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The cardiomyopathic (CM) Syrian golden hamster (straln UM-
X7.1) exhibits a hereditary cardiomyopathy, which causes pre-
Mature death resulting from congestive heart failure. The CM
animals show extensive cardiac myofibril disarray and myocar-
dial calcium overload. The present study has been undertaken
to examine the role of desmin phosphorylation in myofibril dis-
array observed in CM hearts. The data from skinned myofibril
Protein phosphorylation assays have shown that desmin can be
Phosphorylated by protein kinase C (PKC). There Is no signifi-
cant difference in the content of desmin between CM and con-
trol hamster hearts. However, the desmin from CM hearts has a
higher phosphorylation level than that of the normal hearts.
Furthermore, we have examined the distribution of desmin and
myofibril organization with immunofiuorescent microscopy and
immunogold electron microscopy in cultured cardiac myocytes
after treatment with the PKC-activating phorbol ester, 12-O-
tetradecanylphorbol-13-acetate (TPA). When the cuitured nor-
mal hamster cardiac cells are treated with TPA, desmin fila-
Ments are disassembled and the myofibrils become disarrayed.
The myofibril disarray closely mimics that observed in un-
treated CM cultures. These results suggest that disassembly of
desmin filaments, which could be caused by PKC-mediated
Phosphorylation, may be a factor in myofibril disarray in car-
lemyopathIc cells and that the Intermediate filament protein,
desmin, plays an Important role in maintaining myofibril align-
Mment in cardiac cells. Exp Biol Med 227:1039-1046, 2002. -
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cytoskeletal structures present in the cytoplasm of

muscle cells. A number of IF proteins have been rec-
ognized in muscle cells: desmin, vimentin, nestin, synemin,
paranemin, lamins, and cytokeratins. However, the main
muscle-specific IF protein is desmin (1). In cardiac muscle,
desmin is increased at intercalated discs, the attachment
between cardiomyocytes. Desmin is the first muscle-
specific protein to appear during myogenesis (1). Desmin-
related myopathies are marked by accumulation of desmin,
which is often familial and associated with cardiomyopathy
(CM) (2-4). Moreover, an abnormal accumulation of phos-
phorylated desmin filaments was observed in skeletal
muscle of a human familial CM (5).

The hereditary CM, an autosomal recessive disease,
found in Syrian hamsters (strain UM-X7.1) offers an im-
portant model of myocardial disease resulting in chronic
congestive heart failure (6). It is characterized by the early
development of focal myolytic and necrotic lesions, ran-
domly distributed throughout the myocardium followed by
ventricular dilatation and hypertrophy. Several sites of cel-
lular dysfunction have been identified in the CM myocar-
dium. These include defects in the mitochondria, sarcoplas-
mic reticulum, myofibrils, and sarcolemma (7). Such stud-
ies are important in that they have indicated a similarity
between the pathology of the hamster CM and that of hu-
man heart disease. For example, the disorientation of myo-
fibrils is a rather classical trait of hypertrophic obstructive
CM in humans (8, 9). Although many reports exist on the
morphological, physiological, or biochemical abnormalities
of this disease, a primary cellular defect leading to CM has
yet to be characterized.

Recently, it has been reported that protein kinase C
(PKC) activity and contents were significantly increased in
the CM hamster hearts (Strain UM-X7.1) (10). In addition,
increased PKC activity and PKC expression have been ob-
served in the failing heart of the patients with CM (11). To
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1039



further understand the function of the desmin in myofibril-
logenesis and in the heart defect of the CM, we have com-
pared the distributions and phosphorylation properties of
desmin both in cultured hamster cardiac cells and in in vivo
CM hamster hearts. Our results have demonstrated for the
first time that desmin in skinned myofibrils can be phos-
phorylated by PKC. This is consistent with the report that
purified desmin can be phosphorylated by PKC (12). The
desmin from CM hearts, which show significant myofibril
disarrays, has a higher phosphorylation level than that of
normal hearts. When cultured normal cardiac cells are
treated with PKC activator, 12-O-tetradecanoylphorbol 13-
acetate (TPA), desmin filaments are disassembled and the
myofibrils become disarrayed. These results suggest that
disassembly of desmin filaments may be a factor in myofi-
bril disarray in CM cells and that the intermediate filament
protein, desmin, plays an important role in the maintenance
of alignment in cardiac myofibrils.

