI, TRAIL-RI, and DR3 (25, 68).

Activation of caspase 8 and other caspases located more
downstream in the pathway results in cleavage of various death
substrates. These protein targets include various intermediate
filament (IF) proteins (7, 16, 29). Thereby, apoptosis signaling
profoundly affects the integrity of the cytoskeleton and conse-
quently the cellular structure as a whole. Activation of caspases
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is also responsible for the specific nuclear changes character-
istic for apoptosis involving activation of the endonuclease
CAD (DFF40) (33, 53) and translocation of the DNA binding
protein DEDD from cytoplasm to the nucleus (59).

The only reported substrates of caspase 8 so far are caspase
3 (61), BID, a BH3 domain-containing member of the Bcl-2
family (18, 30, 34), and RIP (31). During CD95-mediated ap-
optosis, caspase 3 and BID are required to propagate the
caspase-only signal in type I cells and the mitochondrion-de-
pendent signal of type II cells, respectively (55). Most data
suggest that the major function of caspase 8 is to act as an
initiator caspase at the top of the caspase cascade. However, its
role at the mitochondria is unclear. To characterize the role of
endogenous caspase 8 in apoptosis in more detail, we moni-
tored the active subunits of caspase 8 in CD95 and TNF-a-
sensitive MCF7-Fas breast carcinoma cells after induction of
apoptosis by confocal immunofluorescence microscopy using
monoclonal antibodies (MAbs) specific for individual subdo-
mains of caspase 8 (56). In untreated MCF7-Fas cells, caspase
8 was located mostly at the mitochondria. Upon inducing ap-
optosis through CD95 or TNF-R, most of active caspase 8
translocated to plectin, a protein that cross-links members of
all three filament systems of the cytoskeleton responsible for
maintaining cellular integrity (71). During apoptosis induced
by a variety of stimuli, this translocation resulted in complete
and cell-wide cleavage of plectin in vivo. We provide evidence
for a dual role of caspase 8: (i) as an initiator caspase that is
essential during death receptor-mediated apoptosis to start the
caspase cascade and (ii) as an effector caspase that cleaves
plectin prior to any other tested cytoskeletal substrate of clas-
sical effector caspases such as caspase 3. This may ensure a
hierarchical cleavage of structural key proteins involved in the
morphological changes during apoptosis. Plectin seems to be
important for these morphological changes since in fibroblasts
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from plectin-deficient mice, the typical reorganization of the
actin cytoskeleton during CD95-mediated apoptosis was com-
pletely blocked.

MATERIALS AND METHODS

Immunofluorescence microscopy. Cells were plated on glass coverslips at a
confluency of 20% and were allowed to become adherent overnight. After being
washed three times with phosphate-buffered saline (PBS) containing 1 mM
MgCl, (PBS-MgCl,), the cells were fixed with methanol-acetone (1:1) at —20°C
for 15 min. The coverslips were allowed to dry, rehydrated with PBS-MgCl,, and
incubated for 45 min with a fluorescein isothiocyanate (FITC)-labeled monoclo-
nal antibody (MAb) against caspase 8: C1 (immunoglobulin Gla [IgG1]), C5
(IgG2a), or N2 (IgG1) (55). The anti-caspase 8 MAbs were labeled as described
elsewhere (38). After three washes with PBS-MgCl,, coverslips were dehydrated
in 100% ethanol for a few seconds, dried, and then were mounted on glass slides.
For costaining, the coverslips were incubated with the primary antibody (anti-
plectin [guinea pig IgG]), antimitochondrial [concentrated anti-human mito-
chondrial antigen, mouse IgG1; BioGenex, San Ramon, Calif.], anti-cytochrome
¢ [mouse IgG1; Pharmingen], or anti-protein disulfide isomerase [PDI] [rabbit
polyclonal antibody]) for 45 min. After washing, the anti-caspase 8 antibody C5
and the secondary antibodies (goat anti-mouse IgG1, phycoerythrin [PE] labeled
[Sigma]; goat-anti guinea pig IgG, Texas red labeled [Sigma], and goat-anti
rabbit, PE labeled) were applied simultaneously. Photographs for colocalization
were obtained by confocal microscopy (LSM 310; Zeiss, Jena, Germany). For
actin staining of fibroblasts derived from wild-type and plectin-deficient mice,
cells were grown on glass cover slides at a confluency of 70%. The slides were
washed with PBS-MgCl, and subsequently fixed with 2% formaldehyde in PBS.
After being washed twice with 50 mM ammonium chloride and once with PBS-
MgCl,, the cells were permeabilized with 0.1% NP-40 in PBS. After a wash with
PBS-MgCl, actin fibers were stained with Texas red-labeled phalloidin (Sigma)
for 20 min, then washed three times with PBS-MgCl,, and dehydrated as de-
scribed above.

Generation of antiplectin antisera. For generating an antiserum against the C
terminus of the plectin molecule (anti-plectin-C), a partial cDNA coding for the
carboxy-terminal sixth repeat domain of human plectin (GenBank accession no.
H23127; American Type Culture Collection, Manassas, Va.) was cloned into
plasmid pET21a (Novagen, Madison, Wis.) using the unique restriction sites
Notl and HindIII. The recombinant protein was generated and purified as de-
scribed for recombinant vimentin (19). The recombinant polypeptide was puri-
fied by DEAE-Sepharose ion-exchange chromatography. Relevant fractions
were detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and pooled, and an aliquot was subjected to protein microsequenc-
ing. The recombinant protein spans amino acids 4376 to 4684, as verified by the
sequencing of tryptic peptide fragments representing the amino- and carboxy-
terminal peptides (20 and 18 amino acids, respectively) as well as four internal
peptides (18 to 47 amino acids in length). The plectin polypeptide was desalted
into PBS, and two guinea pigs were immunized using conventional procedures.
Guinea pig antibodies specific for the amino-terminal domain (anti-plectin-N) of
human plectin were obtained by immunization with a synthetic peptide covering
amino acids 587 to 601 (RLLFNDVQTLKDGRH [32]) and coupled via a C-
terminally added cysteine to keyhole limpet hemocyanin as recently described for
other peptides (41).

IF preparation and cell lysates for Western blot detection. Triton X-100/high-
salt-insoluble cell fractions (IF pellet) were prepared from various cell lines and
subjected to SDS-PAGE (6% gel) as described elsewhere (21). Using this
method, plectin was enriched such that it could easily be detected by Coomassie
blue staining. For Western blot detection of cytokeratin 8 (CK8), CK18, caspase
8, and its active subunit p18, cellular lysates equivalent to 5 X 10° cells were
prepared using a Triton X-100-containing lysis buffer (30 mM Tris-HCI [pH 7.5],
150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, small peptide inhibitors, 1%
Triton X-100 [Serva], 10% glycerol [39]) and separated by SDS-PAGE (12%
gel).

