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Alcoholic hepatitis (AH) is associated with cytokeratin
8 and 18 (CK8/18) accumulation as cytoplasmic inclu-
sion bodies, termed Mallory bodies (MBs). Studies
with MB mouse models and cultured hepatocytes sug-
gested that CK8/18 hyperphosphorylation might be
involved in MB formation. However, no data exist on
phosphorylation of CK8/18 in human AH. In this
study, antibodies that selectively recognize phos-
phorylated epitopes of CK8 or CK18 were used to
analyze CK8/18 phosphorylation states in normal hu-
man and murine livers, human AH biopsies, and liv-
ers of 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDCO)-intoxicated mice, the last serving as model for
MB induction. Hepatocyte cytokeratins become hy-
perphosphorylated at multiple sites in AH and in
DDC-intoxicated mice. Hyperphosphorylation of
CK8/18 occurred rapidly, after 1 day of DDC intoxi-
cation and preceded architectural changes of the cy-
toskeleton. In long-term DDC-intoxicated mice as well
as in human AH, MBs preferentially contain hyper-
phosphorylated CK8/18 as compared with the cyto-
plasmic cytokeratin intermediate filament network
suggesting that CK8/18 hyperphosphorylation may
play a contributing role in MB pathogenesis. Further-
more, the site-specific phosphorylation of cytokera-
tin in different stages of MB induction provides indi-
rect evidence for the involvement of a variety of
protein kinases known to be activated in stress re-
sponses, mitosis, and apoptosis. (Am J Pathol 2000,
156:77-90)

Cytokeratins are members of the large family of interme-
diate filament (IF) cytoskeletal proteins, which are nor-
mally expressed in a tissue-specific manner and assem-
bled as cytoplasmic filamentous arrays. Neurofilaments,
a-internexin, desmin, vimentin, glial filaments, and the
nuclear lamins™? also belong to the IF family. The diverse
cell biological functions of IFs are still poorly understood.
However, a diversity of human diseases is associated

with severe alterations of IFs. A common pathological
feature of many IF-related diseases is the accumulation
of intracytoplasmic inclusions consisting of modified IF
proteins, for example in neurodegenerative diseases
such as amyotrophic lateral sclerosis, Parkinson’s dis-
ease, and Lewy body dementia®®; in neuromuscular
disorders (eg, spheroid body myositis”); and the forma-
tion of Mallory bodies (MBs) in alcoholic hepatitis (AH)
and other liver disorders (eg, non-alcoholic steatohepa-
titis, Wilson’s disease, primary biliary cirrhosis, Indian
childhood cirrhosis, hepatocellular neoplasms®~'"). Al-
though the underlying pathogenetic mechanisms are as
yet unclear, posttranslational modifications of IF proteins,
such as phosphorylation, limited proteolysis, and cross-
linking, may play a major role. For example, the presence
of hyperphosphorylated neurofilament epitopes in some
neuronal inclusion bodies'®™'® and of abnormally phos-
phorylated desmin in muscle fibers'® were reported. Fur-
thermore, a possible association of cytokeratin hyperphos-
phorylation with the formation of MBs in hepatocytes, a
hallmark of AH, was suggested by in vitro and animal stud-
ies performed by our own group and others."”~2°

AH follows chronic alcohol abuse and occurs in 20 to
40% of heavy drinkers. Although reversible at the begin-
ning, most cases of AH progress to irreversible cirrhosis.
Besides the amount of alcohol ingested per day, a variety
of other factors such as dietary habits, genetic factors
influencing alcohol metabolism, viral infections, and ad-
ditional toxins or drugs seem to determine the extent of
liver damage. Classical morphological features of AH are
liver cell ballooning and necrosis, inflammation, steatosis,
and the formation of cytokeratin-containing MBs, which is
associated with severe derangement (ie, diminution or
even loss) of the hepatocyte cytokeratin IF network.®~
11,22-26 Diverse animal models have been generated to
study in more detail and under defined conditions mech-
anisms involved in the pathogenesis of this alcoholic liver
disease. Experimental long-term intoxication of mice with

Supported by the grants of the Austrian Science Foundation S7401-MOB
(toK. Z.)and 7628-MED (to H. D.) and by a U.S. Veterans Affairs Merit and
Career Development Award (to M. B. O.).

Accepted for publication September 4, 1999.

Address reprint requests to Kurt Zatloukal, M.D., Division of Experimen-
tal Cell Research and Oncology, Department of Pathology, University of
Graz, Auenbruggerplatz 25, A-8036 Graz, Austria. E-mail: kurt.zatloukal@
kfunigraz.ac.at.