Materials and Methods

Hamster System. Genetically CM, Strain UM-
X7.1, and control Syrian hamsters were obtained from our
colony maintained in the Central Animal Care Facility at the
State University of New York, Health Science Center at
Syracuse. Normal and CM animals were housed under iden-
tical conditions in the same room at 23°C on a light cycle of
12:12-hr light:dark. They were fed Purina Lab Chow and
water ad libitum with a supplement of hamster seed mixture
and lettuce. Hearts from animals at 6 and 8 months of age
were used in the electrophoresis and frozen section immu-
nofluorescent studies. Hearts from newborn animals were
used in tissue culture.

Cardiac Tissues. /mmunohistochemical Stud-
ies. The hearts of 6-month-old normal and CM hamsters
were extirpated after anesthetizing the animals in a meto-
fane atmosphere followed by cervical dislocation. Whole
hearts were rinsed briefly in ice-cold phosphate-buffered
saline (PBS) to remove blood and tissue debris. The atria
and major vessels were trimmed away and discarded, leav-
ing only the ventricular portion of the heart. The ventricles
were cut into 1-mm?® pieces and mounted onto steel stubs
using 20% sucrose in 0.10 M phosphate buffer, pH 7.4. The
tissues were mounted on stubs, rapidly frozen in liquid ni-
trogen, and stored at —70°C. Sections of 1-2 pm thickness
were cut using glass knives, thaw-mounted onto albumin-
coated slides, and dried at room temperature prior to im-
munofluorescent staining. The sections were then minced in
PBS-0.1% sodium azide and were preincubated in PBS-3%
nonfat milk for 15 min to block nonspecific staining. The
primary antibodies, monoclonal anti-desmin from Sigma
Chemical (St. Louis, MO), diluted to 1:20 with PBS, were
placed over the sections and left for 60 min in a humid
chamber at room temperature. The samples were- washed
three times in PBS-0.1% sodium azide for 5 min each, and
placed again in PBS-3% milk. Fluorescein-conjugated sec-
ondary antibodies diluted to 1:20 with PBS were then
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placed over the sections for 60 min at room temperature.
The preparations were washed three times for 5 min each in
PBS, mounted in N-propyl gallate and glycerol, and viewed
with a Universal Light microscope equipped with epifluo-
rescent illumination using a mercury vapor light source
(Zeiss, Jena, Germany).

Immunoprecipitation. Cardiac cells from normal and
CM hamsters were lysed in cold lysis buffer (1% Triton
X-100, 0.1% SDS, 0.5% sodium desoxycholate, 150 mM
NaCl, I mM EGTA, and 50 mM Tris-HCI, pH 7.5). Cell
extracts were homogenized by sonication and repeated pi-
petting. Two hundred micrograms of myofibril isolate was
incubated with 2 pg of polyclonal antidesmin for | hr at
4°C. Isolates were then treated with Protein A Sepharose
according to the manufacture’s guidance (Amersham, Pis-
cataway, NJ). The pellet was washed three times in ice-cold
buffer, and was loaded for SDS-PAGE analysis.