Western blot analysis. After electrophoresis, proteins were transferred to
Hybond nitrocellulose membrane (Amersham). For plectin Western blotting, we
used a borate buffer system allowing a quantitative transfer of plectin (20). The
membrane was blocked with 5% milk in PBS-Tween (PBS with 0.05% [vol/vol]
Tween 20 [Serva]) for 1 h, washed with PBS-Tween, and incubated with the
anti-caspase 8 antibody C15, anti-FADD antibody (Transduction Laboratories),
antimitochondrial antibody, anti-cytochrome ¢ antibody (Pharmingen), anti-CK8
(Kg8.17.2), anti-CK18 (Ks18.174) (10), anti-lamin B (Promega), and antigelsolin
(Sigma) antibodies or the anti-plectin-C or anti-plectin-N antibody. The blots
were washed with PBS-Tween and developed with horseradish peroxidase-cou-
pled goat anti-mouse IgG2b, IgG2a, IgG1 (1:5,000 in 5% milk with PBS-Tween),
or goat anti-guinea pig IgG (1:5,000 in 5% milk with PBS-Tween). After a wash
with PBS-Tween, blots were developed by the chemiluminescence method as
specified by the manufacturer (NEN).

Construction of a recombinant plectin frag t. To generate a protein frag-
ment corresponding to a carboxy-terminal segment of plectin’s rod domain, rat
plectin cDNA (bp 6703 to 7731, according to GenBank/EMBL/DDBIJ database
entry X59601 [73]) was amplified by PCR with EcoRI-tailed primers (upper,
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5'-CCG GAA TTC AAG CTT GAG GCC CGG GAG CAG GCA GAA CGT
GAG-3'; lower, 5'-GGC GAA TTC CTG GAT CTC GAG AGT CTG CAC-3")
using a cDNA clone as template (rat plectin is 95% identical to human plectin).
The amplified fragment was subcloned into the unique EcoRI site of the bacte-
rial expression vector pJD1 (46), a derivative of pET-15b (Novagen), thereby
enabling expression of a protein bearing an amino-terminal His tag. Asp-to-Ala
point mutations of the putative caspase cleavage sites were introduced by using
standard PCR protocols. Amplified fragments were then exchanged with the
corresponding part of the wild-type construct, using the two internal Xhol sites.
Recombinant fragments were expressed in Escherichia coli BL21(DE3) and
purified from inclusion bodies by solubilization in 6 M urea-500 mM NaCl-20
mM Tris-HCI (pH 7.9) (binding buffer) containing 5 mM imidazole, followed by
affinity binding to His-Bind metal chelation resin as specified by the manufac-
turer (Novagen). Bound proteins were eluted from affinity columns using 500
mM imidazole in binding buffer. Subsequently, the proteins were dialyzed against
decreasing concentrations of urea (4 and 2 M urea in dialysis buffer [20 mM
HEPES, 100 mM NaCl, 10 mM dithiothreitol {DTT}, 1 mM EDTA {pH 7.2}]
for 1 h and finally against dialysis buffer without urea for 2 h.

In vitro plectin cleavage by DISC-bound caspase 8. SKW6.4 cells (2 X 10%)
were either first treated with anti-CD95 (anti-APO-1; 2 ug/ml) for 5 min at 37°C
and then lysed (stimulated condition) or first lysed and then supplemented with
anti-CD95 (2 wg/ml) (unstimulated condition) as described previously (39). Tri-
ton X-100 solubilization of cellular proteins was done as described above. The
lysate was incubated with 60 pl of a protein A-Sepharose suspension (Sigma) for
at least 3 h at 4°C. The protein A-Sepharose beads with immunoprecipitated
death-inducing signal complex (DISC) were resuspended in 2X buffer A {50 mM
HEPES (pH 7.4), 10 mM DTT, 100 mM NacCl, 0.1% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS), 10% sucrose), added to the
IF pellet resuspended in 1 mM Tris-HCI (pH 9.0), and incubated overnight at
4°C. The cleavage reaction was stopped by addition of standard reducing sample
buffer containing 5 M urea. After boiling for 3 min at 95°C, the samples were
subjected to SDS-PAGE (6% gel).

In vitro plectin cleavage by recombinant caspases. Recombinant caspases 3, 6,
7, 8, and 10 were added to IF pellets resuspended in cleavage buffer (20 mM
HEPES, 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 0.1% CHAPS, 10% sucrose
[pH 7.2]) or to 4 pg of the recombinant plectin fragment. The active concentra-
tions of all caspases were 10 wM for incubation with the IF pellets, 40 uM for
cleavage of the wild-type recombinant plectin fragment, and 60 uM for cleavage
of mutant plectin fragments. After incubation for 8, 12, and 36 h at 4°C or 24 h
at room temperature (for the cleavage of recombinant plectin fragments), sam-
ples were subjected to SDS-PAGE (6% or 15% gel) and subsequent Western
blotting with the anti-plectin-C antiserum or staining with Coomassie brilliant
blue.

In vitro binding assay of caspase 8 to mitochondria. Mitochondria of MCF7-
Fas cells were isolated as described elsewhere (67). One microliter of in vitro-
transcribed-translated [**S]caspase 8/a or 2.5 pl of [*>*S]JFADD (39) was incu-
bated with mitochondria equivalent to 100 pg of protein in 100 pl of 10 mM
KH,PO, (pH 7.2)-0.3 mM mannitol-0.5 mg of bovine serum albumin per ml for
10 min at 37°C. The supernatant was kept, and mitochondria were washed once
with 500 pl of the above buffer. Mitochondria were directly boiled in standard
reducing sample buffer and loaded onto an SDS-12% polyacrylamide gel; 20 pl
of a fivefold-concentrated reducing sample buffer was added to the supernatant
and half of the sample was analyzed by SDS-PAGE (12% gel) and autoradio-
graphed.

Subcellular fractionation of MCF7-Fas cells. MCF7-Fas cells (5 X 107) were
stimulated with anti-CD95 (2 pg/ml) for the indicated time periods and washed
with PBS. Subcellular fractionation was performed as described previously (67).

Apoptosis assay. For quantification of cell death in MCF7-Fas cells, cells were
plated on CELLocate coverslips (square size, 175 wm; Eppendorf) and stimu-
lated with anti-CD95 (2 wg/ml) or TNF-a (20 ng/ml with 1 pg of cycloheximide
[CHX] per ml). Nonapoptotic cells which were still adherent were counted after
different periods of time. Percentage of apoptosis was determined as follows:
(adherent cells at time point 0 — adherent cells at time point x/adherent cells at
time point 0) X 100. For assessment of cell death in Jurkat cells and primary
fibroblasts from wild-type and plectin knockout mice, DNA fragmentation was
quantified as described previously (49).

Caspase activity assay. MCF7-Fas or Jurkat cells were stimulated and lysed
with a Triton X-100-containing lysis buffer as described above. The cell lysates
were incubated with 40 pM amino trifluoromethyl coumarin (ATC)-labeled
caspase-specific peptides (zVDVAD-AFC for caspase 2, zDEVD-AFC for
caspases 3 and 7, zVEID-AFC for caspase 6, zZIETD-AFC for caspase 8, and
Ac-LEHD-AFC for caspase 9; Bachem) in cleavage buffer and incubated for 1 h
at 37°C. Caspase activities were determined fluorometrically using a fluorescence
plate reader. Values obtained with unstimulated cells were taken as background
and subtracted from those obtained with stimulated cells.