77



78  Stumptner et al
AJP January 2000, Vol. 156, No. 1

3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) or griseo-
fulvin (GF) mimics the particular hepatocellular alterations
associated with AH, ie, ballooning of hepatocytes, accumu-
lation of MBs, and alterations of the cytokeratin IF net-
work.2”3! These animal models are valuable not only for
investigating the effects of long-term (chronic) intoxication
(ie, for 2 to 4 months) but also for assessing the time course
of alterations finally leading to MB formation and cytokeratin
filament derangement. In addition to elucidating mecha-
nisms involved in the pathogenesis of AH, these DDC and
GF animal models may provide insight into biology and
pathology of cytokeratins.

Cytokeratins are a multigene family consisting of at
least 21 catalogued proteins.?3? According to sequence
homology and biochemical properties they can be di-
vided into two subgroups, the type | and type Il cytoker-
atins, which form obligatory noncovalent heteropolymers
that spontaneously assemble into 10-nm filaments.>3®
Epithelia express characteristic patterns of type | and
type Il heteropolymers depending on their tissue origin
and state of differentiation. For example, glandular and
secretory simple type epithelia express cytokeratin 8
(CK8) and CK18 as their major cytokeratin pair with vari-
able amounts of CK7, CK19, and CK20. Normal adult
hepatocytes express CK8/18, which are equivalent to
Endo A (CK8) and Endo B (CK18), originally described
as cytokeratins A and D, in mouse hepatocytes.* 3¢

Cytokeratins undergo several posttranslational modifi-
cations, such as phosphorylation, glycosylation, acetyla-
tion, and transglutaminase-induced cross-linking, that
are likely to be involved in regulating their function.®”~*"
In the case of CK8/18, phosphorylation has been exten-
sively studied in cultured cells and in vitro experiments.
Phosphorylation of cytokeratins and other IF proteins
plays important roles in the cell,*" including regulation of
filament disassembly and reorganization, particularly
during mitosis, solubility, interaction with other proteins,
and determining localization within specific compart-
ments of the cell. With regard to CK8/18, phosphorylation
occurs exclusively on serine residues and is increased
during mitosis, apoptosis, growth factor stimulation, and
different forms of cell stress. Various kinases seem to be
involved in the phosphorylation of specific sites on either
CK8 or CK18.3975° Several phosphorylation sites at the
amino- and carboxy-terminal regions (termed head and
tails, respectively) of cytokeratin proteins have been
identified, such as serine 23 (Ser23), Ser73, and Ser431
in CK8 as well as Ser52 and Ser33 in CK18. Most if not all
phosphorylation sites are located within these head and
tail domains. Accumulating evidence indicates that they
are important for filament assembly and interaction with
other proteins. Recently, monoclonal and polyclonal an-
tibodies selectively recognizing the various phospho-
epitopes on CK8 or CK18 have been generated.*¢°°
These antibodies provide ideal tools for studying the
phosphorylation states of the various sites and their dy-
namics and topographical distribution in tissues and/or
cultured cells.

Although many studies suggest a role for CK8/18 hy-
perphosphorylation in the pathogenesis of AH based
primarily on the MB mouse models, there is no report
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Figure 1. Schematic representation of the experimental design outlining the
stages at which mice were used for various analyses described in Material
and Methods. The recovery period is 1 month, which is followed by up to 3
days of reintoxication.

about altered CK8/18 phosphorylation patterns in human
AH compared to human control livers. We therefore in-
vestigated frozen tissue sections of liver biopsies with AH
and human control livers using antibodies to four different
phospho-epitopes on CK8/18 and determined the pres-
ence and distribution of the various CK8/18 phospho-
epitopes. In addition, DDC-fed mice at different stages of
intoxication were also studied to examine the time course
of hepatocyte cytokeratin alterations under standardized
experimental conditions.

In this report, we show that human and murine MBs
contain CK8/18 phosphorylated at multiple sites. More-
over, phosphorylation levels and intracellular distribution
of phosphorylated CK8/18 are altered in hepatocytes of
human AH as well as DDC-intoxicated livers in compar-
ison with control livers. This is the first demonstration that
phosphorylation of hepatocyte CK8/18 is associated with
human AH.

Materials and Methods

Human Tissue Samples

Human liver biopsy material was obtained from nine pa-
tients with histologically confirmed AH. Parts of the spec-
imens were snap-frozen within 2 minutes after biopsy and
stored in liquid nitrogen until analysis by immunofluores-
cence microscopy. Normal (control) liver parenchyma
was obtained from the non-neoplastic margins of nine
cases of surgically resected liver tumors.