Immunoblotting. For Western blot assays, the pro-
teins from SDS-PAGE were transferred onto nitrocellulose
membranes followed by incubation with specific antibodies
(13). A 3% milk solution in immunoblot buffer (150 mM
NaCl and 50 mM Tris, pH 7.8) was used to block specific
reactions prior to overnight incubation in antidesmin anti-
body diluted 1:1000 with immunoblot buffer. A secondary
antibody conjugated to horseradish peroxidase (Amersham,
Arlington Heights, IL) was diluted 1:3000 with immunoblot
buffer and was incubated with the blot for 1 hr at room
temperature. The Western blotting method was also used to
quantify the phosphorylated serine levels in immunoprecipi-
tated desmin from the normal and CM hamster hearts.
Monoclonal antiphosphoserine (Sigma) was used at a dilu-
tion of 1:25, and the secondary antibody concentration was
1:500. The antibody binding was detected by an enhanced
chemiluminescence (ECL) detection kit (Amersham, Ar-
lington Heights, IL). Three to five animal hearts were used
for each experiment. Protein loads were standardized by a
bicinchoninic acid protein assay before electrophoresis and
by quantitative densitometry of Coomassie Blue-stained
gels. Blots were stained with 0.1% Ponceau S solution to
visualize protein bands and to confirm both consistent pro-
tein loading among wells and complete transfer of proteins
to blots. ECL bands were scanned and analyzed with an
Alphalmager Digital Imaging System and AlphaEase soft-
ware (Alpha Innotech, San Leandro, CA).

Phosphorylation Assays. Phosphorylation.samples
of the heart tissues were prepared from 6-month-old normal
and CM hamsters by the methods described previously (14).
Briefly, the ventricular tissues were diced and homogenized
for 3 to 5 sec in 5 ml of relaxing solution using a Polytron
homogenizer. Cells were collected by differential centrifu-
gation on a tabletop centrifuge and were then incubated for
6 min at room temperature in relaxing solution containing
0.3% Triton X-100 and 0.5 mg/ml bovine serum albumin
(BSA). First, we did Western blot assays to confirm that
desmin was still connected with these skinned myofibrils.
These skinned myofibrils were then used as substrate to
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detect PKC- mediated phosphorylation. Myofibril proteins
(0.2 mg) were incubated at 30°C for 30 min with 1 unit of
PKC plus PKC activator, 100 nM TPA and 50 pM phos-
phatidylserine in the presence of **P-ATP. Myofibril pro-
tein phosphorylation was detected by separating the protein
samples on SDS-PAGE. Gels were stained with Coomassie
Blue, dried, and subjected to autoradiography.

Cuitured Cardiac Cells. Tissue Culture of Car-
diac Myocytes. Myocytes were isolated from heart ven-
tricles of 3-day-old normal and CM hamsters. Between 20
and 50 animals from each strain were used in each experi-
ment. The animals were sacrificed by cervical dislocation
and the hearts were immediately removed using sterile tech-
niques. The extirpated hearts were washed three times in
cold Hanks’ solution (Gibco-BRL, Grand Island, NY) to
remove residual blood. The ventricles were dissected free
and minced into very small pieces using a new scalpel under
a dissecting scope. The pieces were washed twice with ice-
cold Hanks’ solution, and were then treated with 0.08%
trypsin and 0.01% collagenase in Hanks’ solution for 10
min at 37°C in an incubator with gentle agitation. The first
Supernatant was discarded and the three additional superna-
tants were diluted 2-fold with cold culture medium contain-
ing Earle’s minimum essential medium, 15% fetal calf se-
rum, 200 mM glutamine, 100 pw/ml penicillin, and 100 mg/
ml streptomycin. Cells were harvested from the enzymatic
solution by centrifugation at 100g for 2 min and fresh cul-
ture medium was added to resuspend the cells. To enrich for
myocytes, a differential adhesion step was used. To accom-
Plish this, the dissociated heart cell suspensions were pre-
incubated in a culture dish for 60 min at 37°C. Most of the
fibroblasts attached to the bottom of the dish during this
period. The remaining unattached cells (containing mostly
myocytes) were diluted to a final density of 2 x 10° dis-
persed cells/ml medium. The cells were grown on gelatin-
Coated glass microscope coverslips, placed in 35-mm diam-
eter plastic tissue culture dishes for immunofluorescent mi-
Croscopic study, or grown on 100-mm diameter plastic
tissue culture dishes for electrophoresis study. The cells
Were incubated at 37°C in a 5% carbon dioxide and 95% air
mixture. The culture medium was changed every other day.

