
Abstract We have previously described vulva carcino-
ma-derived A-431 subclone AK13-1, which stably ex-
presses fluorescently labeled cytokeratin filaments
(CKFs). Time-lapse fluorescence microscopy of these
cells permits the continuous monitoring of the dynamics
of the CKF cytoskeleton in vivo. To study mechanisms
and principles of CKF disassembly as it occurs, e.g., dur-
ing mitosis and liver disease, we have treated cells with
the phosphatase inhibitor okadaic acid (OA), which in-
duces complete CKF network breakdown within 3–5 h
without significantly affecting the organization of the ac-
tin- and tubulin-based cytofilaments. In time-lapse mov-
ies, we find that the network breakdown starts at the cell
periphery and proceeds toward the cell center, where re-
sidual filaments become compacted into a prominent
perinuclear ring. The progressing disassembly is paral-
leled by an increase of diffuse fluorescence throughout
the cytoplasm and the appearance of non-filamentous
spheroidal aggregates. They are formed in the filament-
free cell periphery from non-filamentous precursors and
can sometimes be detected in the proximity of desmoso-
mes. Other aggregates are either found in close apposi-
tion to CKFs or are generated directly from the compact-
ed perinuclear material. Primary granules later fuse,
thereby producing structures of considerable size. We
show that CKF network breakdown and granule forma-
tion rely on metabolic energy and that the continued
presence of OA is needed for its completion. We con-
clude that phosphorylation/dephosphorylation is an im-
portant mechanism regulating CKF network dynamics in
vivo with far-reaching implications for the understanding
of epithelial plasticity and pathology.
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Introduction

The compositionally highly complex intermediate fila-
ments (IFs), actin-based microfilaments, and tubulin-
based microtubules define three major networks that are
integrated with each other, thus forming the cytoskeleton
of higher eukaryotic cells. On the basis of sequence sim-
ilarities and assembly properties, six classes of IF poly-
peptides can be distinguished that are encoded by cell-
type-specifically expressed multigene families (Fuchs
and Weber 1994; Moll 1998). All polypeptides share the
same basic molecular design (Fuchs and Weber 1994;
Coulombe et al. 2000; Herrmann and Aebi 2000). The
conserved central domain has an α-helical conformation
and interacts with partner IF polypeptides to generate
coiled-coil structures. In contrast, the non-helical end do-
mains vary considerably in length and amino acid com-
position. They are also the major targets for protein mod-
ification (Omary et al. 1998). The epithelial cytokeratin
(CK) polypeptides, comprising more than 30 members,
can be grouped into the smaller and more acidic type I
CKs and the larger and more basic type II CKs (Fuchs
and Weber 1994). They are obligatory heteropolymers,
the type I and type II CKs associating in parallel and in
register through the hydrophobic surface of their central
α-helical domains into very stable dimers that can only
be disrupted with high concentrations of chaotropic
agents (Coulombe and Fuchs 1990; Hatzfeld and Weber
1990; Steinert 1990). In general, specific pairs of type I
and type II CKs are coexpressed, although alternative
pairing occurs not only in vitro (Hatzfeld and Franke
1985; Hofmann and Franke 1997), but also in vivo (see
Moll 1998 and references therein). Dimers associate in
an antiparallel fashion to form non-polar tetramers that
appear to be the major soluble CK form (Quinlan et al.
1984; Chou et al. 1993; Steinert and Marekov 1993; see,
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however, Bachant and Klymkowsky 1996). The way in
which the mature 8- to 12-nm IFs are formed from tetra-
mers is not precisely known and may involve several in-
termediate stages, such as “unit-length” particles, hetero-
geneous oligomers, and/or protofilaments (for recent re-
views, see Parry and Steinert 1999; Herrmann and Aebi
2000). Given the speed and energy-independent sponta-
neous IF assembly in vitro (Herrmann and Aebi 2000),
mechanisms must exist that regulate and fine-tune IF as-
sembly in vivo.

CKFs are the major stabilizing elements of the epithe-
lial cytoskeleton. Their importance for mechanical sta-
bility becomes readily apparent in heritable skin diseases
in which single point mutations of CK genes are suffi-
cient to cause severe disorders that are associated with
pronounced cell fragility and reduced tissue coherence,
most prominently in locations and situations of increased
mechanical stress (Fuchs and Weber 1994; McLean and
Lane 1995). Further evidence for the important contribu-
tion of CKF networks to epithelial resilience and the
maintenance of tissue integrity has been provided in
knockout and transgenic mice (Magin 1998). On the
other hand, epithelial homeostasis requires that the cyto-
skeleton is dynamic to be able to adjust to processes
such as cell division, wound healing, inflammation, in-
traepithelial migration, differentiation, or apoptosis of
neighboring cells. Two basic molecular mechanisms
have been proposed to facilitate and to contribute to
CKF dynamics in these situations: association with spe-
cific polypeptides, the IFAPs (IF-associated polypep-
tides), and protein modification. IFAPs either act as fac-
tors favoring the soluble CK state, as is the case for pro-
tein 14–3-3 (Liao and Omary 1996) and heat-shock pro-
tein 70 (Liao et al. 1995a), or function as agents stabiliz-
ing the filamentous CK state. The latter category may in-
clude those polypeptides that facilitate the association of
CKFs with each other to form thick bundles (e.g., filag-
grin), with other filaments (e.g., plectin), or with the
plasma membrane (e.g., desmosomal proteins, KAP85;
recently reviewed in Wiche 1998; Fuchs and Yang 1999;
Kowalczyk et al. 1999; Coulombe et al. 2000; Herrmann
and Aebi 2000). Among polypeptide modifications that
regulate CKF dynamics, phosphorylation is certainly the
most important type (reviewed in Omary et al. 1998).
CK phosphorylation has been shown to prevent filament
formation in vitro (Yano et al. 1991). Accordingly, in-
creased CK phosphorylation correlates in vivo with ele-
vated levels of soluble CKs, as occurs during mitosis and
meiosis (Klymkowsky et al. 1991; Chou et al. 1993;
Liao et al. 1997b). Furthermore, pharmacologic interfer-
ence with the balance of phosphorylation and dephos-
phorylation has provided striking evidence for the essen-
tial contribution of this modification to CKF network dy-
namics in vivo (Tölle et al. 1987; Cadrin et al. 1992;
Deery 1993; Kasahara et al. 1993; Yatsunami et al. 1993;
Baricault et al. 1994; Blankson et al. 1995; Toivola et al.
1997, 1998; Yuan et al. 1998; Feng et al. 1999; Paramio
1999; Negron and Eckert 2000). It has been demonstrat-
ed that both interaction with IFAPs and protein modifica-