Animal Model and Experimental Design

Male Swiss Albino mice (35 g body weight; strain Him
OF1 SPF; Institute of Laboratory Animal Research, Uni-
versity of Vienna School of Medicine, Himberg, Austria)
were fed either a standard (control) diet (Altromin, Marek,
Vienna, Austria) or a diet containing 0.1% DDC (Aldrich,
Steinheim, Germany) for time periods ranging from 1 day
to 2.5 months. After 2.5 months of continuous DDC feed-
ing, some animals were allowed to recover on standard
(control) diet for 1 month. Some of the recovered mice
were then reintoxicated with DDC for 3 days. Figure 1
shows details of the experimental design. Mice were
killed by cervical dislocation and the livers were snap-
frozen in methylbutane precooled with liquid nitrogen for



Table 1. Primary Antibodies Used for Immunofluorescence
Microscopy and Western Blotting

Clone Species Antigen
5B3 M CK8-pSer431 (h, m)
LJ4 M CK8-p-Ser73/79 (h/m)
Ks 8.7 M total CK8 pool (h, m)
Ks 18.04 M total CK18 pool (h, m)
3055 Rb CK18-pSer52 (h)
8250 Rb CK18-pSer33 (h, m)
50K160 Rb total CK8+18 pool (h, m)

M, mouse monoclonal antibody; Rb, rabbit polyclonal antibodies; h,
human; m, murine.

immunohistochemistry and preparation of cytoskeletal
proteins.

Immunofluorescence Microscopy

Double-label immunofluorescence microscopy was per-
formed on cryostat sections of liver tissue (3 wm thick,
fixed in acetone at —20°C for 10 minutes) as described
previously.®' The antibodies directed against various
epitopes (phosphorylated and nonphosphorylated) on
CK8/18 are summarized in Table 1. The antibodies to
phospho-CK8 (5B3, LJ4) or phospho-CK18 (8250, 3055)
have been characterized recently.*¢°° The antibodies
Ks 8.7, Ks 18.04 (Progen, Heidelberg, Germany), and
50K160°2 (also termed CK antibodies) were used to de-
tect total CK8 and/or CK18 independent of phosphoryla-
tion state. As secondary antibodies, Cy2-conjugated
goat anti-mouse IgG (Amersham, Buckinghamshire, UK)
and tetramethylrhodamine isothiocyanate (TRITC)-conju-
gated swine anti-rabbit Ig (Dako, Glostrup, Denmark)
were used. For control of background staining, the pri-
mary antibodies were omitted or replaced by IgG isotype
control (Dako). Immunofluorescent stained specimens
were analyzed with a MRC 600 (Bio-Rad, Richmond, CA)
laser-scanning confocal device attached to a Zeiss Ax-
iophot microscope. The fluorescent images were col-
lected using the confocal photomultiplier tube at full
frame (768 X 512 pixels). For dual labeling, separate
excitation wavelengths (488 nm for Cy2, 568 nm for
TRITC) from a krypton/argon ion laser were used.

Preparation of Cytoskeletal Proteins and
Immunoblotting

Cytoskeletal proteins were prepared from frozen mouse
liver tissue by high salt-detergent extraction as described
previously.®® The following protease inhibitors were in-
cluded in all buffers: 200 umol/L pefabloc SC (Merck,
Darmstadt, Germany), 50 mmol/L sodium fluoride
(Merck), 0.3 umol/L aprotinin (Boehringer Mannheim,
Mannheim, Germany), 100 wmol/L leupeptin (Boehringer
Mannheim), 1 umol/L pepstatin (Boehringer Mannheim),
200 umol/L sodium vanadate (Sigma, St. Louis, MO), and
1 mmol/L sodium pyrophosphate (Fluka, Buchs, Switzer-
land). Equal amounts of protein were electrophoresed on
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis®® and electrophoretically transferred onto nitro-
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cellulose membranes (0.2 um pore size, Schleicher &
Schuell, Dassel, Germany) with 0.1 A for 18 hours.®>* The
membranes were blocked with 5% nonfat milk in TBS-T
(10 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCl containing
0.1% Tween-20) and incubated with the primary antibod-
ies (5B3, 1:2000; LJ4, 1:1000; 8250, 1:2000 supple-
mented with 200 wg/ml nonphosphorylated peptide to
prevent binding to the nonphosphorylated epitope) over-
night at 4°C. After washing with TBS-T for 1 hour, the
membranes were incubated with horseradish peroxi-
dase-conjugated secondary antibodies (Dako) for 2
hours, followed by a final washing step in TBS-T for 1
hour. Antibody binding was detected using enhanced
chemiluminescence (ECL, Amersham).