Treatment of cells with TPA. TPA was obtained
from Sigma. Stock TPA solution was prepared by dissolv-
ing the agent in absolute ethanol (1 mg/ml). TPA stock was
stored at —20°C, and fresh TPA medium was prepared daily
and added directly to the growth medium of the cells in
Culture to give a final concentration of 50 ng/ml culture
Mmedium. The same amount of ethanol diluted by culture
Medium without TPA was added to the control cultures.
Treated cells were incubated at 37°C for 10, 30, or 60 min
of exposure to TPA. After incubation, the cells were washed
twice with fresh culture medium followed by fixation and
Staining for indirect immunofluorescent and immunoelec-
tron microscopic studies.

Indirect Immunofluorescence. Immunofluorescent
Studies were performed on cultured cardiac+myocytes to
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localize desmin. After the cultured cells were minced in
PBS-0.1% sodium azide, they were preincubated with PBS-
3% nonfat milk for 15 min to block nonspecific staining.
The monoclonal antidesmin antibodies were placed over the
cells and incubated for 60 min in a humid chamber at room
temperature for 1 hr. The samples were washed three times

- in PBS-0.1% sodium azide for 5 min each, and again placed

in PBS-3% milk. Fluorescein-conjugated secondary anti-
bodies were placed over the cells for 60 min at room tem-
perature. The preparations were washed in PBS, 3 x 5 min
each, mounted in N-propy! galate and glycerol, and viewed
with a Universal Light microscope equipped with epifluo-
rescent illumination (Zeiss). ’

Data Analysis. Protein phosphorylation and Western
blotting were quantitatively measured by densitometry (Al-
phalmager Digital Imaging System and AlphaEase soft-
ware), Data were expressed as mean + SE. Statistical analy-
sis was carried out using analysis of variance (ANOVA) and
Student’s ¢ test for unpaired observations. Significance was
defined at the level of P < 0.05.

Results

Cardiac Tissues. Electron Microscopic (EM) and
Immunohistochemical Analyses. To define the desmin
distribution in cardiac myocytes, EM and immunohisto-
chemical studies were performed on both normal and CM
hamster hearts. Myofibril disarray is obvious in CM hamster
heart samples when examined under the electron micro-
scope (Fig. 1B). Normal heart samples contain well-
organized myofibrils that are in parallel arrangements with
respect to each other (Fig. 1A). These observations corrobo-
rate the immunofluorescent data. Unfixed frozen sections of
ventricular myocardium from normal and CM hamsters
show different staining patterns using monoclonal antibod-
ies to desmin. In normal cardiac tissue, desmin staining is
localized at the intercalated discs and in the intermyofibril-
lar material located between the Z-lines. The sections of
normal cells labeled with antidesmin antibody show that the
organized myofibrils, intercalated discs, and Z lines stain
intensely (Fig. 1C). In sections of CM hamster heart tissue
labeled with monoclonal antidesmin, the Z lines and inter-
calated discs stain diffusely as compared with the normal
ones. Moreover, myofibril disarrays in CM heart tissues are
rather obvious (Fig. 1D).

Western Blotting and Protein Phosphorylation As-
says. We observed the changes in desmin distribution and
myofibril disarray in cardiac tissues from CM hamsters. We
tried to demonstrate whether there was a quantitative
change of desmin in CM hearts compared with the normal
ones. Western blotting assays were performed, using mono-
clonal antibody antidesmin, to quantitatively detect the des-
min content in cardiac tissues from CM and control hamster
hearts. The results showed that a band at the 55 kDa level is
detected in both samples, and that there is no significant
difference in desmin content between CM and normal con-
trol hamster hearts (P > 0.05; Fig. 2). The data also dem-
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Figure 1. Electron microscope and immunofiuorescent analyses of hamster heart samples. Myofibril disarray is obvious in cardiac section
from CM hamster heart (B) compared with the normal control hearts (A). Unfixed, frozen sections of cardiac muscle are stained with
monoclonal antidesmin antibody. Note the staining at the intercalated discs and Z-lines in the myofibrils. The localization of desmin in CM
hamster heart tissue (D) appears more diffuse than in normal tissue (C). ID, intercalated disc; Z, Z-line.