Preparation of fibroblasts from plectin-deficient mice. Primary fibroblasts
from wild-type and plectin-deficient mice (2) were cultivated from mouse skin
explants as previously described (12). Fibroblasts derived from wild-type or
plectin-deficient mice were negative for CD95 surface expression as determined
by flow cytometry (data not shown). Therefore, all fibroblasts were resistant to
CD95-mediated apoptosis as quantified by DNA fragmentation (data not
shown). To upregulate CD95, cells were treated with gamma interferon (IFN-y;
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Bochringer Mannheim) for different periods of time. Maximal surface expression
of CD95 was achieved by incubating cells with 500 U IFN-y per ml for 36 h,
resulting in an increase of surface CD95-positive cells from 4% (untreated) to
86% (IFN-vy treated). Sensitivity to CD95-mediated apoptosis was assessed by
treatment with 10 pg of anti-CD95 (Jo2; Pharmingen) per ml, 10 ng of protein
A (Sigma) per ml, and 1 pg of CHX (Sigma) per ml. DNA fragmentation was
quantified as described previously (49).

RESULTS

Intracellular redistribution of caspase 8 upon CD95 trigger-
ing. The subcellular localization of caspase 8 in MCF7-Fas
cells was determined by confocal immunofluorescence micros-
copy using a panel of MAbs specific for individual subdomains
of caspase 8 (56) (Fig. 1A). In untreated MCF7-Fas cells,
caspase 8 was preferentially detected in rod-shaped structures
in the perinuclear cytoplasm, as visualized with FITC-labeled
MADbs against the caspase 8§ prodomain (N2 [Fig. 1B-a]) and
the active subunits p10 (CS [Fig. 1B-c]) and p18 (C1) (data not
shown). In addition, a less pronounced cytoplasmic staining
was observed.

After triggering of CD95 by treating MCF7-Fas cells for 16 h
with the stimulating anti-CD95 MAD, the staining pattern ob-
served with the antibodies against the active subunits p10 and
p18 of caspase 8 (C5 and C1 [Fig. 1B-d and inset]) changed
completely. Rod-like structures, characteristic of unstimulated
cells, disappeared and were replaced by a fine extensive mesh-
work. Remarkably, mostly the active subunits of caspase 8 in
the CD95-sensitive MCF7-Fas cells redistributed to the retic-
ular pattern upon anti-CD95 treatment. In contrast, this stain-
ing was not observed with the antibody against the caspase 8
prodomain (N2 [Fig. 1B-b]). Similar to procaspase 8 in un-
treated cells, the caspase 8 prodomain stayed mostly colocal-
ized with rod-shaped structures. Statistical evaluation of the
cell morphology of MCEF7-Fas cells using light microscopy re-
vealed that the number of apoptotic (detached) cells after
anti-CD95 treatment increased with the number of cells exhib-
iting the reticular staining pattern. After 8 h, 30% (*+7%) of
the cells were apoptotic, and 30% (*=6%) showed a network-
like pattern. After 16 h, the number of apoptotic cells in-
creased by 40% (£7%) to a total of 70%, and the number of
cells exhibiting a reticular staining increased by 38% (=9%) to
68%. After 24 h, all cells had detached and undergone apo-
ptosis (data not shown). Therefore, this analysis strongly indi-
cates that the network-like distribution of active caspase 8 was
characteristic for MCF7-Fas cells shortly before they start to
exhibit morphological changes typical for apoptosis and de-
tach.

Procaspase 8 shows a mitochondrial distribution in MCF7
cells. In unstimulated MCF7-Fas cells, procaspase 8 colocal-
ized with rod-like structures. These structures were shown to
be mitochondria, since double stainings obtained with the anti-
caspase 8 MAb C5 and a mitochondrion-specific MAb were
virtually identical (Fig. 2A). These colocalization results were
also confirmed by using an anti-cytochrome ¢ MAD to specif-
ically stain mitochondria (data not shown). Since a previous
report had suggested that caspase 8 is localized in the endo-
plasmic reticulum (ER) (44), we tested whether in MCF7 cells
caspase 8 would in part colocalize with the ER compartment.
We therefore performed a costaining of caspase 8§ and PDI, a
typical marker enzyme of the ER (Fig. 2B) (35). This analysis
demonstrated that caspase 8 in MCF7 cells is localized only at
mitochondria and not in the ER.

The mitochondrial localization of caspase 8 was also found
in MCF7 cells that did not overexpress CD95, indicating that
the mitochondrial localization of caspase 8 was not caused by
overexpression of CD95 (data not shown). MCF7 cells have
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been shown to be caspase 3 deficient due to a deletion in the
caspase 3 gene (23). To exclude that the mitochondrial local-
ization of caspase 8 was caused by the absence of caspase 3, a
putative substrate of caspase 8, we tested MCF7 cells recon-
stituted with caspase 3 (23). Again caspase 8 was found to
colocalize with mitochondria, excluding any effect due to the
absence of caspase 3 (data not shown).

To determine whether procaspase 8 was also associated with
mitochondria in cells from other tissues, a human keratinocyte
cell line, HaCat, and a hepatocellular carcinoma cell line,
HepG?2, were double stained for caspase 8 and mitochondria.
In both cell lines, a significant part of the mitochondria was
positive for procaspase 8 (Fig. 2C and D). However, cytoplas-
mic staining for caspase 8 could also be observed. Thus, also in
cell lines derived from other tissues, significant amounts of
procaspase 8 were bound to mitochondria.

To confirm these staining data biochemically, we tested mi-
tochondria for in vitro binding of **S-labeled caspase 8/a (Fig.
2E). Caspase 8 had a significant affinity for isolated mitochon-
dria (Fig. 2E, lane 1). In contrast, no binding of **S-labeled
FADD (which was taken as a DED-containing control) to
mitochondria was found (Fig. 2E, lane 3). Furthermore, we
tested whether endogenous caspase 8 was found attached to
mitochondria of MCF7-Fas cells during CD95-mediated apo-
ptosis (Fig. 2F). In MCF7 cells, about half of the cellular
procaspase 8 was found to be associated with mitochondria
after isolation. That did also not change during CD95-medi-
ated apoptosis. Consistent with the staining data, most of ac-
tive caspase 8 formed in this assay was found in the cytoplasmic
fraction. We have previously shown that prolonged treatment
of MCF7-Fas cells with anti-CD95 results in complete activa-
tion of all cellular caspase 8 (40). The purity of the mitochon-
drial preparation was confirmed by Western blot analysis iden-
tifying the p60 mitochondrial protein recognized by the
antimitochondrial MAb (used for immunofluorescence; see
Materials and Methods) and cytochrome ¢, both in the mito-
chondrial fraction, whereas FADD was exclusively detected in
the cytoplasmic fraction (Fig. 2F). To determine whether as-
sociation of caspase 8 with mitochondria is a general phenom-
enon, other cells were tested in the same way. We found
various amounts of procaspase 8 associated with mitochondria
in different cell lines (data not shown). Taken together, our
data indicate that in MCF7 cells a significant amount of pro-
caspase 8 is localized at the mitochondria and that this phe-
nomenon is also found in other cells.