tion cooperate in the regulation of CK dynamics such
that CK phosphorylation affects IFAP binding (e.g., Liao
et al. 1995a; Liao and Omary 1996; Ku et al. 1998; Ku
and Omary 2000).

Given that CKs are dynamic structures, the way in
which these intrinsically apolar filaments are altered in
vivo is poorly understood, and the cues that regulate
their organization as extended networks are unknown.
The injection of CK mRNAs or labeled CK polypeptides
has shown that CKF renewal and subunit exchange oc-
curs throughout the CKF network (e.g., Miller et al.
1991, 1993; Franke et al. 1984). On the other hand, re-
cent time-lapse fluorescence microscopy of the CKF net-
work at steady state has indicated the importance of the
cell cortex for this process (Windoffer and Leube 1999,
2001). Even more puzzling are the questions of how and
where the “endless” filaments are formed to establish the
complex three-dimensional IF network. Do other cyto-
skeletal filaments induce CKF network formation
(Knapp et al. 1983; Celis et al. 1984)? Do desmosomes
initiate this process (Bologna et al. 1986)? Does the nu-
cleus act as a CKF organizing center (Eckert et al.
1982)? Does the cell cortex provide a means for regulat-
ing network dynamics (Windoffer and Leube 1999,
2001), or do other organizing centers exist in certain cel-
lular subdomains (Knapp et al. 1983; Eckert and Caputi
1985)? Virtually nothing is known about the molecular
mechanisms of the reverse process, namely the disrup-
tion of the CKF network. In a unifying working model,
we have proposed that CKF network assembly and disas-
sembly are principally reverse processes that follow sim-
ilar steps and are both controlled from the cell cortex
(Windoffer and Leube 2001).

To examine the principles and mechanisms of CKF
network dynamics in vivo, we have recently established
an epithelial cell line expressing fluorescently labeled
CKFs (Windoffer and Leube 1999). To this end, vulva
carcinoma-derived A-431 cells have been stably trans-
fected with a cDNA construct coding for CK chimera
HK13-EGFP consisting of human CK13 and the en-
hanced green fluorescent protein (EGFP). In A-431
clone AK13–1, we have shown that chimeras are incor-
porated into a normal-appearing IF cytoskeleton, which,
in these cells, contains only class I and class II IF poly-
peptides. We have used these cells in the current study to
examine the effect of the serine and threonine phospha-
tase inhibitor okadaic acid (OA) on the in vivo dynamics
of the CKF network. The tumor promoter OA has been
chosen since it is known to induce hyperphosphorylation
of CKs and to lead to CKF network reorganization
(Kasahara et al. 1993; Yatsunami et al. 1993; Chou and
Omary 1994; Blankson et al. 1995). With these tools, we
have observed, for the first time, the subsequent stages
of CKF network breakdown in vivo in single interphase
cells and show that they follow a specific temporospa-
tially defined pattern, viz., an energy-dependent process
that results in the formation of cytoplasmic granular ag-
gregates before any alterations in other cytoskeletal net-
works are visible. These findings have implications for
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the more detailed understanding of CKF dynamics and
the principles governing CK reorganization during mito-
sis and Mallory body (MB) formation in liver disease.

Materials and methods

Cell culture

Human vulva carcinoma A-431 cells and stably transfected A-431
subclone AK13–1-expressing fluorescent human CK 13 chimera
HK13-EGFP were as previously described (Windoffer and Leube
1999, 2001). Cells were maintained in high glucose DMEM (PAA
Laboratories, Cölbe, Germany) at 37°C and 5% CO2. OA (Sigma,
St. Louis, MO) was added at concentrations ranging from
0.025 µg/ml to 0.1 µg/ml for various periods of time.

Immunofluorescence microscopy

Trypsinized cells were seeded at low density onto 12-mm glass
slides. When cultures reached near confluency, cells were fixed
with methanol (precooled to –20°C) for 5 min and treated with ac-
etone (–20°C) for 15 s. After a brief wash in phosphate-buffered
saline (PBS), cells were incubated with primary antibodies for
30 min at room temperature (primary antibodies were omitted in
controls), washed with PBS for 10 min, incubated with secondary
antibodies for 30 min, and washed again with PBS (10 min) and
distilled water (2 min). The glass slides were mounted in elvanol,
which was, in most instances, supplemented with Hoechst 33258
(Sigma) at 0.1 µg/ml for nuclear staining. Fluorescence was
viewed in an epifluorescence microscope (Axiophot, Zeiss, Jena,
Germany) and was recorded with a digital camera (Hamamatsu
4742–95, Hamamatsu, Herrsching, Germany).