onstrate that desmin is still connected with myofibrils in
skinned myocytes. Because desmin was reported as a phos-
phoprotein, we further investigated the phosphorylation sta-
tus of desmin by PKC in CM and control hamster hearts. At
first, we detected the phosphorylation status of desmin in
intact myofibrils. After a 30-min incubation of myofibrils
with PKC, we found that PKC specifically phosphorylated
troponin I (34 kDa). PKC caused the phosphorylation of a
protein at the 55 kDa level, where desmin is located (Fig. 3).
The results indicate that by using myofibrils as substrate,
PKC is able to phosphorylate desmin. This is consistent
with the report that purified desmin protein can be phos-
phorylated by PKC in vitro (12). To further detect the phos-
phorylation status of desmin in CM and control hamster
hearts, we precipitated desmin molecules from CM and nor-
mal control hamster hearts and evaluated the phosphoserine
contents in the same amounts of desmin from either the CM
or normal control hearts. The results clearly demonstrate
that the desmin from CM hearts contains more phosphoser-
ine than that of normal control hearts (P < 0.01; Fig. 4).
These results suggest that in CM cardiac myocytes; desmin
is overphosphorylated.

Cultured Cardiac Cells. In an attempt to determine
whether the desmin overphosphorylation causes the myofi-

1042

bril disarray and heart failure in CM hamsters or is a sec-
ondary effect of the heart failure in CM hamsters, we did
experiments to analyze the effects of PKC-mediated phos-
phorylation in cultured hamster cardiac cells and we inves-
tigated the consequences of this phosphorylation.
Immunofluorescent Analysis. Indirect immunofluo-
rescent staining with monoclonal antidesmin was used to
analyze the degree of alteration of the desmin filaments in
cultured normal hamster myocardial cells after treatment
with TPA. As assessed by phase and indirect immunofluo-
rescent microscopy, treatment with TPA for 30 min pro-
duced significant changes in the distribution of desmin and
the organization of myofibrils in normal myocardial cells,
which were very similar to that observed in CM hamster
heart cells in culture. In control cells, the desmin proteins
were localized in the Z lines, which exhibit a striated pattern
in the normal cardiomyocytes after 5 days in culture (Fig.
5A). Phase contrast optics shows that myofibrils organize
relative to each other in the same cell. In contrast to the
control cells, the cells treated with TPA for 30 min no
longer show desmin associated with the Z lines; instead,
desmin is localized in the cytosolic areas (Fig. 5B). Alter-
ation of desmin distribution in normal myocytes shows
similar results after incubation of TPA for 10 and 60 min

DESMIN OVER-PHOSPHORYLATION CAUSES MYOFIBRIL DISARRAY
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Figure 2. Western blotting analysis of desmin in normal and CM
hamster heart tissues. After the separation of the equal amount of
cardiac proteins from normal and CM hearts with SDS-PAGE, a
Protein with an approximate molecular weight of 55 kDa was deco-
rated by a monoclonal antibody antidesmin. Densitometry results
from blots of three separate experiments show that the integrated
density values (mean x SE) of the 55-kDa band for normal and CM
heart are 39,521 + 8,775 and 31,785 + 6,903, respectively. P> 0.05.

116 -
66 -
8 - Desmin
4s - e

- Troponin I
29 -

Figure 3, Phosphorylation of myofibril proteins form hamster hearts.
In gkinned hamster cardiac myocytes, desmin and troponin | are two
Major proteins phosphorylated by PKC.

