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Enteroviral Cardiomyopathy: Bad News for the
Dystrophin-Glycoprotein Complex
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Abstract
Genetic deficiency of the dystrophin-glycoprotein complex
causes hereditary dilated cardiomyopathy. Enteroviruses can
also cause cardiomyopathy and we have recently described a
potential molecular mechanism for enterovirus-induced
dilated cardiomyopathy. The coxsackieviral protease 2A pro-
teolytically cleaves and functionally impairs dystrophin. Addi-
tionally, during infection with coxsackievirus B3, the dys-

trophin-glycoprotein complex becomes disrupted and the
sarcolemmal integrity is lost.

This review article discusses the importance of the dystro-
phin cleavage for the development of increased sarcolemmal
permeability and potential pathways for mechanisms by which
the dystrophin cleavage during coxsackieviral infection may
contribute to dilated cardiomyopathy.
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Enterovirale Kardiomyopathie: Schlechte Nachrichten fiir den Dystrophin-Glykoprotein-Komplex

Zusammenfassung
Ein Gendefekt des Dystrophin-Glykoprotein-Komplexes ist
eine Ursache der hereditdren dilatativen Kardiomyopathie.
Enteroviren kénnen gleichfalls eine Kardiomyopathie verur-
sachen. Wir haben vor kurzem einen méglichen molekularen
Mechanismus fiir die enterovirusinduzierte dilatative Kardio-
myopathie beschrieben. Die Protease 2A der Coxsackie-
Viren spaltet proteolytisch Dystrophin, sodass die Funktion
von Dystrophin gravierend beeintréachtigt wird. Zusétzlich
wird bei einer Infektion mit Coxsackie-Virus B3 der Dystro-

phin-Glykoprotein-Komplex aufgebrochen, was mit einem
Verlust der sarkolemmalen Integritét einhergeht.

In dieser Ubersichtsarbeit wird die Bedeutung der Dys-
trophin-Spaltung fiir die Permeabilititssteigerung des Sarko-
lemms ebenso diskutiert wie potentielle Mechanismen, tiber
die die Dystrophinspaltung zur Entstehung einer dilatativen
Kardiomyopathie wéhrend einer Coxsackie-Virusinfektion
beitrigt.

Schliisselworter: Herzinsuffizienz - Kardiomyopathie - Dystrophin - Myokarditis - Coxsackie-Virus

“Viruses are nucleic acid surrounded by bad news.”
(P. Medawar, 1960 Nobel Prize Winner in
Medicine and Physiology)

For a coordinated contractile function of the heart,
the many mechanical forces generated within the sarco-
meres of individual cardiomyocytes need to be trans-
mitted to the extracellular matrix. For this purpose,
cardiomyocytes possess a highly specialized extrasarco-
meric cytoskeleton [10] that includes the dystrophin-
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glycoprotein complex [41]. Dystrophin and the dystro-
phin-associated glycoproteins a-, 3-, y- and d-sarcogly-
can, o- and p-dystroglycan as well as the recently de-
scribed sarcospan [12] compose a multiprotein-complex
that collectively connects the internal F-actin based cy-
toskeleton to laminin-2 of the extracellular matrix [41].
In addition to its structural role, the dystrophin-glyco-
protein complex may have signal transduction proper-
ties such as the ecto-ATPase activity that was recently
described for a-sarcoglycan [7].
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The importance of the dystrophin-glycoprotein
complex for normal cardiac function in man and rodents
is highlighted by hereditary dystrophin- and sarcogly-
can-mutations that cause dilated cardiomyopathy. For
example, dystrophin mutations in Duchenne and Beck-
er muscular dystrophy [28] are associated with a high in-
cidence of dilated cardiomyopathy [6]. Additionally, a
mutation in dystrophin causes an X-linked dilated
cardiomyopathy in patients with minimal skeletal myo-
pathy [29, 43]. Genetic defects in a-, -, Y-, or d-sarco-
glycan are the cause of human limb-girdle muscular dys-
trophy type 2D, 2E, 2C and 2F, respectively [26].
Sarcoglycan deficiency can cause dilated cardiomyo-
pathy in these patients [44] as well as in the cardiomyo-
pathic hamster that has a d-sarcoglycan deletion [30].
These studies and others [1, 30, 33] have led to the par-
adigm that familial dilated cardiomyopathy may occur
secondary to defective transmission of mechanical force
from the sarcomere to the extracellular matrix [42].