Monoclonal antibodies reacting either with human CK 8
(Ks8–17.2), CK 13 (Ks13.1), CK 18 (Ks18.174), or desmoplakin
(clones DP-2.15/2.17/2.20) were all kindly provided by Werner W.
Franke (German Cancer Research Center, Heidelberg, Germany;
cf. Windoffer and Leube 1999), and monoclonal antibodies against
α-tubulin were from Amersham Pharmacia Biotech (Freiburg,
Germany). Secondary antibodies (Cy3-conjugated goat anti-mouse
IgGs) were from Rockland Laboratories (Gilbertsville, PA). In ad-
dition, Texas-red-coupled phalloidin (Molecular Probes, Eugene,
OR) was used to label actin filaments. In this case, methanol/ace-
tone-fixed cells were incubated with 5 U phalloidin/ml PBS for
30 min at room temperature.

Time-lapse fluorescence microscopy

To view living cells, the recently described culture chamber was
used (Windoffer and Leube 1999; Windoffer et al. 2000). During
recording, cells were maintained at 37°C in phenol-red-free
Hanks’ medium (pH 7.4), containing Hanks’ salt solution, 25 mM
hydroxyethylpiperazine ethanesulfonic acid (HEPES), MEM non-
essential amino acid solution, MEM amino acid solution,
100 U/ml penicillin, 100 µg/ml streptomycin (all from Life Tech-
nologies, Karlsruhe, Germany), 5% fetal calf serum, and 4.8 mM
N-acetyl-L-cysteine (both from Sigma). The medium was ex-
changed in single steps by using a pump with regulatable flow
rates. In some instances, OA was added to the medium at concen-
trations between 0.025 µg/ml and 0.1 µg/ml. For ATP depletion,
50 mM 2-deoxy-D-glucose and 0.05% sodium azide were added.

EGFP epifluorescence was recorded by using filterset no. 10
from Zeiss and a Hamamatsu digital camera (see above). HPD-
CPx software (Hamamatsu) was used to retain the images and to
control a shutter (Zeiss). The resulting image sequences were edit-
ed with Image-Pro Plus software (version 4.0; Media Cybernetics,
Silver Spring, CA) and converted into movies (QuickTime 4.0),
which are available at http://www.uni-mainz.de/FB/Medizin/Anat-
omie/Leube/. Photoshop software (Adobe Photoshop 5.0) was
used to edit single pictures and to assemble figures.

Electron microscopy

For electron microscopy, cells were grown to high density on 
12-mm glass slides and treated with 0.1 µg/ml OA in high glucose
DMEM for 140 min (37°C, 5% CO2). Cells were briefly washed
in PBS (37°C) and fixed for 10 min at room temperature in 2%
formaldehyde freshly dissolved in PBS. After being washed
(2×5 min) in PBS, cells were permeabilized with 0.1% saponin
(Sigma) in PBS for 5 min at room temperature and washed again
with PBS (2×5 min). To block unspecific antibody-binding sites,
cells were incubated for 15 min in 5% goat serum (Sigma) in PBS
followed by a 5-min wash with PBS. Rabbit anti-GFP antibodies
(MoBiTec, Göttingen, Germany) were applied for 2 h (this step
was omitted in the negative control). After being washed
(3×5 min) in PBS, cells were incubated with 1-nm gold-conjugat-
ed goat anti-rabbit IgG (Nanoprobes, Stony Brook, NY) overnight
at 4°C and then washed (3×5 min) in PBS. A second fixation step
followed in 2.5% glutaraldehyde in PBS for 15 min at room tem-
perature and a wash in distilled water. For silver enhancement,
cells were washed (2×10 min) in HEPES buffer (50 mM HEPES,
200 mM sucrose, pH 5.8) and then treated with HQ Silver (Nano-
probes) for 6 min followed by washes (2×5 min) in a solution con-
taining 50 mM HEPES, 250 mM sodium thiosulfate (pH 7.5) and
then in PBS (2×5 min). For final fixation, 0.2% osmium tetroxide
was applied for 30 min at room temperature, followed by washes
in distilled water (2×5 min). Cells were dehydrated in a graded
ethanol series. Propylene oxide was used as the intermedium, and
cells were embedded in Epon 812 and polymerized. Ultrathin
sections were cut on a Reichert-Jung Ultramicrotome (Leica,
Bensheim, Germany) and lightly stained with 8% uranyl acetate
(in water) for 10 min. Grids were viewed and documented in an
EM10 electron microscope (Zeiss).

Results

The IF cytoskeleton is completely destroyed within 5 h
of OA treatment

To examine the effect of hyperphosphorylation on the
structural integrity and maintenance of the CKF system,
cultured cells were treated with OA, an inhibitor of ser-
ine and threonine phosphatases. As a suitable cell
system, vulva carcinoma-derived A-431 clone E3, which
is known for its abundance and diversity of CKs and lack
of other cytoplasmic IF types, was selected (cf. Leube 
et al. 1988; Windoffer and Leube 1999). Figure 1 shows
representative staining patterns on using antibodies
against CKs 8, 13 and 18 before OA treatment and at
various time points after addition of the drug. Compara-
ble pictures were also obtained with antibodies detecting
CKs 5 and 17 (not shown). As judged by phase-contrast
microscopy, cells became more rounded during the first
2 h of treatment (not shown). At this time, the CKF net-
work had become slightly coarser with thicker filament
bundles and a larger mesh size (cf. 0 h with 2 h in
Fig. 1). After 3–4 h, partial filament breakdown had oc-
curred, and strongly fluorescent granules had formed,
some of which were in association with filament-like
structures (e.g., insert in Fig. 1j). At the same time, cells
had further rounded, and peripheral pseudopodial-like
extensions were noted in phase contrast micrographs
(not shown). At later time points (5 h in Fig. 1), most
CKFs had disappeared. Instead, an increased diffuse cy-
toplasmic fluorescence was seen with variable amounts
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Fig. 1a–o Indirect immunofluorescence microscopy of methanol/
acetone-fixed vulva carcinoma-derived A-431 cells treated with
the phosphatase inhibitor OA (0.1 µg/ml); detection of CK 13 with
antibody Ks13.1 (anti-CK 13), CK 8 with antibody Ks8–17.2 
(anti-CK 8), and CK 18 with antibody Ks18.174 (anti CK 18).
Note the changes in CK organization occurring during OA treat-