Active caspase 8 translocates from mitochondria to plectin.
After triggering of CD95, active caspase 8 subunits redistrib-
uted into a cytoplasmic meshwork (Fig. 1B-b) similar to that
reported for the cytoskeletal protein plectin (71). This staining
pattern was significantly different from those of the three ma-
jor cytoplasmic filament systems of MCF7 cells, i.e., microfila-
ments, microtubules, and intermediate-sized filaments consist-
ing of CK8 and CKI18 (reference 42 and data not shown). To
investigate whether active subunits of caspase 8 and plectin
indeed colocalized, we performed a double staining with the
anti-caspase 8§ MAb C5 and a guinea pig anti-plectin-C anti-
serum (Fig. 3). In unstimulated cells, the mitochondrial stain-
ing of caspase 8 was clearly distinct from the antiplectin stain-
ing (Fig. 3A). Hardly any overlap was observed, as indicated by
the green and red fluorescence signals in the merged images.
The staining changed dramatically when CD95 was triggered
by treating the cells with the agonistic antibody anti-CD95 and
the cells were double stained for both proteins (Fig. 3B). Ac-
tive caspase 8 subunits had redistributed, and the staining
patterns of caspase 8 and plectin were essentially superim-
posed, although some perinuclear staining of rods and granules
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FIG. 1. Localization of caspase 8 cleavage products in MCF7-Fas cells during CD95-mediated apoptosis. (A) Binding specificities of the anti-caspase 8 MAbs. N2
recognizes the caspase 8 prodomain containing the two DEDs. C1 and C5 are directed against the active subunits of caspase 8, p18 and p10, respectively. (B) MCF7-Fas
cells were left untreated (0 h) or treated with anti-CD95 (2 pg/ml) for 16 h and subjected to laser scanning immunofluorescence microscopy using anti-caspase 8 MAbs
C5, C1, and N2, all directly labeled with FITC. Bar, 10 pm. The specificity of the procaspase 8 staining was confirmed by using unlabeled primary antibodies and
FITC-coupled secondary antibodies. These indirect immunofluorescence stainings gave results similar to those obtained by the direct immunofluorescence (data not
shown). In addition, stainings of caspase 8-deficient Jurkat cells (provided by J. Blenis, Boston, Mass.) (25) with the anti-caspase 8 antibody C5 were negative (data
not shown). Furthermore, direct immunofluorescence with an isotype-matched FITC-labeled control antibody resulted in only background staining (data not shown).
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FIG. 2. Caspase 8 colocalizes with and binds to mitochondria. (A and B) The
breast carcinoma cell line MCF7-Fas was double stained for caspase 8 (anti-
caspase 8 C5, FITC labeled; left column) and mitochondria (antimitochondrial
antigen, second antibody, PE labeled; center column) (A) or for caspase 8 and
ER (anti-PDI antibody, second antibody, PE labeled) (B). The right column
presents the overlay of the two stainings. (C and D) HaCat keratinocytes (C) and
HepG2 hepatocarcinoma cells (D) were double stained for caspase 8 and mito-
chondria as for panel A. Bar, 10 pm. (E and F) Biochemical analysis of the
subcellular localization of caspase 8. (E) In vitro-translated [**S]caspase-8/a
(CASP-8/a) and [**S]FADD were incubated with purified mitochondria, and the
amount of bound (B) and unbound (U) in vitro-translated material was deter-
mined by SDS-PAGE (12% gel) and subsequent autoradiography. The migration
positions of caspase 8 and FADD are indicated. (F) Subcellular fractionation of
MCF7-Fas cells. MCF7-Fas cells (5 X 107) were subjected to subcellular frac-
tionation into mitochondria and cytoplasm after treatment with anti-CD95. The
Western blot was developed with anti-caspase 8 MAb C15. The migration posi-
tions of caspase 8/a and 8/b and the caspase 8 active subunit p18 are indicated.
To assess the purity of the mitochondrial (M) and cytoplasmic (C) fractions, a
Western blot was developed with antibodies directed against mitochondrial
marker proteins p60 (recognized by the antimitochondrial antibody also used for
immunofluorescence), cytochrome ¢ (cyt ¢), and as a cytoplasmic marker FADD.
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FIG. 3. Colocalization of caspase 8 with plectin during CD95-mediated apoptosis. Untreated (A) and anti-CD95-treated (2 pg/ml anti-CD95, 16 h) (B) were double
stained for caspase 8 (left column) and plectin (center column). The right column presents the overlay of the two stainings. Panels show representative midsections

through the cells. Bar, 10 um.

corresponding to caspase 8 associated with mitochondria was
still seen. Thus, our immunofluorescence microscopy data show
for the first time translocation of endogenous active caspase
subunits from mitochondria to a putative substrate. These data
suggest that the cytolinker plectin (11, 63, 71) may associate
with and be a substrate for activated caspase 8.

Plectin is specifically cleaved by caspases in vivo. To test
whether plectin was an in vivo target for cleavage by caspases
during death receptor-mediated apoptosis, cytoskeletal prepa-
rations of CD95-stimulated MCF7-Fas cells were subjected to
a Western blot analysis using the anti-plectin-C serum (Fig.
4A). After 6 h, we observed a prominent cleavage fragment of
about 200 kDa corresponding to the C-terminal half of plectin
(plectin,, ) (Fig. 4A, lane 3) which was first detectable after
2 h (lane 2). This cleavage was preceded by appearance of
active caspase 8 subunits (lane 2). After 16 h of incubation with
anti-CD95, most of plectin was cleaved and the 200-kDa sub-
fragment was further degraded, indicating that it was unstable
in that state in these cells (lane 4). Cleavage of both caspase 8
and plectin was blocked by addition of the broad-spectrum
caspase inhibitor zVAD-fmk (Fig. 5A, lane 5) or the caspase 8
peptide inhibitor zZIETD-fmk (data not shown). Similar results
were obtained when cells were treated with TNF-a (Fig. 4B),
suggesting that cleavage of plectin is a general phenomenon in
death receptor-induced apoptosis. To determine the role of

caspase 8 in apoptosis in these cells, we determined the kinet-
ics of activation of the effector caspases 2, 3, 6, 7, 8, and 9 after
stimulation with anti-CD95 or TNF-« (Fig. 4C and D), using
fluorogenic peptide substrates. In both forms of apoptosis, the
most prominent caspase activated was caspase 8, consistent
with its cleavage kinetics indicating that caspase 8 was cleaving
plectin during death receptor-mediated apoptosis.