Results

Hyperphosphorylation of CK8/18 in Human
Alcoholic Hepatitis and Accumulation of
Phosphorylated CK8/18 in Mallory Bodies

In human control liver, CK antibodies that recognize cy-
tokeratin independent of its phosphorylation state (Figure
2, a, ¢, e, and g) revealed a filamentous pattern with
increased density at the cell periphery. Antibodies to
phospho-CK8 (5B3) and phospho-CK18 (8250, 3055)
preferentially stained this peripheral rim of cytokeratin
filament bundles in the majority of hepatocytes (Figure 2).
No staining with the phospho-CK8 antibody LJ4 (Figure
2, ¢ and d) was obtained, suggesting that, in contrast to
the other epitopes on CK8 and CK18, no phosphorylation
of this site exists in human control liver.

In AH, CK antibodies (Figure 3, a, ¢, €, and g) revealed
in some hepatocytes a derangement and diminution of
the cytokeratin IF cytoskeleton and accumulation of CK8/
18-containing MBs. All phospho-CK8 and phospho-CK18
antibodies intensely decorated MBs. However, LJ4 did
react only with a subset of human MBs independent of
their size (eg, Figure 3, ¢ and d). In comparison with the
staining pattern of phospho-CK8 antibodies in control
liver, a shift in phospho-CK8 staining from the cell periph-
ery to a pronounced staining of the cytoplasmic cytoker-
atin IF network occurred in AH (compare Figures 2 and
3). Moreover, immunostaining with LJ4, which was ab-
sent in control liver, became strongly positive in AH (Fig-
ure 3, ¢ and d). The results obtained with antibodies to
phospho-CK18 (8250, 3055; Figure 3, e-h) were similar
but less conspicuous than that with phospho-CK8 anti-
bodies (56B3, LJ4). The immunofluorescence results are
summarized in Table 2.

Increase in CK8/18 Phosphorylation Is an Early
Response to Hepatotoxicity Induced
by DDC

Prolonged feeding of mice with a DDC-containing diet
has been widely used as an animal model for experimen-
tal induction of MBs with cytokeratin IF alterations similar
to those associated with AH. We compared the phos-
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Figure 2. Distribution of phosphorylated CK8 or CK18, and total CK8/18 in
human control liver (Hu-Co). Immunofluorescence double-labeling was per-
formed on frozen tissue sections using antibodies to phospho-CK8 (5B3, LJ4;
green in a—d), phospho-CK18 (8250, 3055; red in e~h), and to total CK8/18
(CK antibodies; red in a, ¢; green in e, g). Double- (D-IF) and corresponding
single- (S-IF) label confocal micrographs are shown. 5B3, 8250, 3055: In
Hu-Co liver, phospho-CK8/18 are preferentially located at the cell periphery.
LJ4: There is no phosphorylation of the epitope recognized by LJ4 in Hu-Co
liver. Bar = 20 pwm.

phorylation patterns of CK8/18 in control mice, in mice at
different stages of DDC intoxication (ie, short-term treat-
ment for 1 to 7 days, and long-term treatment for 2.5
months), in mice that were allowed to recover for 1 month
on control diet after 2.5 months of DDC feeding, and in
mice reintoxicated with DDC for 3 days after an initial
DDC intoxication and subsequent recovery period (see
Materials and Methods and Figure 1). Immunofluores-
cence microscopy was performed on frozen liver sec-
tions with antibodies that were used in Figure 2, except
for the 3055 antibody, which does not cross-react with
mouse CK18.

In livers of mice fed a control diet, hepatocytes dis-
played a regular cytokeratin IF network stained with CK
antibodies (Figure 4, a, ¢, and e), whereas phospho-CK8
antibodies 5B3 and LJ4 did not stain (Figure 4, b and d),
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Figure 3. Distribution of phosphorylated CK8 or CK18, and total CK8/18 in
human alcoholic hepatitis (Hu-AH). Immunofluorescence double-labeling
was performed on frozen tissue sections using antibodies to phospho-CK8
(5B3, LJ4; green in a—d), phospho-CK18 (8250, 3055; red in e~h), and to
total CK8/18 (CK antibodies; red in a, ¢; green in e, g). Double- (D-1F) and
corresponding single- (S-IF) label confocal micrographs are shown. 5B3,
8250, 3055: Note the shift of phospho-CK8/18 staining in AH from the cell
periphery to the whole cytoplasm with enhanced labeling of the cytokeratin
filament network and of MBs. Examples of MBs are indicated by arrow-
heads. LJ4: In AH, immunoreactivity with cytokeratin filaments and with
a subset of MBs is found. Arrows in ¢ and d indicate nonreactive MBs.
Bar = 20 um.