ment (duration indicated left) and resulting in complete filament
network breakdown, the formation of granular structures, which
are sometimes seen in close apposition to residual filament bun-
dles (insert in j), and increased diffuse cytoplasmic fluorescence.
Bars 10 µm



of spheroidal granules. The OA-induced changes affect-
ed all cells in a given culture dish similarly, but the ki-
netics differed somewhat between different experiments
depending on the concentration of OA, temperature, and
culture density. Comparable analyses were also per-
formed in hepatocellular-carcinoma-derived PLC cells
and revealed the same reaction patterns (not shown).

OA-induced cytokeratin filament network breakdown
starts at the cell periphery and proceeds centripetally

To determine whether the OA-induced CKF network dis-
assembly occurred in distinct steps and followed a spe-
cific pattern, we used our recently established A-431

subclone AK13–1, which stably expresses fluorescent
human CK 13 chimera HK13-EGFP and allows the re-
cording of CK rearrangements in living cells by time-
lapse fluorescence microscopy (Windoffer and Leube
1999). A representative experiment is documented in
Fig. 2, and the accompanying movie 1 can be found at
http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/.
The characteristic interphase motility of CKFs consisting
of the inwardly directed movement of diffuse and fine
filamentous material in the cell periphery and of oscilla-
tions of long filaments is clearly seen in the movie be-
fore the addition of OA. These mobile properties re-
mained the same for the next 1.5 h of OA treatment. The
first signs of network disruption were then noticed in the
cell periphery, and diffuse fluorescence and small gran-
ules became visible (e.g., 103.5 min in Fig. 2). Within
the next 15–20 min, almost all the peripheral CKFs were
lost, and additional granular aggregates appeared in this
cellular subdomain (arrows at 103.5 min and 118.5 min
in Fig. 2). At this time, cell morphology had hardly
changed. Filament breakdown continued centripetally
and was accompanied by network concentration around
the nucleus. Further granules were formed, and diffuse
cytoplasmic fluorescence increased. The granules were
mobile, moving mostly toward the cell center and fusing
to form larger structures (arrows in movie 1). During the
last stages of CKF network disassembly, only a perinu-
clear ring of thick cables remained (159 min in Fig. 2),

281

Fig. 2 Time-lapse fluorescence microscopy of AK13–1 cells; de-
tection of changes in the distribution of human CK 13-EGFP chi-
mera HK13-EGFP in the presence of OA (0.025 µg/ml). The
micrographs are taken from an image series that was recorded at
1.5-min intervals (movie 1 at http://www.uni-mainz.de/FB/Medi-
zin/Anatomie/Leube/). The typical dynamics of the spread-out net-
work prior to addition of OA are seen in the movie (–36 min to
0 min). In the presence of OA, the centripetal movement of pe-
ripheral fluorescence continues, but filaments disappear progres-
sively starting at the periphery. Granules are formed (arrows at
103.5 min and 118.5 min) that subsequently fuse into larger aggre-
gates (arrows in movie 1). Concurrently, a dense perinuclear ring
is formed that fragments into granules toward the end of the
sequence. Bar 10 µm



whereas the peripheral cytoplasm was completely devoid
of CKFs and contained only diffuse fluorescence and
granules. Finally, the perinuclear ring fragmented, pro-
ducing multiple spheroids (cf. lower cell at 159 min and
174 min in Fig. 2). At the end of the sequence, all fila-
ments had disappeared, and only multiple round bodies
were detected, together with considerable diffuse fluo-
rescence (205.5 min in Fig. 2). Pronounced cell rounding
was evident at these late stages, and highly motile cyto-
plasmic protrusions were noticed in a few instances. The
kinetics of the OA-induced changes shown in movie 1
and Fig. 2 differ somewhat from the results shown in
Fig. 1, probably because of the better dispersion of OA
and the stable temperature in the culture chamber used
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Fig. 3a–e Electron microscopy of HK13-EGFP-expressing AK13–1
cells that were treated with OA (0.1 µg/ml) for 140 min. Note the
presence of spheroidal granules (G) and the absence of IFs and/or
IF bundles. c A spheroid that is in the vicinity of a desmosome
(D), which is in close association with some residual electron-
dense material. d, e Results of immunoelectron microscopy with
anti-GFP antibodies in conjunction with colloidal gold-labeled
secondary antibodies and silver amplification demonstrating the
detection of the HK13-EGFP in granules and their extensions. In
addition, some gold particles are distributed throughout the cyto-
plasm with no apparent association with distinct structural ele-
ments (N nucleus, M mitochondria). Bars 500 nm



for live-cell microscopy. Treatment of another epithelial
cell line, hepatocellular-carcinoma-derived PLC cells ex-
pressing fluorescent CK 8 or CK 18 chimeras, also re-
sulted in CKF breakdown and the formation of granules
with increased diffuse cytoplasmic staining (not shown),
demonstrating that the observed phenomena in AK13–1
are not restricted to a specific CK polypeptide and/or a
particular cell type.