To determine whether cleavage of plectin also occurs during
other forms of apoptosis, we treated Jurkat cells with the
broad-spectrum protein serine/threonine kinase inhibitor stau-
rosporine and the topoisomerase II inhibitor etoposide. Both
reagents have been shown to induce apoptosis in many cells
lines (for reviews, see references 6 and 26). Both staurosporine
and etoposide induced apoptosis in Jurkat cells (Fig. SA and
B). Again plectin cleavage fragments of about the same size
(200 kDa) were detected, and after 16 h of treatment plectin
was completely degraded. However, in this case apoptosis was
accompanied by only weak processing of caspase 8, suggesting
that caspase 8 may not be the main plectin-cleaving activity
during drug-induced apoptosis but instead its activation rep-
resents a secondary event. This finding was confirmed when the
activities of other effector caspases were determined in this
experiment (Fig. 5C and D). Our data are consistent with a
recent report which demonstrated that although activation of
caspase 8 is essential for death receptor-mediated apoptosis,
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FIG. 4. Cleavage of plectin during death receptor-mediated apoptosis. (A) MCF7-Fas cells were treated with anti-CD95 (2 pg/ml) for the indicated time periods.
Plectin was enriched as described in Materials and Methods. For caspase 8 detection, Triton X-100 cell lysates were prepared (see Materials and Methods). Plectin
and caspase 8 cleavage was followed by Western blotting using MAb C15 and the anti-plectin-C antibody. For inhibition of caspase 8 activation, cells were incubated
for 30 min with 20 M zVAD-fmk prior to addition of anti-CD95 (2 pg/ml). Migration positions of plectin, caspase 8 (CASP-8), and the caspase 8 active subunit p18
are shown. Apoptosis was quantified using CELLocate coverslips (see Materials and Methods). (B) As for panel A except that cells were treated with TNF-a (20 ng/ml)
and CHX (1 pg/ml). (C and D) Caspase activities in cellular lysates of cells treated with anti-CD95 (2 wg/ml) or TNF-« (20 ng/ml) and CHX (1 pg/ml) as in panel B
were determined as described in Materials and Methods. Note that in addition to early activation of caspase 8 during CD95-mediated apoptosis (C), a late activation

of caspase 7 was detectable, consistent with an earlier report (58).

activation of caspase 8 during drug-induced apoptosis is a
secondary event (3). However, it is interesting that also in this
experiment only one plectin cleavage fragment was found
when the anti-plectin-C antiserum was used for Western blot-
ting (Fig. SA and B). The fragment was indistinguishable in
size from the one generated during death receptor-mediated
apoptosis. Taken together, all data suggested that cleavage of
plectin is a general feature of many forms of apoptosis and that

during death receptor-mediated apoptosis, caspase 8 is the
most likely candidate for being the plectin-cleaving caspase.
Caspase 8 is the proteolytical activity that cleaves plectin in
the center of the molecule during CD95-mediated apoptosis.
Cleavage of plectin by caspases during CD95-mediated apo-
ptosis was not restricted to MCF7-Fas cells, as revealed by
analysis of a number of cell lines after induction of apoptosis.
In the T-lymphoma cell line H9, plectin was completely
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cleaved, also generating a C-terminal fragment of about 200
kDa (Fig. 6A, lane 2). To determine whether plectin was
cleaved only at one site, an antiserum specific for the N ter-
minus of plectin was generated. Using this antibody, again only
one plectin cleavage fragment (plectin- _y) was detected mi-
grating slightly faster than the C-terminal fragment (Fig. 6A,
lane 3). These data suggest that during CD95-mediated apo-
ptosis plectin was cleaved by a caspase approximately in the
center of the molecule, generating two large fragments similar
in size. Activation of caspase 8 in H9 cells occurs early after
CD95 triggering, since these cells activate caspase 8 at the
DISC (39). Complete cleavage of plectin in these cells coin-
cided with activation of caspase 8 (data not shown). In CEM
cells, however, most of caspase 8 activation requires the apop-

togenic activity of mitochondria, resulting in a significantly
delayed activation of caspase 8 (55). Therefore, complete
cleavage of plectin in CEM cells occurred about 2 h later than
in H9 cells (Fig. 6B, lane 2), and both activation of caspase 8
and cleavage of plectin were inhibited by overexpression of
Bclx; (Fig. 6B, lane 4, and reference 56). Complete plectin
cleavage was also detected in other cell lines, i.e., the T-lym-
phoma cell line Jurkat, the B-lymphoblastoid cell line SKW6.4,
and the Burkitt’s lymphoma cell line BJAB (data not shown),
indicating that plectin cleavage is a general feature of CD95-
mediated apoptosis in cells of both lymphoid and nonlymphoid
origin.

To test whether caspase 8 was the caspase that cleaves plec-
tin, an enriched plectin preparation was incubated with active
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panel A. (C) Locations of the putative caspase cleavage site and the antiplectin
antiserum recognition sites within the plectin molecule. The box indicates the
region of the recombinant plectin fragment used in experiments shown in Fig. 7C
to E.

caspase 8 generated by the DISC (Fig. 7A). This resulted in the
formation of a C-terminal plectin fragment of the same size as
the one generated in vivo in all tested cells after CD95 trig-
gering (e.g., plectin, . in Fig. 6A, lane 2) suggesting that
caspase 8 was the caspase that cleaved plectin at one single site
in the center of the molecule.

In an attempt to determine the caspase cleavage site by
Edman degradation, plectin was enriched from stimulated
MCEF7-Fas cells to amounts stainable with Coomassie blue
(data not shown). Consistent with the Western blot data in this
assay, after CD95 triggering we detected two plectin fragments
of about 200 kDa, the larger of which corresponded to the
C-terminal half (plectin,_c in Fig. 6A, lane 2). However, re-
peated N-terminal sequencing of this Coomassie blue-stained
fragment did not result in sequence information. Low-molec-
ular-weight contaminating protein bands of the same IF prep-
aration could be readily sequenced, suggesting that a modifi-
cation at the PO position of the cleavage site had occurred.

Most known apoptosis death substrates are cleaved by
caspases 3, 6, and 7 (for a review see reference 64). Many of
the death substrates require active caspase 3 for cleavage.
Since plectin was cleaved in both caspase 3-expressing and
caspase 3-negative MCF7 cells, this effector caspase appeared
not to be essential for its degradation. To determine which of
the known effector caspases had the highest activity in cleaving
plectin in vitro, a plectin-enriched IF preparation was treated
with various recombinant active caspases (Fig. 7B). Cleavage
kinetics revealed that caspase 8 was the only caspase cleaving
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plectin efficiently, again generating a C-terminal fragment of
about 200 kDa (data not shown).

So far all in vitro plectin cleavage experiments had been
performed with plectin-enriched IF preparations. Hence, we
could not exclude that caspase 8 did not directly cleave plectin
but rather activated a proteolytic activity copurified with the
IF. To test this, we recombinantly generated a fragment of rat
plectin of about 43 kDa covering the last third of the rod
domain containing the putative caspase 8 cleavage site. The
primary structures of rat and human plectin in these regions
are 96.2% identical, with all potential caspase cleavage sites in
the cleavage region conserved. After purification of this His,-
tagged plectin fragment from bacteria, the protein was treated
with the same recombinant active caspases as used before (Fig.
7B). Again recombinant active caspase 8 was by far the most
active caspase to cleave this plectin fragment, indicating that
caspase 8 can cleave plectin directly (Fig. 7C). This cleavage
was inhibited by addition of zZVAD-fmk (data not shown). The
observed cleavage was incomplete, likely due to the intrinsic
aggregating activity of the plectin rod fragment. Therefore,
neither increasing the amount nor repeated addition of active
caspase 8 resulted in higher cleavage efficiency (data not
shown).