(not shown). This change of desmin distribution after TPA
Freatment is similar to the desmin staining pattern observed
In CM myocytes at the same age in culture {Fig. 5C). In
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P-Serine

Figure 4. Antiserine staining of the precipitated desmin molecules
from CM and normal hamster hearts (N). SDS-polyacrylamide gel
shows the immunoprecipitate (~55 kDa) by antidesmin antibody from
the normal and CM hamster hearts. Phosphorylated serine (P-
Serine) in the protein is revealed by a monocional anti-
phosphoserine. Densitometry results from blots of four separate ex-
periments show that the integrated density values (mean = SE) of the
band for normal and CM heart are 34,502 = 5,633 and 58,911 «
9,350, respectively. P < 0.01.

addition, myofibril disarray can be observed by phase con-
trast optics in Figure 5. Thus, the TPA treatment results in
changes to the normal cells that closely mimic the CM heart
cell phenotype, suggesting that PKC pathway may very well
be involved in the myofibril disarray and hypertrophy in
CM hamster hearts.

Discussion

Desmin is a major intermediate filament protein found
exclusively in striated (skeletal or cardiac) muscle tissues. It
plays an essential role in the maintenance of muscle cyto-
architecture by anchoring neighboring Z discs together (15,
16). Two types of distribution patterns for desmin have been
described in cardiac muscle cells in vitro from embryonic
and neonatal rat. One is demonstrated as a filamentous net-
work of desmin filaments localized in a regular periodic
pattern in the regions of the Z lines and intercalated disks
(17). Another shows a component of cytoplasmic filamen-
tous structures, which comprise a network distinct from
actin filament bundles and microtubules in chicken skeletal
muscle cells (18). Research on freshly isolated rod-shaped
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Immunofluorescent Phase contrast

Figure 5. Immunofluorescent and matching phase contrast micrographs of cultured cardiac myocytes from normal and CM hamsters stained
with antidesmin monoclonal antibody. (A) Desmin is localized in the Z band areas and forms a striated pattern in normal cultured cells.
Myofibrils are in paraliel alignments and do not show disarray. (B) Desmin is spread into the cytosolic areas and the filaments to disassemble
in the normal cultured cells treated with TPA. The phase ¢Bntrast micrograph shows myofibril disarray in this normal cell treated with TPA. (C)
Desmin does not form the typical striated pattern in CM cardiac cells stained with antidesmin antibody. The phase contrast micrograph shows
myofibril disarray in the CM heart cell.

1044 DESMIN OVER-PHOSPHORYLATION CAUSES MYOFIBRIL DISARRAY



cardiac myocytes from rat show that desmin labeling is
confined to the intermyofibrillar spaces (19); this corrobo-
rates the immunoelectron microscopic studies on desmin in
chicken ventricular papillary muscle and in cultured cardiac
myocytes from hamster (20). At the electron microscopic
level, the intermediate filaments labeled with polyclonal
antidesmin, in combination with an indirect immunoferritin
approach, exhibit a highly curvilinear and undulating pat-
tern in most regions of the cell, forming an intricate roof
around all of the myofibrils (21). Our immunofluorescent
studies show a typical pattern of Z line and intercalated disc
localization for desmin in normal hamster hearts; however,
CM hearts show a much more diffuse pattern of staining for
desmin. The difference in immunofluorescent staining for
desmin in normal and CM hamster hearts suggests a rela-
tionship between the properties of the protein, its biochemi-
cal characteristics, and its physiological function(s).

A temporal relationship between changes in intermedi-
ate filament organizations and alteration in phosphorylation
of their subunit proteins has been demonstrated. These ob-
servations led to speculation that phosphorylation plays an
important role in regulating organization of the intermediate
filament component of the cytoskeleton (12). Desmin. is a
phosphoprotein with phosphorylation sites of multiple ser-
ine residues. Analysis of specific fragments of desmin in-
dicates that the purified desmin protein can be phosphory-
lated by PKC (22). Kitamura et al. (12) reported several
serine residues in the desmin molecule, Ser-12, Ser-29, Ser-
38, and Ser-56, could be phosphorylated by PKC. In our
studies, we have found that desmin is still connected with
myofibrils in skinned myocytes and desmin in myofibrils is
easily phosphorylated by PKC. It has also been found that
desmin loses its ability to form intermediate filaments when
Phosphorylated in vitro by PKC (23). These researchers also
showed that the desmin phosphorylated by PKC does not
Polymerize; moreover, polymerized filaments tend to depo-
lymerize after phosphorylation (23).