Dilated cardiomyopathy is a multifactorial disease
that encompasses acquired etiologies in addition to he-
reditary forms. Dilated cardiomyopathy is characterized
by an enlargement of ventricular chamber(s) and often
heart failure, a leading cause of cardiovascular mortality
in the US and Europe [13, 38]. A subset of human ac-
quired dilated cardiomyopathy, as much as 30%, is asso-
ciated with an enteroviral infection of the heart, in partic-
ular coxsackie B viruses [2]. In addition, transgenic
expression of coxsackie-B3-viral genomes and protein in
the heart of mice is sufficient to induce dilated cardio-
myopathy [46]. Among the coxsackieviral proteins are 2
proteases, protease 2A and protease 3C, both of which
are essential for the viral life cycle [36]. The overall fold-
ing of the viral protease 2A resembles chymotrypsin-like
serine proteases but it possesses a cysteine as the nucle-
ophile at the active site [34]. Substrate recognition by the
enteroviral protease 2A depends on a degenerate amino
acid pattern upstream of the cleavage site. In addition, a
glycine residue at the C-terminal side of the scissile bond
of the cleavage site occurs in all known natural substrates
of the enteroviral protease 2A. Since the viral proteases
can affect host cell proteins this amino acid pattern was
used by Blom et al. [8] to establish a neural network algo-
rithm for the computer prediction of potential novel cel-
lular protease 2 A-substrates.

Despite the extensive epidemiological studies that
demonstrate a role for enteroviruses in human dilated
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cardiomyopathy [2], the molecular pathogenic mecha-
nism(s) through which enteroviruses can induce dilated
cardiomyopathy are poorly understood. In analogy to
many other virus-mediated illnesses [31], both direct vi-
ral effects as well as the host’s immune response play an
important role in the pathogenesis of viral heart disease.
On one hand, coxsackievirus B3 clearly has direct myo-
cytopathic effect(s) and expression of coxsackieviral ge-
nome and proteins is sufficient to induce dilated cardio-
myopathy [46]. On the other hand, the immune
response — although necessary to eliminate virally in-
fected cells — may contribute to the tissue damage by in-
appropriately attacking uninfected cardiomyocytes
[21].

The data from hereditary cardiomyopathies dem-
onstrate that abnormalities in the dystrophin-glycopro-
tein complex can cause cardiomyopathy. In addition, we
recently demonstrated that enteroviral protease 2A can
cleave dystrophin leading to disruption of the dystro-
phin-glycoprotein complex suggesting a potential
mechanism by which viral infection may contribute to
the induction of cardiomyopathy [4].

Disruption of the Dystrophin-Glycoprotein

Complex in Coxsackieviral Cardiomyopathy
Given the importance of the dystrophin-glycoprotein
complex in hereditary dilated cardiomyopathy, and the
known role for enteroviruses in acquired cardiomyo-
pathy, it is conceivable that coxsackievirus B3 induces
dilated cardiomyopathy through alterations of dystro-
phin and/or sarcoglycans.