except for a few single cells (<0.1%, not shown). Phos-
pho-CK18 antibody 8250 preferentially decorated the cy-
tokeratin filaments at the cell periphery (Figure 4, e and f).
However, after only 1 day of DDC intoxication, a dramatic
increase in phosphorylation, particularly of CK8, was ob-
vious. The staining pattern of phospho-CK8 antibody 5B3
resembled that revealed by CK antibodies, ie, staining of
the cytoplasmic cytokeratin network with accentuation of
the cell periphery and around the bile canaliculi (Figure 5,
a and b). In contrast the distribution of LJ4 reactivity was
patchy, with clusters of 2 to 5 cells showing bright cy-
toskeletal staining and other cells displaying only slight
reactivity at the cell periphery (Figure 5, ¢ and d). Immu-
nostaining with anti-phospho-CK18 (8250) was similar to
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Table 2. Summary of Immunofluorescence Results Obtained with Antibodies to Phospho-CK8 (5B3, 1J4) and to Phospho-CK18
(8250) on Human Control Livers and Human Alcoholic Hepatitis

5B3 LJ4 8250 3055
P CK MB P CK MB P CK MB P CK MB
Hu-Co o + 0 - - + - 0 + - 0
Hu-AH + ++ +++ + + +++ + + +4+ + + +++

The degree of staining was estimated from — (no staining) to +-++ according to the intensity and percentage of labeled cells. 0, no MBs present.
Hu-Co, control liver; Hu-AH, alcoholic hepatitis; P, cytokeratin staining at the cell periphery; CK, staining of the whole cytoplasmic cytokeratin IF

network; MB, Mallory bodies.

5B3 but slightly weaker. Because CK18 was phosphory-
lated at a low basal level in control mouse liver, the
increase in phosphorylation on DDC intoxication was not
as conspicuous as that observed for CK8. The red ag-
gregates in hepatocytes and sinusoidal spaces (eg, Fig-
ures 5-8, e and f) represent autofluorescent porphyrin
deposits, which accumulate in the liver on DDC intoxica-
tion. These aggregates were also seen in the corre-
sponding negative controls where the first antibodies had
been omitted (not shown). After 2.5 months of DDC in-
toxication, mouse hepatocytes showed the characteristic
derangement of the cytokeratin IF system as revealed by
immunostaining with CK antibodies. The staining changes
included loosening or loss of the (immunostainable) cyto-
keratin IF network and accumulation of MBs (Figure 6). As in
AH, phospho-CK8/18 antibodies (5B3, LJ4, 8250) brightly
decorated MBs and the cytokeratin IF network of numerous
hepatocytes (Figure 6). Although phospho-cytokeratins
were obviously integrated in the cytokeratin IF network, in
some hepatocytes they preferentially accumulated in MBs.
In these hepatocytes phospho-CK8 antibodies strongly re-
acted with MBs but did not stain the cytokeratin network
adjacent to the MBs (eg, asterisk in Figure 6, ¢ and d). With
LJ4, however, occasional MBs independent of their size
were negative or only weakly stained (not shown).

To examine the dynamics of CK8/18 phosphorylation
we used long-term DDC-intoxicated and then recovered
mice, a situation that leads to gradual restoration of the
cytoskeletal architecture. Reintoxication of these primed
mice with DDC results rapidly (within 3 days) in MB
reappearance and cytokeratin IF disturbance identical to
those observed after initial long-term (2.5 months) DDC
intoxication. To correlate reversibility and rapid reappear-
ance of these cytokeratin-associated alterations with pos-
sible changes in CK8/18 phosphorylation, we performed
immunofluorescence microscopy on frozen liver sections
of recovered and reintoxicated mice. The staining of liv-
ers of mice recovered from long-term DDC intoxication
closely resembled control livers (Figure 7). Residual al-
terations were the presence of few hepatocytes without
detectable cytokeratin network but with small MBs mostly
at the cell periphery (arrowheads in Figure 7). Phosphor-
ylation of CK8/18 returned to normal, ie, no staining of the
cytokeratin filaments with phospho-CK8 antibodies (5B3,
LJ4) and weak staining of the cytokeratins predominantly
at the cell periphery with anti-phospho-CK18 (8250).
However, 5B3 and 8250 staining was still present in MBs
(Figure 7, a, b, e, and f), whereas LJ4 did not recognize
residual MBs (Figure 7, ¢ and d). On reintoxication, a
profound increase in CK8/18 phosphorylation was ob-