To finally identify the caspase 8 cleavage site within plectin,
we individually replaced all three aspartic acid residues in the
region of the recombinant plectin fragment corresponding to
the cleavage area of full-length plectin by alanine (Fig. 7D). All
mutants were subjected to cleavage by active caspase 8 (Fig.
7E). Mutants D2339A and D2400A were readily cleaved,
whereas mutant D2398A was completely resistant to cleavage
by caspase 8. The data identify Asp 2398 within an ILRD
sequence as the caspase 8 cleavage site in the plectin molecule.
This position corresponds to position Asp 2395 in human plec-
tin (GenBank accession number Z54367) (32). An ILRD motif
represents a very unusual cleavage site for caspase 8. The
optimal caspase 8 cleavage site was recently determined to be
P4(ADEILPV) P3(E) P2(ITV) P1(D) (66). Plectin contains
one such site, EETD, with the P1 position located at amino
acid 2336 of the plectin primary structure. However, replace-
ment of aspartic acid at this cleavage site (D2339A in Fig. 7E)
did not reduce cleavage of the plectin fragment by caspase 8.
We therefore conclude that caspase 8 specifically cleaves plec-
tin at the ILRD motif in the center of the molecule.

Degradation of plectin precedes degradation of CK18,
lamin, and gelsolin. The morphological changes during apo-
ptosis require reorganization of various components of the
cytoskeleton such as IF. The major cytokeratins expressed in
MCEF7 cells are CK8 and CK18 (42). CK18 belongs to the type
I keratins and is cleaved by caspases during various forms of
apoptosis (7, 29). This cleavage is required for gross reorgani-
zation of the cellular structure (7). CKS, like all type II kera-
tins, does not contain a caspase cleavage site and is resistant to
degradation during apoptosis (7). We tested whether CK18 is
also cleaved by caspases during CD95-mediated apoptosis in
MCEF7-Fas cells. Again CK18 but not CK8 was degraded (Fig.
8B and C). In line with previous reports, cleavage of CK18
yielded an N-terminal fragment of 29 kDa. The cleavage was
caused by caspases, since it could be inhibited by the broad-
spectrum caspase inhibitor zZVAD-fmk (Fig. 8B). Comparison
between the cleavage of CK18 and plectin showed that initial
cleavage of plectin occurs about 4 h earlier than that of CK18
(Fig. 8A and B), consistent with caspase 8 being the cleaving
activity. Immunoblotting revealed that the nuclear IF protein
lamin B was also cleaved, although much later, with major
cleavage products of 21 and 28 kDa accumulating by 24 h (Fig.
8D). Another major cytoskeletal caspase substrate is gelsolin,
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FIG. 7. Plectin is directly cleaved by caspase 8 in the center of the molecule. (A) Active DISC prepared from SKW6.4 cells as described in Materials and Methods
was added to an IF preparation obtained from untreated MCF7-Fas cells, incubated overnight at 4°C, and immunoblotted with the anti-plectin-C antiserum. Migration
positions of full-length plectin and plectin,_ - are indicated. (B) In vitro cleavage of plectin by recombinant caspases. IF preparations obtained from untreated
MCF7-Fas cells were incubated with recombinant caspases (active concentration, 10 pM each) for 8 h, 12 h, and 36 h. The Western blot was developed with the
anti-plectin C antiserum. Migration positions of plectin and plectin,,.c were identical to those in Fig. 5A and B, lanes 2. The densitometric analysis of this Western blot
is shown as ratio plectin./plectin. Data points represent control (A), caspase 3 (O), caspase 6 ({J), caspase 7 (m), caspase 8 (@), and caspase 10 (<). (C) In vitro cleavage
of a recombinant plectin fragment encompassing the putative cleavage site for caspase 8 with recombinant caspases 3, 6, 7, 8, and 10 (active concentration, 40 wM each)
or with cleavage buffer (lane C). Proteins were analyzed by SDS-PAGE and Coomassie brilliant blue staining. Edman degradation showed that the 22-kDa fragment
generated by caspase 8 represents the N-terminal half of the plectin fragment. The C-terminal half was not found likely due to secondary proteolytic degradation. (D)
Schematic representation of the rat plectin fragment covering the part of the plectin rod containing potential caspase cleavage sites. Amino acid positions of the aspartic
acid residues that were replaced by alanine are indicated. (E) In vitro cleavage of recombinant plectin fragment mutants. Mutant proteins were incubated in the absence
(—) or presence (+) of active caspase 8 for 24 h and analyzed as for panel C. Migration positions of the full-length protein (filled arrowheads) and of the cleavage

fragment (open arrowheads) are indicated in panels C and E.

a microfilament-associated protein that regulates actin poly-
merization. It was shown to be cleaved by caspase 3 very early
after CD95 stimulation (28). Since MCF7 cells are caspase 3
deficient, we compared the kinetics of gelsolin and plectin
proteolytical degradation in Jurkat T cells after triggering cells
with anti-CD95 (Fig. 8E and F). In this system cleavage of
plectin significantly preceded degradation of gelsolin, again
supporting the view that cleavage of plectin is one of the
earliest cleavage events during CD95-mediated apoptosis.
Plectin is required for actin reorganization. Establishing cell
lines overexpressing noncleavable plectin has turned out to be
extraordinarily difficult due to the abundance and enormous
size of the protein (data not shown). To determine whether
plectin plays a role in the execution of apoptosis in general, we
therefore tested primary fibroblasts from plectin-deficient mice
(Fig. 9A) (2). To induce expression of CD95, these cells (data
not shown) were treated with IFN-y for 36 h, rendering them
sensitive to apoptosis induction through CD95. Wild-type and
plectin-deficient fibroblasts were equally active in fragmenting
their DNA (as determined in cleavage kinetics, of which one
representative time point is shown), indicating that plectin did
not play a role in the pathway that leads to activation of
endonucleases (Fig. 9B). However, since plectin binds actin
and reorganization of actin stress fibers has been implicated in
apoptosis, we stained CD95-treated cells for actin (Fig. 9C). In
fibroblasts from wild-type mice, actin stress fibers were visible.
After induction of apoptosis for 12 h, however, all of the actin
fibers had disappeared, with only a few membrane ruffles left
(Fig. 9C, lower left). The extent of actin stress fibers in fibro-
blasts from plectin-deficient mice was similar to that in wild-

type fibroblasts (Fig. 9C, upper right). However, no reorgani-
zation of the actin cytoskeleton was observed after triggering
CD95 (Fig. 9C, lower right). These data indicate that during
CD95-mediated apoptosis, plectin plays an active role in actin
depolymerization.

DISCUSSION

The list of caspase targets that are specifically cleaved during
apoptosis is growing rapidly (for a review, see reference 64). A
number of approaches have been used to identify death sub-
strates and their corresponding cleaving caspase.