Several papers have been published regarding the ab-
normal accumulation of desmin in human CM (3, 24). In
some cases, CM show homogenous degeneration of the cen-
tral portions of the involved muscle fibers. These degenera-
tive sites are characteristically stained by antibody against
desmin (25). Previously reported biochemical studies on
skeletal muscle in a familial muscle disorder have revealed
a large increase in the amount of desmin in phosphorylated
forms (5).

Myofibril disarray, as a morphological characteristic, is
found in both intact cardiac tissue and cultured cells from
CM hamster (8, 9, 26). The relationship between accumu-
lation of desmin and myofibril disarray in these CM is not
Clear. In our studies, we have not found any significant
difference in desmin concentration between cardiac tissues
from CM or from normal control hamsters. However, we
have discovered that the phosphorylation level in desmin of
the cardiac tissues from CM hamsters is significantly higher
than that of normal control animals. We also conclude that
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the phosphorylation of desmin in CM hamster hearts is not
a secondary consequence of the CM because PKC phos-
phorylation stimulated by TPA in cultured normal cardiac
cells causes a disorganization of myofibrils, closely mim-
icking the myofibril disarray patterns observed in CM ham-
ster hearts. Because desmin is a major intermediate filament
protein in cardiac tissues, our results indicate that disassem-
bly of desmin filaments, which could be caused by PKC-
mediated phosphorylation, may be a factor in myofibril dis-
arrays in CM cells and that the intermediate filament pro-
tein, desmin, plays an important role in maintaining
myofibril alignment in cardiac cells. However, the possibil-
ity cannot be excluded that other sarcomeric proteins, in
particular, troponin T, tropomodulin, and myosin-binding C
protein, may also contribute to myofibril disarray in the CM
hearts. Furthermore, it will be interesting to explore the
roles of different PKC isoforms, especially PKC-a and
PKC-¢, on desmin phosphorylation and myofibril disarray
in CM hearts.

1. Carlsson L, Thornell LE. Desmin-related myopathies in mice and man.
Acta Physiol Scand 171:341-348, 2001,

2. Goebel HH. Desmin-related myopathies. Curr Opin Neurol 10:426-
429, 1997.

3. Goebel HH, Warlo IA. Progress in desmin-related myopathies. J Child
Neurol 15:565-572, 2000.

4. Dalakas MC, Park KY, Semino-Moca C, Lee HS, Sivakumar K, Gold-
farb LG. Desmin myopathy, a skeletal myopathy with cardiomyopathy
caused by mutations in the desmin gene. N Engl J Med 342:770-780,
2000.

5. Rappaport L, Contard F, Samuel JL, Delcayce C, Marotte F, Tome F,
Fardeau M. Storage of phosphorylated desmin in a familial myopathy.
FEBS Lett 231:421-425, 1988.

6. Homburger F, Nixon CW, Eppenberger M, Baker JR. Hereditary my-
opathy in the Syrian hamster: studies on pathogenesis. Ann N'Y Acad
Sci 138:14-27, 1966.

7. Wrogemann K, Nylen EG. Mitochondrial calcium overloading in car-
diomyopathic hamster. J Mol Cell Cardiol 10:185-195, 1978,

8. Ferrans V], Morrow AG, Roberts WC. Myocardial ultrastructure in
idiopathic hypertrophic -subaortic stenosis. Circulation 45:769-792,
1972.

9. Thornell LE, Carlsson L, Li Z, Mericskay M, Paulin D. Null mutation
in the desmin gene gives rise to a cardiomyopathy. J Mol Cetl Cardiol
29:2107-2124, 1997,

10. Wang J, Liu X, Arneja AS, Dhalla NS. Alterations in protein kinase A
and protein kinase C levels in heart failure due to genetic cardiomy-
opathy. Can J Cardiol 15:683-690, 1999.