served within 3 days (Figure 8, a-f). Cytokeratin filaments
were strongly stained by 5B3, LJ4, and 8250 antibodies.
Newly formed MBs present at the intersections of the
cytokeratin IF network were also brightly stained with 5B3
and 8250 (Figure 8). As already observed in mice fed
DDC for 2.5 months, there was preferential staining of
MBs with antibodies to phospho-CK8, whereas the resid-
ual cytokeratin IF network of the hepatocytes that con-
tained the MBs remained unstained. The phospho-CK8
antibody LJ4 did not stain the majority of these small,
apparently newly formed MBs. Hence, phosphorylation of
CK8 at this particular site (ie, phospho-Ser73, which is
recognized by LJ4) displays a different response to DDC
in that it appears late in the process of MB formation, as
seen in reintoxicated mice, but disappears early, as
shown in recovered mice. A summary of the immunoflu-
orescence results is shown in Table 3.

To further verify the profound changes in phosphory-
lation of hepatic CK8 in DDC-intoxicated mouse livers,
Western blots with the antibodies to phospho-CK8 (5B3,
LJ4) and to total CK8 (Ks 8.7) were performed. No reac-
tivity with phospho-CK8 antibodies (5B3 and LJ4) was
found in control liver cytokeratin preparations, although a
band corresponding to CK8 was recognized by Ks 8.7
(Figure 9). A clear-cut increase in CK8 phosphorylation
was detectable within 1 week of DDC intoxication and
persisted for the whole DDC intoxication period (2.5
months). On withdrawal of DDC and recovery, CK8 phos-
phorylation level was reduced but rose again on DDC
reintoxication. These immunoblotting results are in line
with the immunofluorescence data in that dramatic and
site-specific CK8 hyperphosphorylation in response to
DDC intoxication was noted. Moreover, the immunostain-
ing with phospho-CK8 antibodies of the cytokeratin IF
network as seen in immunofluorescence microscopy as
well as the presence of hyperphosphorylated CK8 in the
cytoskeletal insoluble fraction as analyzed by Western
blotting, suggested that phosphorylated CK8 was able to
form IF structures in vivo.

Discussion

The essential role of the cytokeratin IF cytoskeleton in
disease has been highlighted by the discovery that cy-
tokeratin mutations are the primary cause of diverse
forms of blistering skin diseases.?*>°® Furthermore, ge-
netic alteration of cytokeratins is a potential pathogenetic
factor in diseases of organs other than the skin because,
for instance, a mutation in CK18 has recently been iden-
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Figure 6. Distribution of phosphorylated CK8 or CK18 and total CK8/18 in intoxicated livers of mice fed a DDC-containing diet for 2.5 months (2.5 m DDC).
Immunofluorescence double-labeling was performed on frozen tissue sections using antibodies to phospho-CK8 (5B3, LJ4; green in a—d), phospho-CK18 (8250;
red in e, f), and to total CK8/18 (red in a, ¢; green in e). Double- (D-IF) and corresponding single- (S-IF) label confocal micrographs are shown. 5B3, LJ4, 8250:
In many hepatocytes cytokeratin filaments and MBs (arrowheads) are brightly stained with antibodies to phospho-CK8/18. Note that in some hepatocytes only
MBs are immunoreactive, whereas the cytokeratin IF network remains unstained (asterisk in ¢ and d). Red aggregates in e and f, also present in negative controls,
represent autofluorescent porphyrin deposits (see Figure 4). Bar = 20 wm.
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Table 3. Summary of Immunofluorescence Results Obtained with Antibodies to Phospho-CK8 (5B3, 1J4) and to Phospho-CK18

(8250) on Livers of Control and DDC-Intoxicated Mice

5B3 LJ4 8250

CK MB CK MB CK MB
Co - 0 0 +/- 0
1dDDC + 0 0 +/— 0
3dDDC ++ 0 +/++ 0 + 0
1w DDC +++ 0 ++/+++ 0 ++/+++ 0
2.5 m DDC ++ +++ ++ ++ +/++ +++
Recovery - ++ - +/— +4
Reintox. ++ +++ +/++ + +/++ +4++

CK, cytokeratin filaments; MB, Mallory bodies; Co, control diet; 1 d DDC, DDC-containing diet for 1 day; 3 d DDC, DDC-containing diet for 3 days;
1 w DDC, DDC-containing diet for 1 week; 2.5 m DDC, DDC-containing diet for 2.5 months; Recovery, 1 month control diet after 2.5 months of DDC

feeding; Reintoxication, DDC feeding for 3 days after 1 month recovery.