OA-induced cytokeratin accumulations are similar 
to mitotic spheroidal granules

Electron microscopy was performed to examine the mor-
phology of the strongly fluorescent CK granules that
were induced by OA treatment. Multiple roundish bodies
with a diameter ranging between 300 nm and 1000 nm
were readily identified (Fig. 3). These spheroids consist-
ed of non-filamentous granular particles. Occasionally,
aggregates were detected in the neighborhood of desmo-
somes (e.g., Fig. 3c). Immunoelectron microscopy con-
firmed that all these spheroid structures contained
HK13-EGFP, although the label was mostly restricted 
to the peripheral parts of aggregates possibly because 
of epitope inaccessibility within the central regions
(Fig. 3d, e). Occasionally, thick filament bundles were
seen emanating from the granules (Fig. 3d). In addition,
immunolabel was also detected throughout the cyto-
plasm. It should be noted that the morphology of the
spheroids is identical to that of the previously described
granular aggregates that are formed when the CKF
system is transiently disrupted during mitosis (e.g.,
Franke et al. 1982; Lane et al. 1982).

OA-induced HK13-EGFP filament breakdown occurs
without significant alterations in other cytofilaments 
and is precisely paralleled by the redistribution of all
other cytokeratin polypeptides

The distribution of actin- and tubulin-containing fila-
ments was examined to identify OA-induced alterations
in these systems and their potential relationship to CKF
network breakdown. Figure 4 shows that anti-α-tubulin
antibodies label normal-appearing microtubules in cells,
where the entire CKF network had been disassembled
(cf. b and b’ in Fig. 4). Similarly, the phalloidin-labeled
actin filaments were still present after complete CKF
disintegration, although diffuse staining had somewhat
increased (Fig. 5). Thus, it is unlikely that organizational
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Fig. 4 Fluorescence microscopy of methanol/acetone-fixed AK13–1
cells prior to (a, a’) and after 4 h of treatment with 0.1 µg/ml OA
(b, b’, b’’); detection of fluorescent chimera HK13-EGFP (a, b)
together with microtubules by means of anti-α-tubulin antibodies
(a’, b’) and nuclei by means of Hoechst 33258 DNA stain (b’’).
Because of insufficient wavelength separation “bleed” through of
some strongly fluorescent HK13-EGFP granules is observed in
b’’. Note the almost complete disassembly of the CKF network af-
ter 4 h of OA treatment, whereas microtubules and nuclei appear
undisturbed. Bars 10 µm



changes of the microtubule-based and/or actin-based sys-
tems are responsible for the OA-induced effects on
HK13-EGFP-containing filaments. 

The distribution of other CKs was also analyzed to
determine whether OA affects the entire CKF system of
AK 13–1 cells. The distribution of the fluorescent CK 13
chimera was compared by fluorescence microscopy with
that of type II CK 8, a strong pairing partner of HK13-
EGFP (Hofmann and Franke 1997; Fig. 6), and with that

of type I CK18, which does not directly interact on a mo-
lecular level with HK13-EGFP (Fig. 7). An almost iden-
tical fluorescence pattern was observed in each case,
both in the absence of OA and during different stages of
OA-induced CKF breakdown (Figs. 6, 7). Similar results
were obtained with antibodies detecting other CK poly-
peptides, including CKs 5 and 17 (not shown). 

Some OA-induced cytokeratin aggregates co-localize
with desmosomal proteins

To investigate the topological relationship between CK
aggregates and desmosomes, double-fluorescence mi-
croscopy was performed, comparing the distribution of
the desmosomal plaque protein desmoplakin with that of
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Fig. 5 Fluorescence-microscopic analysis of methanol/acetone-
fixed AK 13–1 cells before (a, a’) and after 4 h of treatment with
0.1 µg/ml OA (b, b’). Note the complete breakdown of the CKF
filament network as detected by fluorescence microscopy of chi-
mera HK13-EGFP, whereas actin stress fibers that are labeled with
Texas-red-coupled phalloidin are retained. Bars 10 µm



HK13-EGFP during various stages of OA-induced CKF
breakdown (Fig. 8). Figure 8b, b’ shows that most CK
granules do not co-localize with desmoplakin-positive
structures (arrowheads, small arrows). On the other
hand, some overlap is apparent (large arrows in Fig. 8b,
b’), indicating that interactions may exist between CK
granules and desmosomes. In support of this, the time-
lapse fluorescence images shown in movie 1 and Fig. 2
demonstrate that granular CK aggregates are first formed
in the cell periphery next to cell-cell contacts. In addi-
tion, the electron micrograph in Fig. 3c depicts a CK
spheroid in close proximity to a desmosome.

No signs of apoptosis are seen in cells with completely
disrupted cytokeratin filament networks

To exclude that alterations of the CKF system were
caused by the induction of the proteolytic apoptotic cas-
cade, we searched for morphological signs of apoptosis
by bright-field microscopy. In most instances, the nucle-
us was intact with no visible alterations, and membrane
blebbing was not seen prior to complete breakdown of
the CKF network. Mobile cytoplasmic protrusions that

may either precede membrane blebbing or represent its
first stages were only noted in cases of high concentra-
tions of OA. Furthermore, they appeared only after all
CKFs had vanished, and the cells were almost com-
pletely round. At these and even later time points, chro-
matin was intact with no signs of fragmentation as
judged by staining with Hoechst 33258 (not shown; see
also Fig. 4b’’).