Based on a bioinformatic approach, we utilized the
protease 2A cleavage site prediction server established
by Blom et al. [8] (http://www.cbs.dtu.dk/services/NetPico-
RNA/). Based on a computer search of the human
Swiss protein databank, they identified dystrophin as
one of the human proteins most likely to be cleaved by
enteroviral protease 2A. We applied the full dystrophin
sequence to their prediction algorithm and identified a
second site for potential cleavage of dystrophin by pro-
tease 2A [4]. The computer-predicted protease 2A-
cleavage site that we identified lies in the dystrophin
hinge 3, a region that has been previously demonstrated
to be accessible to proteolytic cleavage [22]. Since the
hinge 3 region lies between the actin-binding sites and
the B-dystroglycan anchoring motif of dystrophin [4],
cleavage at this site would disconnect the (actin-bind-
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ing) N-terminal fragment from the sarcolemma (where
the C-terminal fragment binds (3-dystroglycan). Addi-
tionally, the viral protease 2A is N-myristoylated [36]
and thus membrane-associated, as is dystrophin [41].
Thus, both protease and substrate are in close proximity
to each other, which should facilitate their interaction.
It is important to note that the enteroviral protease 2A
is a highly specific protease with very few substrates.
Cis-cleavage of the viral polyprotein is required for viral
replication [36]. The only cellular proteins known to be
cleaved in trans by the protease 2A are the eukaryotic
translation initiation factors 4G I [24] and I1 [16] and the
poly-A binding protein [19], all proteins that are impor-
tant for translation of host proteins.

In order to determine whether enteroviral protease
2A could cleave dystrophin at the computer predicted
cleavage sites, we added purified protease 2A to neona-
tal rat and human myocyte extracts. As we previously
reported, dystrophin is proteolytically cleaved by puri-
fied protease 2A and functionally impaired following
enteroviral infection as demonstrated by dissociation of
the N-terminal rod domain fragment from the plasma
membrane in cultured cardiomyocytes infected with
coxsackievirus B3 [4]. Antibody epitope mapping of the
protease 2A cleavage site in human and mouse dystro-
phin demonstrated that the coxsackieviral protease 2A
cleaves dystrophin in the hinge 3 region [3]. Cleavage at
the other computer predicted site in the third spectrin
repeat appears to occur more slowly and may depend on
initial cleavage in the hinge 3 region. The slower cleav-
age in spectrin repeat 3 might be explained by its triple-
helical secondary structure [22] that may make that re-
gion less accessible to cleavage by protease 2A.

In the intact mouse heart, dystrophin is proteolyti-
cally cleaved and its sarcolemmal localization is disrupt-
ed in CVB3 infected cardiac myocytes. Additionally, the
sarcolemmal integrity in these cells is impaired as deter-
mined by tracer dye uptake in a manner similar to that
observed in muscular dystrophy [4]. Since genetic dys-
trophin deficiency leads to a loss of dystrophin-associat-
ed glycoproteins [14], we investigated whether dystro-
phin cleavage during coxsackie B virus infection would
similarly affect the sarcoglycans. The sarcoglycan com-
plex becomes physically, morphologically and function-
ally disrupted during coxsackievirus B3 (CVB3) infec-
tion of cultured cardiomyocytes and mice as determined
by staining for a-sarcoglycan and (3-dystroglycan [4].
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In analogy to findings from patients with dilated
cardiomyopathy due to Duchenne muscular dystrophy,
we have previously proposed that the cleavage of dys-
trophin with its subsequent biochemical, morphological
and functional disruption of the dystrophin-glycopro-
tein complex during coxsackievirus B3 infection in-
itiates a cascade of events that contributes to the patho-
genesis of dilated cardiomyopathy [4]. Since the
coxsackieviral protease 2A cleaves the human dystro-
phin hinge 3 region [3], the dystrophin cleavage is po-
tentially relevant for the pathogenesis of human viral
heart disease (Figure 1).

How Could Dystrophin Cleavage Lead to
Enterovirus-Induced Dilated Cardiomyopathy?
Although the dystrophin cDNA was cloned more than a
decade ago [23], the exact physiological role of the dys-
trophin protein still remains unknown. The current
model assumes a structural role for dystrophin [41] be-
cause its N-terminus as well as an epitope in the rod do-
main bind F-actin [37] whereas a more distally located
motif in the cysteine-rich region near the carboxy-ter-
minus binds to B-dystroglycan [35]. Dystrophin, there-
fore, connects the internal cytoskeleton to the sarcolem-
ma via its transmembrane glycoprotein complex (see
Figure 1). Genetic dystrophin deficiency leads to a loss
of the dystrophin-glycoprotein complex with increased
myocyte permeability [14, 41]. However, the “down-
stream” effectors that ultimately lead to myocyte death
are unknown even in Duchenne muscular dystrophy.
Several mediators, including reactive oxygen species [9]
and lymphocyte-mediated myocyte damage [40], have

been proposed.