The degree of staining was estimated from — (no staining) to +++ according to the intensity and percentage of labeled cells. 0, no MBs present.

tified in a case of cryptogenic liver cirrhosis.®” Structure
and function of the cytokeratin IF cytoskeleton is not only
affected by gene mutations but is also rapidly and re-
versibly modulated by posttranslational modifications,
thus making the cytokeratin IF cytoskeleton a potential
target for a variety of environmental factors.*' Phosphor-
ylation is one of the most important means of regulating
protein function in response to extracellular stimuli. It has
recently been shown in mice that CK8 and CK18 become
phosphorylated as a consequence of toxic liver injury
induced by a variety of substances, such as GF and
microcystin. 719859 This hyperphosphorylation of cyto-
keratin appeared to be involved in the cellular response
to toxic stress and is not a mere epiphenomenon due to
a general deregulation of protein phosphorylation in the
course of cell damage. The clearly demonstrated asso-
ciation of increased CK8/18 phosphorylation with a vari-
ety of cell stresses*'° has been substantiated recently
as having a direct or indirect effect on protection from
hepatotoxic injury. As such, transgenic mice that overex-
press CK18 that is mutated at Ser52 are more suscepti-
ble to microcystin- and GF-induced liver injury as com-
pared to mice that overexpress wild-type CK18.%° The
mechanism by which stress-induced cytokeratin hyper-
phosphorylation protects against certain types of liver
injury remains an open question.

Using a panel of monoclonal antibodies that are spe-
cific for various phosphorylation sites on CK8 and CK18,
we report here on marked phosphorylation of cytokera-
tins at multiple sites in human toxic liver injury, namely
AH, and accumulation of phosphorylated cytokeratin ma-
terial in MBs. The strong reactivity of MBs and, to a
variable extent, of the cytokeratin IF cytoskeleton of hepa-
tocytes with all phospho-cytokeratin-specific antibodies
tested implies involvement of different protein kinases
and/or phosphatases in this disease. The phosphoryla-
tion sites recognized by these antibodies have been
characterized in previous studies, giving rise to specula-
tion about the mechanisms leading to their phosphoryla-
tion and the biological consequences. For example,
phosphorylation of CK8 at Ser73 as detected by LJ4
occurs preferentially in response to stress situations but
is also seen during apoptosis and mitosis.*® Although
phosphorylation of IF proteins generally results in their
disassembly and increased solubility, phosphorylation of

Ser73 is significantly associated with the insoluble cyto-
keratin fraction.*® Furthermore, phosphorylation-induced
disassembly of cytokeratin proteins may indirectly sup-
port their aggregation with other MB components, be-
cause MBs form not from cytokeratin IF but from disas-
sembled cytokeratin proteins (Zatloukal K, Stumptner C,
Lehner M, Deuk H, Baribault H, Eshkind LG, Franke WW,
manuscript submitted). In this context it is interesting that
we observed in AH as well as in DDC-treated mice a
subpopulation of hepatocytes where phosphorylated cy-
tokeratin accumulated in MBs but was not detectable in
the cytokeratin IF network adjacent to the MBs. Based on
the observed immunoreactivities of MBs with the antibod-
ies 5B3, 3055, and 8250, it is likely that a variety of protein
kinases, such as ERK1/2, which phosphorylates CK8 at
Ser431,"° or PKC and cdc?2 kinases, which can phos-
phorylate CK18 at Ser52*” and Ser33,°° respectively, are
activated in AH and in DDC-fed mice (for summary of
results, see Tables 2 and 3). This is in line with and
extends previous reports on the effect of ethanol on the
activation of several protein kinases, such as PKC, JNK,
and p42/44 MAPK, that are involved in different signal
transduction pathways.®"%? Because of the complexity of
alterations induced by ethanol and DDC intoxication, one
must take into account that besides the cytokeratin IFs, a
variety of other cellular proteins are affected as well and
thus could contribute to the observed cytoskeletal
changes.