11. Bowling N, Walsh RA, Song G, Estridge T, Sandusky GE, Fouts RL,
Mintze K, Pickard T, Roden R, Bristow MR, Sabbah HN, Mizrahi JL,
Gromo G, King GL, Vlahos CJ. Increased protein kinase C activity
and expression of Ca2*-sensitive isoforms in the failing human heart.
Circulation 99:384-391, 1999.

12. Kitamura S, Ando S, Shibata M, Tanabe K, Sato C, Inagaki M. Protein
kinase C phosphorylation of desmin at four serine residues within the
non-a-helical domain. J Biol Chem 264:5674-5678, 1989.

13. Towbin H, Stachelin T, Gordon J. Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc Nat! Acad Sci U S A 76:4350-4354, 1979.

14. Huang XP, Pi YQ, Lokuta AJ, Greaser ML, Walker JW. Arachidonic
acid stimulates protein kinase C-¢ redistribution in heart cells. J Cell
Science 110:1625-1634, 1997.

1045



15.

16.

17.

20.

21.

1046

Granger BL, Lazarides E. The existence of an insoluble Z disc scaffold
in chicken skeletal muscle. Cell 15:1253-1268, 1978.

Ariza A, Coll J, Fernandez-Figueras T, Lopea D, Mate JL, Garcia O,
Fernandez-Vasalo A, Navas-Palacios JJ. Desmin myopathy: a multi-
system disorder involving skeletal, cardiac, and smooth muscle. Hu-
man Pathol 26:1032-1037, 1995.

Campbell GR, Shamiey-Campbell J, Groschel-Strewart V, Small JV,
Anderson P. Antibody staining of 10-nm (100-A) filament in cultured
smooth, cardiac and skeletal muscle cells. J Cell Sci 37:303-322,
1979.

. Lazarides E. The distribution of desmin (100A) filaments in primary

cultures of embryonic chicken cardiac cells. Exp Cell Res 112:256—
273, 1978. .

. Saetersdal T, Dalen H, Roli J. Immunofluorescent and immunogold

electron microscopy of desmin in isolated adult heart myocytes of the
rat. Histochem 92:467-473, 1989.

Tokuyasu KT, Dutton AH, Singer SJ. Immunoelectron microscopic
studies of desmin (skeletin) localization and intermediate filament or-
ganization in chicken cardiac muscle. J Cell Biol 96:1736-1742, 1983.
Ip W, Spencer DI, Fischmen DA. Detection of desmin-containing

22.

23.

24.

25.

26.

intermediate filaments in cultured muscle and nonmuscle cells by im-
munoelectron microscopy. J Cell Biol 96:401—408, 1983.

Evans RM. The intermediate filament proteins vimentin and desmin
are phosphorylated in specific domains. Eur J Cell Biol 46:152-160,
1988.

Inagaki M, Nishi Y, Nishizawa K, Matsuyama M, Sato C. Site-specific
phosphorylation induces disassembly of vimentin filaments in vitro.
Nature 328:649-652, 1987.

Heling A, Zimmermann R, Kostin S, Maeno Y, Hein S, Devaux B,
Bauer E, Klovekorn W, Schlepper M, Schaper W, Schaper J. Increased
expression of cytoskeletal, linkage, and extracellular proteins in failing
human myocardium. Circ Res 86:846-853, 2000.

Stoeckel ME, Osborn M, Porte A, Sarez A, Batzenchlager A, Weber
K. An unusual familial cardiomyopathy characterized by aberrant ac-
cumulations of desmin-type intermediate filaments. Virchows Arch
393:53-60, 1981.

Lemanski LF, Tu ZH. Immunofluorescent studies for myosin, actin,
tropomyosin and a-actinin in cultured cardiomyopathic hamster heart
cells. Dev Biol 97:338-348, 1983.

DESMIN OVER-PHOSPHORYLATION CAUSES MYOFIBRIL DISARRAY