Our findings in enteroviral myocarditis/cardiomyo-
pathy suggest a pathogenic link between virally induced
dystrophin abnormalities and genetic dystrophin defi-
ciency. The protease 2A cleaves dystrophin during cox-
sackievirus B3 infection, adversely affecting myocytes
by impairing transmission of mechanical force and in-
creasing cell permeability [4]. At the organ level, myo-
cyte “drop-out” and/or dysfunction and loss of contrac-
tile force may ultimately contribute to the induction of
dilated cardiomyopathy.

However, important distinctions exist between vi-
rus-induced cardiomyopathy and the hereditary ab-
sence of dystrophin. In particular, in contrast to a ge-
netic defect the infection is focal in viral-mediated
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cardiomyopathy. The percentage of virally infected
myocytes is very different in the various stages of the
disease. In the acute stage, 7 days after infection with
coxsackievirus B3, we regularly find more than 10% of
infected myocytes in our experiments with C3H mice
(data not shown). This percentage may be high enough
that acute cleavage of dystrophin could significantly
affect overall cardiac function. A similar mechanism
could occur in acute, fulminate myocarditis as is ob-
served in children and young adults. In the chronic
stage of murine infection, the percentage of cells with
viral persistence appears to be much lower [20]. A sim-
ilarly low percentage has been reported in human
heart samples from patients with dilated cardiomyo-
pathy [18].

Figure1
Schematic diagram of effect of dystro-
phin cleavage by protease 2A.

Abbildung1

Schematisches Diagramm der Konse-
quenzen einer Dystrophin-Spaltung
durch die Coxsackie-virale Protease 2A.

human heart failure but the absolute numbers of apo-
ptotic cells are very low [32]. Second, increased sarcolem-
mal permeability that occurs with cleavage of dystro-
phin can expose myocyte contents to immunoregulatory
cells. For instance, low-level expression of coxsackievi-
ral genomes in cultured cardiomyocytes results in LDH
release from the cells [45]. “Leaking” myocyte proteins
from even very few infected cells could act as autoanti-
gens and may initiate an autoreactive response. T and B
lymphocytes activated in such a way may recognize di-
verse myocardial antigens such as myosin, the adenine-
nucleotide translocator or the sarcolemma, all of which
have been reported as autoantigens in human dilated
cardiomyopathy [25, 27, 39]. This inappropriate im-
mune response may attack and destroy many uninfect-

ed myocytes and thus cause substantial myocyte loss or

So, how can enteroviruses induce dilated cardio-
myopathy if the percentage of cells that express viral
proteins such as the protease 2A is very low? First, the
number of infected cells in any sample is only indicative
of the number of cells infected at the point in time when
the tissue was harvested for analysis. A replicating virus,
even if only few cells are infected at any given time, can
infect many cells over a prolonged period of time and
thus cause substantial myocyte loss. The same concept
has been applied to myocyte apoptosis where the per-
centage of apoptotic nuclei is several-fold increased in
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dysfunction [21]. In this regard, it is noteworthy that in-
creased lymphocytic infiltrates and enhanced expres-
sion of cytolytic mediators such as perforin and TTA-1
have been reported in endomyocardial biopsies from
patients with dilated cardiomyopathy [5].

Another difference between hereditary dystro-
phin deficiency and cleavage of dystrophin by protease
2A is the chronic versus acute loss of dystrophin. In he-
reditary dystrophin deficiency, dystrophin is absent in
embryonic muscle and throughout the animal’s life.
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This allows for compensatory mechanisms such as up-
regulation of the related utrophin as has been ob-
served in dystrophin deficient mice [17]. However, in
virally infected cells there is acute cleavage of dystro-
phin that is likely to occur in a cell that cannot prompt-
ly compensate for the loss of dystrophin since host cell
translation mechanisms are impaired in the virally in-
fected cells. How this would affect the cell is not
known, but it may contribute to the more dramatic loss
of sarcolemmal integrity that is observed in virally in-
fected cells [4].