To further dissect this complex situation and to get
more insights into the course of cytokeratin phosphory-
lation during intoxication, we analyzed mice after different
periods of DDC feeding, recovery from intoxication, and
re-exposure to DDC. Phosphorylation of cytokeratin was
already detectable at 1 day after commencement of DDC
feeding; thus it is one of the earliest changes seen after
intoxication that precedes structural alterations of the
cytokeratin IF network. In contrast to the phosphorylation
of Ser33 on CK18 (as detected by 8250) and Ser431 on
CK8 (as detected by 5B3), which was seen in the majority
of hepatocytes and, therefore, could reflect a cellular
response to the metabolism of DDC, phosphorylation of
Ser73 on CK8 (as detected by LJ4) was found in only a
few cells. The distribution pattern of LJ4-reactive hepa-
tocytes, typically as cell doublets, suggests that some of
these cells represent daughter cells generated by mito-
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Figure 9. Phosphorylation of CK8 in DDC-intoxicated mouse livers. Cy-
toskeletal fractions were prepared from livers of control and DDC-intoxicated
mice. Equal amounts of protein were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, electroblotted onto nitrocellulose mem-
branes, and then stained with antibodies to phospho-CK8 (5B3, LJ4) and to
the total CK8 pool (Ks 8.7). The Western blot is shown in A and the
densitometric analyses of the band intensities using a Docu Gel V video
densitometer (MWG Biotech, Ebersberg, Germany) and Rflp-scan software
(MWG Biotech) are shown in B. The bars indicate the relative amount of
phosphorylated CK8 as detected by 5B3 and LJ4 normalized to total CK8 as
revealed by Ks.8.7. Abbreviations: n.d., not detectable; CO, control diet; 1 w
DDC, DDC-containing diet for 1 week; 2.5 m DDC, DDC-containing diet for
2.5 months; Recovery, 1 month control diet after 2.5 months of DDC-feeding;
Reintox., DDC-feeding for 3 days after 1 month recovery.

sis. This is also supported by the previous observations
that the LJ4 epitope is generated during mitosis in addi-
tion to stress situations. In mice intoxicated long-term, the
difference in the staining patterns of the antibodies 8250,
5B3, and LJ4 was less clearly revealed. Here, scattered
groups of hepatocytes showed phosphorylation of the
cytokeratin network to a variable extent. Furthermore,
MBs were stained, as in human AH, by all three antibod-
ies. There were, however, some MBs that did not stain
with LJ4. Differences in the phosphorylation pattern of
MBs were more clearly revealed in reintoxicated mice
where newly formed MBs could be studied.®® In these
mice 8250 and 5B3 strongly reacted with small MB gran-

ules at the intersections of the cytokeratin IF network,
representing the earliest detectable phase of MB forma-
tion. The phosphorylation of the epitopes recognized by
these two antibodies may, therefore, participate in the
initiation of MB formation. In contrast to 8250 and 5B3,
LJ4 did not react with newly formed MBs, which shows
that phosphorylation of Ser73 on CK8 (the epitope rec-
ognized by LJ4) is not involved in early MB formation. In
more advanced stages of MB formation, however, phos-
phorylation of the LJ4 epitope could contribute to the
growth of MBs, since we observed in later phases of
reinduction as well as in the mice intoxicated with DDC
for 2.5 months a subpopulation of hepatocytes with large
MBs where LJ4 reacted with the MB but did not stain the
residual cytokeratin network adjacent to the MB.

Further differences in the immunoreactivity profile of
MBs at different phases of development were seen in
mice at 1 month after recovery from intoxication. In con-
trast to 8250 and 5B3, which decorated small MB rem-
nants at the cell periphery, LJ4 did not bind to MBs in
these livers. This indicates that some protein kinases
were still active even 1 month after cessation of intoxica-
tion whereas others, eg, stress-activated kinases, re-
turned to baseline levels. Another mechanism that can be
responsible for the observed dissociation of phospho-
epitopes is that the phosphorylation sites in MBs have
different half-lives of the bound phosphate. It is known
that protein phosphatases are important regulators of
steady-state cytokeratin phosphorylation.2%:40:69:64 Fyr-
thermore, different turnover rates were identified for the
various phosphorylation sites on CK8 and CK18.%% In
contrast to CK8, which showed a higher steady-state
phosphorylation in a variety of situations, including
chronic intoxication of mice with GF or stimulation of PKC
in cultured hepatocytes, CK18 had a lower steady state
phosphorylation level because of rapid dephosphoryla-
tion by protein phosphatases.'” 964

In summary, the applied phospho-cytokeratin antibod-
ies proved to be a powerful tool, which allowed for the
first time investigation of cytokeratin phosphorylation in
human AH. The identification of the diverse phosphory-
lated serines on CK8 and CK18 in different phases of MB
formation will help to elucidate the signals responsible for
the activation of the corresponding protein kinases in
future studies. The characterization of the signal trans-
duction pathways will not only provide new insights into
the pathogenesis of alcoholic liver disease, but also iden-
tify potential targets for new therapeutic approaches.
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