(i) Specific antibodies were used in Western blotting exper-
iments to monitor the cleavage of putative caspase substrates.
However, this method does not allow one to identify specific
caspases due to the lack of caspase selective inhibitors. None of
the available peptide-based caspase inhibitors are specific
enough to block the activity of one caspase only at the con-
centrations usually applied (15).

(ii) Most caspases that cleave specific substrates were iden-
tified in vitro using recombinant caspases. However, in such
assays caspases and/or substrates are used at concentrations
much higher than those found intracellularly. Furthermore,
the generation of recombinant active caspases requires re-
moval of the prodomains, which possibly have a regulating
function.

(iii) Recently, MCF7 cells were identified to be deficient for
caspase 3, allowing one to determine whether caspase 3 was
essential for cleavage of several death substrates (22). Death
substrates that were shown to require caspase 3 for cleavage
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(2 pg/ml) for the indicated time periods or treated with 20 pM zVAD-fmk prior to addition of 2 ng of anti-CD95 per ml. The corresponding IF preparations were
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include cytoskeletal proteins such as a-fodrin (22), topoisom-
erase II (54), or the inhibitor of the endonuclease CAD
(DFF40) I-CAD (DFF45) (65). However, these data are not
proof that a substrate is cleaved by caspase 3 directly.

The availability of a panel of subunit-specific MAbs against
caspase 8 allowed us for the first time to monitor endogenous
active caspase subunits from one location inside a cell to one of
its putative substrates. Therefore, plectin is the first target of a
caspase that has been identified in situ by monitoring the
translocation of the active caspase subunits within a cell. These
findings were substantiated by biochemical in vivo and in vitro
data demonstrating that plectin is a major target for caspases
during death receptor-mediated apoptosis and that it can most
efficiently be cleaved by caspase 8. Furthermore, the substan-
tial cleavage of plectin occurs very early during death receptor-
and drug-mediated apoptosis in all cells tested.

In nonactivated MCF7 cells, most of caspase 8 was found to
be associated with mitochondria (Fig. 10), as determined by
immunofluorescence microscopy. Our data are therefore in
contrast to a previous report demonstrating that caspase 8 has
a diffuse cytosolic and nuclear staining pattern (65). However,
these data were obtained with overexpressed hemagglutinin
epitope-tagged caspase 8, whereas we studied authentic endog-
enous caspase 8. Our observation was additionally confirmed
by two biochemical approaches: (i) caspase 8 bound to isolated
mitochondria in an in vitro binding assay; (ii) in a fractionation
experiment, the majority of cellular caspase 8 was associated
with mitochondria in vivo. In contrast to other caspases (2, 3,
and 9) that are present in the intermembrane space of mito-
chondria in certain tissues (36, 62), caspase 8 is loosely at-

tached with the mitochondrial outer membrane (A. H. Stegh
and M. E. Peter, submitted for publication), providing an ex-
planation for the difference in the almost quantitative associ-
ation of caspase 8 with mitochondria detected by immunoflu-
orescence and the much smaller amount of caspase 8 found on
isolated mitochondria in the fractionation experiments, likely
caused by a loss of caspase 8 during the isolation procedure.
Recent data suggest that caspase 8 binds to a novel mitochon-
drial DED-containing protein, BAR, through a DED-DED
interaction (74). BAR is highly expressed on the surface of
mitochondria of MCF7 cells (unpublished data).

Testing a number of different cell lines, we did not find a
correlation between the varying caspase 8 association with
mitochondria and the apoptosis cell type (type I or II [56]).
However, binding of caspase 8 was much stronger when mito-
chondria were isolated from MCF7-Fas cells overexpressing
Bel-x;, suggesting that Bcl-x; affects the binding activity of
mitochondria for caspase 8 (unpublished data). This again is
consistent with a caspase 8-BAR association since BAR’s ac-
tivity to bind procaspase 8 is regulated by Bcl-x; (74). Future
studies are needed to determine how active caspase 8 subunits,
generated at the DISC, activate caspase 8 bound at the mito-
chondria (Fig. 10) and whether this process involves the new
adapter protein.

We have previously shown that overexpression of Bcl-x; in
MCEF7-Fas cells can protect these cells from CD95-mediated
apoptosis without inhibiting activation of caspase 8 (39). In the
light of our present data, the question arises whether in these
cells plectin is still cleaved and whether cytoskeletal changes
can be observed. We recently found that overexpression of
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FIG. 9. Plectin is required for actin reorganization during CD95-mediated apoptosis. (A) Staining of primary fibroblasts from wild-type (wt) and plectin-deficient
(knockout [k.0.]) mice with the anti-plectin-C antiserum using immunofluorescence microscopy. (B) Sensitivity of IFN-y-treated primary fibroblasts to CD95-mediated
DNA fragmentation. Cells were treated with IFN-vy for 36 h, and apoptosis was induced by using anti-CD95 antibody Jo2 (10 pg/ml; Pharmingen), protein A (10 ng/ml),
and CHX (1 pg/ml). (C) Staining of actin in primary fibroblasts after incubation with anti-CD95 for 0 or 12 h. Arrowheads point to membrane ruffles.

Bcl-x; in these cells gives their mitochondria the activity to not
only bind procaspase 8 but also efficiently sequester active
caspase 8 generated at the DISC, preventing it from reaching
and cleaving its targets such as plectin or BID (Stegh and
Peter, submitted).

Plectin belongs to a multigene family termed plakins (13,
51), for which the name “cytolinkers” has recently been sug-
gested since these proteins have a common structural principle
and are involved in cross-linking various cytoskeletal compo-
nents (71). Four other members of this family are known:
desmoplakin, bullous pemphigoid antigen 1, envoplakin, and
periplakin (51, 52). Except for periplakin, which is expressed
only in epithelial cells, none of these proteins contains a po-
tential caspase 8 consensus site or the caspase 8 cleavage site
ILRD used in plectin, suggesting that cleavage of plectin by
caspase 8 is unique for this cytolinker.

The fact that cleavage of plectin was first detected in MCF7
cells, which are deficient of caspase 3, demonstrated that this
cleavage was independent of caspase 3. In addition, caspase 8
active subunits also translocated to plectin in TNF-a-treated

apoptosing MCF7 cells, as confirmed by colocalization exper-
iments using confocal immunofluorescence microscopy (data
not shown). In addition, during TNF-a-induced apoptosis,
plectin was cleaved by caspases in vivo. It has recently been
shown that in MCF7 cells treated with TNF-a, only caspase 8,
not caspase 1, 2, 5, 7, 9, or 10, becomes activated (22), sup-
porting the unique role for caspase 8 in the cleavage of plectin.
Our data confirm these findings and show that caspase 8, which
so far has been shown to function only as an initiator caspase
cleaving other caspases such as caspase 3 (61), can also act as
an effector caspase directly cleaving a structural protein.