Recently, an alternative mechanism by which dis-
ruption of the dystrophin-glycoprotein complex can
cause cardiomyopathy has been proposed. In mice with
genetic disruption of a-sarcoglycan there is disruption
of the typical sarcolemmal organization in the cardiac
myocyte, but not in the vascular smooth muscle cells;
however, genetic knockout of &-sarcoglycan leads to
disruption of the sarcoglycans in both cardiac and vas-
cular smooth muscle cells. In these 2 models, significant
cardiomyopathy occurs only in the mice with genetic
disruption of d-sarcoglycan and disruption of the sar-
coglycan complex in vascular smooth muscle cells. This
is associated with arteriolar constriction leading to are-
as of apparent myocardial ischemia and cell death that is
increased with exercise [11]. Since coxsackievirus can
infect smooth muscle cells [15], it is conceivable that en-
teroviral infection of smooth muscle cells can lead to
disruption of the dystrophin-glycoprotein complex and
focal areas of arteriolar vasospasm and cell loss through
oxygen supply-demand mismatch. Such a paradigm
would not require that a large number of myocytes be si-
multaneously infected to affect a significant amount of
myocardium.

Taken together, the exact pathway of how disrup-
tion of the dystrophin-glycoprotein complex during
coxsackieviral infection induces cardiomyopathy is still
unknown. Nevertheless, cleavage of dystrophin by pro-
tease 2A is the first potential molecular mechanism that
relates the pathogenesis of familial cardiomyopathy to
events occurring in acquired cardiomyopathy. Ultimate-
ly, a complete understanding of the mechanisms by
which cleavage of dystrophin by protease 2A can con-
tribute to cardiomyopathy will depend on an improved
understanding of how genetic loss of the dystrophin-gly-
coprotein complex causes muscular dystrophy and di-
lated cardiomyopathy.

Herz 25-2000 - Nr.3 © URBAN & VOGEL

Acknowledgements
Cornel Badorff was supported by grants from the Deutsche For-
schungsgmeinschaft (Ba 1668/1-1 and Ba 1668/3-1). Kirk U. Knowlton
was supported by NIH grants RO1 HL57365-01.

References

1. ArberS, Hunter JJ, Ross J Jr, et al. MLP-deficient mice exhibit a dis-
ruption of cardiac cytoarchitectural organization, dilated cardio-
myopathy, and heart failure. Cell 1997;88:393-403.

2. Baboonian C, Davies MJ, Booth JC, et al. Coxsackie B viruses and
human heart disease. Curr Opin Microbiol Immunol 1997;223:
31-52.

3. Badorff C, Berkely N, Mehrotra S, et al. Enteroviral protease 2A di-
rectly cleaves dystrophin in vivo in the hinge 3 region and can be
inhibited by a dystrophin-based substrate analogue. J Biol Chem
2000; 275:11191-7.

4. Badorff C, Lee GH, Lamphear BJ, et al. Enteroviral protease 2A
cleaves dystrophin: Evidence of cytoskeletal disruption in an ac-
quired cardiomyopathy. Nature Med 1999;5:320-6.

5. Badorff C, Noutsias M, Kiihl U, et al. Cell-mediated cytotoxicity in
dilated cardiomyopathic hearts — Correlation with interstitial fi-
brosis and locally activated T lymphocytes. J Am Coll Cardiol 1997;
29:429-34.

6. Beggs AH. Dystrophinopathy, the expanding phenotype. Dystro-
phin abnormalities in X-linked dilated cardiomyopathy. Circula-
tion 1997;95:2344-7.

7. BettoR, Senter L, Ceoldo S, et al. Ecto-ATPase activity of a-sarco-
glycan (adhalin). J Biol Chem 1999;274:7907-12.

8. Blom N, Hansen J, Blaas D, et al. Cleavage site analysis in picorna-
viral polyproteins: discovering cellular targets by neural net-
works. Protein Sci1996;5:2203-16.