OA-induced cytokeratin filament network breakdown
and granule formation depend on metabolic energy

The top panel of Fig. 9 and the corresponding movie 2
(http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/)
demonstrate that the characteristic interphase motility of
the CKF network in AK13–1 was rapidly and almost
completely inhibited by treatment with sodium azide and
deoxyglucose, suggesting that it required ATP (see also
Windoffer and Leube 1999). To determine whether the
OA-induced breakdown of CKF network also required
metabolic energy, AK13–1 cells were first treated with
OA, and sodium azide/deoxyglucose was added when
the network started to disassemble. The lower panel of
Fig. 9 and movie 3 (http://www.uni-mainz.de/FB/Medizin/
Anatomie/Leube/) present fluorescence micrographs tak-
en during such an experiment demonstrating that ATP
depletion resulted in the almost instantaneous inhibition
of granular aggregate mobility. In addition, no further
granules were formed, and filament breakdown was
slowed down considerably.
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Fig. 6 Double-fluorescence microscopy of methanol/acetone-fixed
AK13–1 cells before (a, a’) and after a 4-h (b, b’) or 5-h (c, c’)
treatment with OA (0.1 µg/ml); detection of chimera HK13-EGFP
by epifluorescence (a, b, c) together with CK 8 by means of anti-
body Ks8–17.2 for indirect immunofluorescence (a’, b’, c’). Note
the co-localization between structures containing HK13-EGFP
together with CK 8. Bars 10 µm



Partial cytokeratin network disassembly and transient
aggregate formation occur after a 30-min pulse of OA

To distinguish whether OA treatment initiates a self-
perpetuating reaction cascade or whether its continued
presence is needed for completion of CKF breakdown,
AK13–1 cells were exposed to OA only briefly. Fig-
ure 10 and movie 4 (http://www.uni-mainz.de/FB/Medi-
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Fig. 7 Fluorescence microscopy of methanol/acetone-fixed AK13–1
cells showing the distribution of fluorescent chimera HK13-EGFP
(a, b) together with CK 18 by means of murine monoclonal anti-
body Ks18.174 (a’, b’) prior to (a, a’) and after (b, b’) 4 h of treat-
ment with 0.1 µg/ml OA. Note the high degree of co-localization
between HK13-EGFP and CK 18 at each time point. The OA-in-
duced alterations in b, b’ are most prominent in the cell periphery,
where many granules of different sizes are seen. Bars 10 µm
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Fig. 8 Microscopy of methanol/acetone-fixed AK13–1 cells show-
ing the distribution of chimera HK13-EGFP as detected by epiflu-
orescence (a, b) together with the desmosomal plaque protein des-
moplakin, which is visualized by indirect immunofluorescence
with monoclonal desmoplakin antibodies (a’, b’) either before 
(a, a’) or after (b, b’) a 4-h treatment with 0.1 µg/ml OA. Note

that desmosomes remain as circumferential rings in the cell pe-
riphery (b’) (large arrows CK granules that co-localize with des-
moplakin-positive structures, arrowheads and small arrows struc-
tures that contain only CK or desmoplakin, respectively). Bars
10 µm

Fig. 9 Time-lapse fluorescence microscopy of AK13–1 cells de-
tecting altering dynamics of human CK 13-EGFP chimera HK13-
EGFP in response to ATP depletion (addition of 50 mM 2-deoxy-
D-glucose and 0.05% sodium azide). Top and movie 2 (recording
at 1-min intervals; http://www.uni-mainz.de/FB/Medizin/Anatomie/
Leube/) show first the characteristic interphase dynamics of the
CKF network that is abruptly inhibited upon addition of the drugs
(cf. pronounced changes between 36 min and 66 min with the lack

of significant alterations in the CKF network between 66 min and
96 min). Bottom and movie 3 (recording at 1.5-min intervals;
http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/) first de-
pict the onset of OA-induced (0.05 µg/ml) CKF network reorgani-
zation for 90 min; this is considerably slowed down by ATP de-
pletion (–ATP). Note that granule motility, granule formation, and
granule fusion do not proceed significantly and that residual fila-
ments remain mostly unaltered. Bar 10 µm



zin/Anatomie/Leube/) show an experiment in which cells
were treated with OA (0.1 µg/ml) for 30 min, after which
time the drug was washed out and fluorescence was
monitored in drug-free medium for more than 5 h. Ap-
proximately 30 min after wash-out, CKF network break-
down started in the cell periphery. However, in contrast
to the sequence shown in Fig. 2, further disassembly oc-
curred at an extremely slow pace, and the partially dis-
rupted network was maintained throughout the rest of the
observation period. Furthermore, no cytoplasmic gran-
ules were formed, and only a few, presumably desmo-
some-associated, accumulations were seen. Because of
the absence of peripheral filaments, ongoing inward
movement of cortical CK fluorescence could be clearly

resolved in the time-lapse images. Toward the end of the
sequence, a very delicate and weakly fluorescent net-
work was detectable in the cell periphery. To examine
the dynamic nature of granule formation, fluorescence
was also recorded in AK13–1 cells that formed granules
after the 30-min pulse of OA (Fig. 11, movie 5 at
http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/).
Small granules were first seen approximately 1.5 h after
removal of OA (93 min in Fig. 11) and further spheroidal
aggregates were generated during the next hour (165 min
in Fig. 11). Afterwards, granule formation subsided and
existing granules disappeared, thus demonstrating the re-
versible nature of these structures. However, local aggre-
gates and/or dense filament bundles changed only slowly
and remained in the perinuclear region until the end of
the recording period (321 min in Fig. 11). 