Is plectin a specific caspase 8 substrate? During death re-
ceptor-mediated apoptosis of MCF7 cells, the only significant
caspase activity that we detected was caspase 8. However, these
cells are deficient for caspase 3 (23). During CD95-mediated
apoptosis of caspase 3-expressing Jurkat cells, we found that
prior to massive late activation of caspase 3 at the time of first
detection of the plectin cleavage fragments, the only caspase
activity detected was caspase 8 (data not shown and reference
55). Together, the finding that plectin could very efficiently be
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FIG. 10. Model of apoptosis signaling in MCF7-Fas cells. MCF7-Fas cells express CD95 on the cell surface. Most procaspase 8 in these cells is localized to
mitochondria (T). Upon CD95 triggering, procaspase 8 (pro-CASP-8) is recruited to the DISC and subsequently activated by proteolytical cleavage, resulting in release
of active subunits (orange and purple boxes) into the cytoplasm (II) (39). Recent data indicate that active caspase 8 directly and specifically activates procaspase 8 on
mitochondria (IIT) (unpublished data). In contrast to the prodomain (green box) that remains bound at the mitochondria, the active caspase 8 subunits translocate to
plectin and cleave this cytoskeleton-associated regulatory protein (IV). This cleavage may be required for the reorganization of the actin cytoskeleton typical for
apoptosis by an unknown mechanism. The DISC is shown in a simplified form without FADD. Cyt ¢, cytochrome c.

cleaved by the DISC (at 4°C) that contains only caspase 8 and
the fact that no effector caspase other than caspase 8 could
cleave a plectin fragment containing the cleavage site suggest
that during death receptor-mediated apoptosis, plectin is a
specific caspase 8 substrate. The very early cleavage of plectin
during apoptosis is consistent with that conclusion.

Plectin is one of the largest polypeptides known (4,684
amino acids [32]). It is ubiquitously expressed in many cell
types from skin to heart muscle (for a review, see reference
71). Through its terminal protein interaction domains, it has
the unique ability to cross-link with one another important
constituents of the cytoskeleton such as myosin II, actin, IF,
microtubules, and focal contact proteins (for reviews, see ref-
erences 13, 14, and 71). In accordance with its central role in
maintaining the structural integrity of the cell, plectin is very
abundant, corresponding to up to 1% of the total cellular
protein (21). A number of cytoskeletal components have been
shown to be cleaved by caspases during apoptosis (for reviews,
see references 50 and 64). Plectin binds to a number of these
components including cytokeratins (12), which are also sub-
strates for caspases (7, 29). MCF7 cells mainly express CK8
and CK18. Whereas CKS8 was resistant to degradation, CK18
was cleaved by caspases during apoptosis induced by etoposide
and daunomycin (7) or anisomycin (29). Caspase 6 was iden-
tified as the caspase cleaving CK18 at the cleavage site VEVD
(7), a site frequently found also in other type I cytokeratins.
However, cleavage of plectin occurred about 4 h earlier than
that of CK18 and about 20 h earlier than that of lamin B,
consistent with the progressive and ordered activation of dif-
ferent caspases during the course of apoptosis and supporting
a model of a hierarchical cleavage of cytoskeletal proteins.

Due to plectin’s abundance, size, and multiple splice vari-

ants, each with potentially different binding activities (71), we
were unable to generate cells harboring mutated full-length
plectin in order to study the effect of its cleavage on apoptosis
directly. In addition, overexpression of full-length plectin in
plectin-deficient fibroblasts was shown to result in collapse of
the intermediate and the microfilament systems (reference 1
and data not shown). However, naturally occurring mutations
in the plectin gene are the cause for epidermolysis bullosa
simplex with muscular dystrophy, characterized by skin blister-
ing and muscle degeneration (37, 57). This indicates that intact
plectin is needed to support cellular stability against mechan-
ical stress. In addition, recent results from gene inactivation
studies in mice confirm that in the absence of plectin various
cells and tissues are extremely fragile, probably being the cause
the early postnatal death of plectin-null mice (2). These data
underscore the central role of plectin in the establishment of a
functional cytoarchitecture. Its ability to integrate the stress-
resistant and dynamic filament systems, i.e., [F with microtu-
bules and the actomyosin system (63), is seemingly vital for
cellular integrity.

Apoptosis is characterized by dramatic structural changes. It
has been shown that IF proteins such as keratins undergo
major structural reorganization during apoptosis, and these
changes are very likely involved in the profound morphological
alterations observed during apoptosis (7). Thus, cleavage of
plectin, a key factor integrating all of these structural elements
(71), prior to degradation of other cytoskeletal proteins may
allow this process to be initiated. Moreover, it has recently
been reported that plectin does not function just as a scaffold-
ing protein but also as an active regulator of actin cytoskeleton
dynamics (1). We now provide evidence that also structural
changes during apoptosis, e.g., reorganization of the actin cy-
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toskeleton, depend on the presence of functional plectin. Ap-
optosis-dependent cleavage of plectin by far precedes degra-
dation of gelsolin, cleavage of which has recently been
reported to occur early during CD95-mediated apoptosis and
to be important for the actin cytoskeletal collapse (16). It is
tempting to hypothesize that cleavage of plectin is important
for the dramatic changes in the actin cytoskeleton during
CD95-mediated apoptosis.

Our data show that the apoptosis pathway leading to DNA
degradation is distinct from the pathway leading to depolymer-
ization of actin since DNA fragmentation occurred normally in
plectin-deficient cells. Overexpression of the N-terminal actin
binding domain (ABD) of plectin alone in plectin-deficient
fibroblasts significantly reduced the number of actin stress fi-
bers. In fact, the intracellular distribution of depolymerized
actin in the ABD-transfected cells (1) looked very similar to
the actin staining pattern seen in apoptosing wild-type fibro-
blasts (Fig. 9C), suggesting that plectin fragments such as the
ones generated by caspase 8 cleavage might play an active role
in this process (1). However, overexpression of full-length plec-
tin had similar effects (data not shown), precluding an inter-
pretation of our data in this way. We hypothesize that the early
cleavage of plectin by caspase 8 in the center of the molecule
may be the first trigger to disintegrate the stable extended
scaffold of the cells, subsequently initiating the dynamic struc-
tural reorganization typical for apoptosis.

Recently, is was shown that caspase 8 not only functions in
apoptosis but also is activated during and required for T-cell
activation (27), demonstrating the versatility of this enzyme.
Since cytoskeletal rearrangements are also found in other pro-
cesses such as cell migration or mitosis, it is conceivable that
caspase 8 cleavage may be required not only for apoptosis but
also to regulate other cellular processes. In fact, a recent study
demonstrated that caspase activity is required for spreading of
NIH 3T3 cells on collagen-coated plates (69) that showed no
signs of apoptosis. The authors of this report did not identify
the caspase responsible but could exclude caspase 3. Our initial
identification of plectin as a major early caspase 8 substrate
may provide the basis for explaining the observed effects since
plectin is a major component of hemidesmosomes, submem-
brane structures that have been shown to transduce signals
required for cell spreading (69). Future studies will be aimed at
determining the in vivo role of the cleavage of plectin in apo-
ptosis and apoptosis-independent cellular processes.
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