9. Bornman L, Rossouw H, Gericke GS, et al. Effects of iron depriva-
tion on the pathology and stress protein expression in murine X-
linked muscular dystrophy. Biochem Pharmacol 1998;56:751—7.

10. Chen J, Chien KR. Complexity in simplicity: Monogenic disorders
and complex cardiomyopathies. J Clin Invest 1999;103:1-3.

1. Coral-Vazquez R, Cohn RD, Moore SA, et al. Disruption of the sar-
coglycan-sarcospan complex in vascular smooth muscle: a novel
mechanism for cardiomyopathy and muscular dystrophy. Cell
1999;98:465-74.

12. Crosbie RH, Heighway J, Venzke DP, et al. Sarcospan: the 25 kDa
transmembrane component of the dystrophin-glycoprotein-com-
plex.J Biol Chem 1997;272:31221—4.

13. Dargie HJ, McMurray JJ, McDonagh TA. Heart failure-implications
of the true size of the problem. J Intern Med 1996;209:309-15.

14. Ervasti JM, Ohlendieck K, Kahl SD, et al. Deficiency of a glycopro-
tein component of the dystrophin complex in dystrophic muscle.
Nature 1990; 345:315—9

15. Godeny EK, Sprague EA, Schwarz CJ, et al. Coxsackievirus group B
replication in cultured fetal baboon aortic smooth muscle cells. J
Med Virol 1986;20:135—49.

16. Gradi A, Svitkin YV, Imataka H, et al. A novel functional human
eukaryotic translation initiation factor 4G. Mol Cell Biol 1998;
18:334—42.

17. Grady RM,Teng H, Nichol MC, et al. Skeletal and cardiac myopa-
thies in mice lacking utrophin and dystrophin: a model for Du-
chenne muscular dystrophy. Cell 1997;90:729-38.

18. Kandolf R, Hofschneider PH. Viral heart disease. Semin Immuno-
pathol 1989;11:1-13.

19. Kerekatte V, Keiper BD, Badorff C, et al. Coxsackievirus 2A protease
cleaves poly(A)-binding protein during infection and impairs
poly(A)-dependent translation in vitro. J Virol 1999;73: 709-17.

231



Badorff C, et al. Dystrophin-Glycoprotein Complex in Enteroviral Cardiomyopathy

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Klingel K, Hohenad| C, Canu A, et al. Ongoing enterovirus-induced
myocarditis is associated with persistent heart muscle infection:
Quantitative analysis of virus replication, tissue damage and in-
flammation. Proc Natl Acad Sci1992;89:314-8.

Knowlton KU, Badorff C. The immune system in viral myocarditis:
Maintaining the balance. Circ Res 1999;85:559—61.

Koenig M, Kunkel LM. Detailed analysis of the repeat domain of
dystrophin reveals four potential hinge segments that may confer
flexibility. J Biol Chem 1990;265:4560-6.

Koenig M, Manaco AP, Kunkel LM. The complete sequence of dys-
trophin predicts a rod-shaped cytoskeletal protein. Cell 1988;53:
219-26.

Lamphear BJ, Yan R, Yang F, et al. Mapping of the cleavage site in
protein synthesis initiation factor elF-4 gamma of the 2A proteas-
es from human Coxsackievirus and rhinovirus. J Biol Chem
1993;268:19200-3.

Lauer B, Padberg K, Schultheiss HP, et al. Autoantibodies against
cardiac myosin in patients with myocarditis and dilated cardio-
myopathy. Z Kardiol 1995;84:301-10.

Lim LE, Campbell KP. The sarcoglycan complex in limb-girdle mus-
cular dystrophy. Curr Opin Neurol 1998;11:443-52.

Maisch B, Drude L, Hengstenberg C, et al. Are antisarcolemmal
(ASA’s) and antimyolemmal antibodied (AMLA’s) “natural” anti-
bodies? Basic Res Cardiol 1991;83:Suppl 3:101-14.