Discussion

In this study, we have induced CKF network disruption
by treating cells with the polyether fatty acid and tumor
promoter OA, which is the cause of diarrhetic seafood
poisoning. OA is a specific inhibitor of protein phospha-
tases 1 and 2A and, at higher concentrations, also of
phosphatase 2B (Cohen et al. 1990; Vandre and Wills
1992), thereby leading to hyperphosphorylation of CKs
(Kasahara et al. 1993; Yatsunami et al. 1993; Chou and
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Fig. 10 Time-lapse fluorescence microscopy of AK13–1 cells de-
tecting HK13-EGFP during and after a short pulse of OA treat-
ment. The micrographs are taken from movie 4 (recording at 
3-min intervals; http://www.uni-mainz.de/FB/Medizin/Anatomie/
Leube/). Cells were treated for 30 min with OA at 0.1 µg/ml (only
last 18 min of OA treatment are shown) followed by incubation in
OA-free medium. A partial collapse of the CK 13 filament net-
work after removal of the drug and the concentration of filament
bundles in the perinuclear region are visible. Note, however, that
the complete CKF network is not disassembled but that, instead,
compacted and aggregated material remains stationary, and that no
cytoplasmic aggregates are formed. In addition, a fine filamentous
network is seen in the cell periphery in the last few frames. Bar
10 µm



Omary 1994; Yuan et al. 1998; Paramio 1999). We have
shown that this modification results in the disruption of
the CKF network and the formation of granular aggre-
gates (see also Kasahara et al. 1993; Blankson et al.
1995). Similar changes have also been noted in experi-
ments in which alternative phosphatase inhibitors with
similar properties have been used, e.g., calyculin A
(Deery 1993) and Microcystis toxins (Falconer and
Yeung 1992; Ohta et al. 1992; Toivola et al. 1997, 1998).
Conversely, the activation of kinases also induces CK
reorganization (Tölle et al. 1987; Cadrin et al. 1992;
Paramio 1999), although the alterations are much more
heterogeneous and less pronounced, often leading only
to the redistribution of the CKF network (Deery 1993;
Baricault et al. 1994).

OA has been shown not only to affect the organiza-
tion of other IFs, albeit with different kinetics and differ-
ent results (Eriksson et al. 1992; Lee et al. 1992; Sacher
et al. 1992; Shea et al. 1993; Fiorentini et al. 1996;
Cheng et al. 2000), but also to alter the organization of
actin filaments and microtubules (Gliksman et al. 1992;
Gurland and Gundersen 1993; Fiorentini et al. 1996). In
the current study, however, OA has been used in vimen-
tin-free AK13–1 cells only in concentrations that lead to
the selective disassembly of the CKF network, although

we cannot exclude minor alterations in the organization
and the dynamics of actin-based and tubulin-based cyto-
skeletal systems. The ongoing, inwardly directed move-
ment of fluorescent material is another indication of the
preservation of microtubule-dependent dynamics in OA-
treated cells (Windoffer and Leube 1999). It also remains
a possibility that OA-induced effects on the CKF net-
work are not primarily attributable to modifications of
CKs themselves but to alterations in CK-associated pro-
teins such as glucose-regulated protein grp78 (Liao et al.
1997a) whose synthesis is induced in OA-treated cells
through the p38 mitogen-activated protein kinase signal-
ing pathway (Hou et al. 1993; K.-C. Chen et al. 1998;
K.-D. Chen et al. 2000).

Two different mechanisms may account for the ob-
served CKF network disassembly: either the alteration of
filaments leads to their fragmentation and increased sol-
ubilization with subsequent aggregation, and/or soluble
CKs are prevented from integrating into CKFs, forming
instead granular aggregates. Fragmentation of the com-
pacted perinuclear filament bundles within a short period
of time during late stages of CKF network disassembly
provides evidence for the first mechanism in OA-treated
cells. The granular aggregates that are generated in this
instance are directly derived from filamentous precur-
sors. We have recently demonstrated that CKF fragmen-
tation is a major mechanism responsible for the rapid
CKF network disassembly observed at the onset of mito-
sis in AK13–1 cells (Windoffer and Leube 1999, 2001).
Furthermore, the increased cytoplasmic fluorescence can
be taken as an indication of an elevated soluble CK pool,
which is also similar to the situation in mitotic cells with
disassembling CKF networks (Windoffer and Leube
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Fig. 11 Fluorescence microscopy of living AK13–1 cells detect-
ing HK13-EGFP during and after a short pulse of OA treatment.
The micrographs are taken from movie 5 (recording at 3-min
intervals; http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/).
Cells were treated with OA (0.1 µg/ml; 30 min), which was re-
moved just prior to imaging. Note the transient formation of gran-
ules in the cell periphery. Bar 10 µm



2001). We consider, however, that the main mode of OA
action is via the second mechanism. Since individual
CKFs have a comparatively long in vivo half-life (Yoon
et al. 2001), it would take several hours before CKFs
networks disappear, if only the integration of new sub-
units is inhibited. This may explain why CKF network
disassembly is much slower in OA-treated cells than in
mitotic cells (Windoffer and Leube 1999) and why resid-
ual filaments remain stable for several hours after OA
addition. In support of this, it is generally believed that
CK phosphorylation prevents filament formation (Yano
et al. 1991; Inagaki et al. 1996), and available evidence
indicates that phosphorylation affects preferentially the
soluble CK pool (Klymkowsky et al. 1991; Kasahara 
et al. 1993; Liao et al. 1995c; Liao and Omary 1996;
Toivola et al. 1998; Paramio 1999; see, however, Chou 
et al. 1993). In addition, our observation that the majori-
ty of granular aggregates is formed in the filament-free
peripheral cytoplasm is another (although indirect) indi-
cation of the OA-induced inhibition of filament forma-
tion from the soluble CK pool.

Irrespective of the precise action of OA, we have
been able to monitor, for the first time, the process of se-
lective OA-induced CKF network breakdown in living
epithelial cells and thus have revealed a hitherto un-
known and reproducible sequence of events. Remark-
ably, CKF network breakdown always starts in the cell
periphery. This implies that either the peripheral CKFs
differ intrinsically from those present in the more central
cytoplasm, making them more susceptible to OA, and/or
that specific properties of the cortical compartment dif-
ferentially regulate network maintenance and formation.
In support of this, we have shown that diffuse CK mate-
rial appears to be continuously incorporated into the pe-
ripheral IF network, thereby producing a centripetal age
gradient (Windoffer and Leube 1999; Yoon et al. 2001).
One can hypothesize that CKFs undergo specific matura-
tion steps along this gradient. These could involve pro-
tein modifications or an increase in filament-packaging
density, thereby affecting sensitivity to OA-induced dis-
ruption. Evidence for such CK heterogeneity has been
reported by Liao et al. (1995b) and Stumptner et al.
(2000), who have demonstrated the predominant local-
ization of phosphorylated CKs in the cell periphery. In
addition, desmosomal proteins and keratin-associated
protein KAP85 are present at or near to the plasma mem-
brane (Chou et al. 1994; Kowalczyk et al. 1999). Obser-
vations from our laboratory with regard to the same cells
have provided evidence that the cell cortex is also an im-
portant determinant for CKF network organization dur-
ing mitosis (Windoffer and Leube 2001). Biologically,
regulation of CKF network formation from the cell cor-
tex would be ideal for the epithelial cell type to be able
to convey signals between the tightly associated cells
and thereby to fine-tune the mechanically resistant trans-
cellular CKF network to the specific requirements need-
ed for epithelial plasticity. In addition, the cortical-
specific regulatory mode gives direct access to the action
of growth factors and other morphoregulatory molecules.

In support of this, Baribault et al. (1989) have shown
that EGF-induced CKF reorganization also originates in
the cell periphery.

Another distinct process that is consistently seen in
the time-lapse analyses is the compaction of CKFs around
the nucleus during OA treatment (cf. also Yatsunami 
et al. 1993; Kasahara et al. 1993). This could simply be
attributable to a loss of membrane anchorage as has been
observed in A-431 cells, in which desmosomes are de-
stroyed by the expression of dominant-negative desmo-
somal cadherin mutants (Troyanovsky et al. 1993). It is
unlikely, however, that the observed compaction is solely
attributable to the release of the intrinsic tension of the
CKF network since we can show that the process is slow,
that it requires energy and the continued presence of OA,
and that it appears to be independent of desmosomal re-
arrangements (see, however, Toivola et al. 1997 for con-
trasting results in other cells). Further contributing fac-
tors may be the OA-induced cell shape changes and the
loss of long-lived detyrosinated Glu-microtubules. These
have been reported to be selectively destroyed by OA
treatment (Gurland and Gunderson 1993), and it has
been proposed that they mediate the kinesin-dependent
association of microtubules and vimentin filaments
(Kreitzer et al. 1999).

The presented time-lapse analyses have also revealed
hitherto unknown dynamic aspects of granular CK ag-
gregates. They have been shown to be mobile. Interest-
ingly, energy depletion inhibits their motility, which is
reminiscent of the energy dependency of vimentin col-
lapse (Hollenbeck et al. 1989; Tint et al. 1991). In addi-
tion, the growth and formation of granules is also dis-
turbed by energy depletion. At this point, we cannot for-
mally exclude that energy depletion affected the OA
concentration within the cells, although the rapid effect
of sodium azide and deoxyglucose treatment on one
hand and the slow effect of OA wash-out on the other
(Figs. 10, 11; see below) argue strongly against it.
Whether the inhibition of ATP-dependent kinases is re-
sponsible for the inhibition of granule formation and net-
work disassembly has not been investigated. In any case,
two granule populations can be distinguished that must
differ fundamentally in their biogenesis: one type origi-
nates in the filament-poor cell cortex from non-filamen-
tous material, whereas the other is formed directly from
filament bundles, most notably from the perinuclear
compacted material. In each case, small granules then
fuse to form larger aggregates. It is noteworthy that we
have not been able to distinguish different spheroid pop-
ulations by electron microscopy and that these homoge-
neous aggregates are similar to the mitotic granules
described in the literature (e.g., Franke et al. 1982; Lane
et al. 1982).

The established culture system should serve as a suit-
able model not only for understanding aspects of mitotic
CK rearrangements, but also for studying mechanisms of
IF aggregate formation as it occurs in disease. With re-
spect to the epithelial CKs, particular attention has been
paid to MBs, which are a prominent feature of alcohol-
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or drug-induced liver damage. These structures contain
large amounts of aggregated CK fragments, which, how-
ever, often retain their filamentous appearance (e.g.,
Franke et al. 1979). Interestingly, MB formation involves
the hyperphosphorylation of CKs (Cadrin et al. 1992;
Salmhofer et al. 1994; Stumptner et al. 2000). To test
whether hyperphosphorylation itself is responsible for
MB formation, Yuan et al. (1998) first treated mice for
5 months with the hepatotoxic drug 3–5-diethyl-carbon-
yl-1–4-dehydrocollidine. After a 1-month period with no
drug treatment, they injected OA intraperitoneally and
observed that, shortly after OA injection, aggregates of
CKs 8 and 18 started to be formed in hepatocytes. Cells
with fully developed MBs lacked CKFs altogether. Fur-
thermore, the early CK aggregates stained positively
with phosphothreonine antibodies. It will be interesting
to determine to what degree the aggregate formation in
liver disease follows similar principles to those shown in
this paper (cf., e.g., Franke et al. 1979; Denk et al. 1985;
Hazan et al. 1986; Zatloukal et al. 1991; this paper).

In conclusion, our cell system has revealed several
new aspects of CK dynamics and their regulation
through phosphorylation/dephosphorylation. Phosphory-
lation-induced dynamic reorganization of the CK system
may be a basic mechanism for coping with various types
of stress-imposed challenges on the epithelial cytoskele-
ton (Liao et al. 1995c, 1997b; Sanhai et al. 1999). Most
importantly, this mechanism provides access for diverse
surface receptor-regulated signaling pathways to affect
the dynamic behavior of the CKF cytoskeleton in rela-
tion to epithelial differentiation and proliferation.
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