Malhotra SB, Hart KA, Klamut HJ, et al. Frame-shift deletions in
patients with Duchenne and Becker muscular dystrophy. Science
1988;242:755-9.

Muntoni F, Cau M, Ganau A, et al. Brief report: Deletion of the dys-
trophin muscle-promoter region associated with X-linked dilated
cardiomyopathy. N EnglJ Med 1993;329:921-25.

Nigro V, Okazaki Y, Belsito A, et al. Identification of the Syrian
hamster cardiomyopathy gene. Hum Mol Genet 1997;6:601-7.
Oldstone MBA. Viruses, plaques and history. New York: Oxford
University Press, 1998.

Olivetti G, Abbi R, Quani F, et al. Apoptosis in the failing human
heart. N EnglJ Med 1997;336:1131-41.

Olson TM, Michels VV, Thibodeau SN, et al. Actin mutations in di-
lated cardiomyopathy, an inheritable form of heart failure. Sci-
ence 1998;280:750-2.

Petersen JFW, Cherney MM, Liebig H-D, et al. The structure of the
2A proteinase from a common cold virus: A proteinase responsible
for the shut-off of host-cell protein synthesis. EMBO J 1999;
18:5463-75.

Roberts RG, Bobrow M. Dystrophins in vertebrates and inverte-
brates. Hum Mol Genet 1998;7:589-95.

232

36.

37

38.

39.

40.

41.

42.

43.

44.

45.

46.

Rueckert RR. In: Fields BN, Knipe DM, Howley PM, eds. Fundamen-
tal virology, 3rd Vol. New York: Raven Press, 1996: 477-522.
Rybakova IN, Ervasti JM. Dystrophin-glycoprotein complex is
monomeric and stabilizes actin filaments in vitro through a later-
al association. ) Biol Chem 1997;272:28771-8.

Schocken DD, Arrieta MI, Leaverton PE, et al. Prevalence and mor-
tality rate of congestive heart failure in the United States. J Am
Coll Cardiol 1992;20:301-6.

Schulze K, Schultheiss HP. The role of the ADP/ATP carrier in the
pathogenesis of viral heart disease. Eur Heart J 1995;16:Suppl
0:64-7.

Spencer MJ, Walsh CM, Dorshkind KA, et al. Myonuclear apoptosis
in dystrophic mdx muscle occurs by perforin-mediated cytotoxic-
ity.J Clin Invest 1997;99:2745-51.

Straub V, Campbell KP. Muscular dystrophies and the dystrophin-
glycoprotein complex. Curr Opin Neurol 1997;10:168-75.

Towbin JA. The role of cytoskeletal proteins in cardiomyopathies.
Curr Opin Cell Biol 1998;10:131-139.

Towbin JA, Heijtmancik JF, Brink P, et al. X-linked dilated cardio-
myopathy. Molecular genetic evidence of linkage to the Du-
chenne muscular dystrophy locus. Circulation 1993;87:1854-65.
van der Kooi AJ, de Voogt WG, Barth PG, et al. The heart in limb-
girdle muscular dystrophy. Heart 1998;79:73-7.

Wessely R, Henke A, Zell R, et al. Low level expression of a mutant
coxsackieviral cDNA induces a myocytopathic effect in culture: An
approach to the study of enteroviral persistence in cardiac myocy-
tes. Circulation 1998;98:450-7.

Wessely R, Klingel K, Santana LF, et al. Transgenic expression of
replication-restricted enteroviral genomes in heart muscle induc-
es defective excitation-contraction coupling and dilated cardio-
myopathy. J Clin Invest 1998;102:1444-53.

Address for Correspondence:

Kirk U. Knowlton, MD, Department of Medicine, 0613k,
University of California, San Diego, 9500 Gilman Drive,
La Jolla, CA 92093-0613k, USA,

Phone (+1/858) 822-1364, Fax -3027,

e-mail: kknowlton@ucsd.edu

Herz 25-2000 - Nr.3 © URBAN & VOGEL



