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Introduction

Muscular dystrophies encompass a group of dis-
tinct genetic disorders, sharing a common feature
of skeletal muscle weakness and wasting that is
believed to be due to a disease process that occurs
within skeletal muscle cells. The pathological hall-
marks of muscular dystrophy patients include high
serum levels of cytosolic muscle enzymes and, upon
muscle biopsy, evidence of ongoing muscle necro-
sis, muscle regeneration, intersitial fibrosis and
fatty replacement. The vast genetic heterogeneity
of the more than 30 forms of muscular dystrophy
has been realized. It has long been recognized that
many muscular dystrophy patients have significant
risk of developing cardiovascular disease, with a
description of a patient dying from an enlarged
heart in one of the earliest known papers describ-
ing muscular dystrophy patients.! Given that there
are significant similarities, both structural and
functional, between cardiac and skeletal muscle,
similar disease mechanisms may be involved in
both skeletal muscle fibers and cardiac muscle
cells. Elevations in cardiac-specific cytoplasmic
markers such as cardiac troponin I in some muscu-
lar dystrophy patients may be analogous to release
of creatine kinase from skeletal muscle. However,
many proteins mutated in muscular dystrophy
patients are also expressed in the vasculature or the
cardiac conduction system, and have the potential
to modify cardiovascular function in addition to

any primary defect in cardiac muscle cells them-
selves.

In this chapter, we summarize our current
understanding of the genetic diversity and molecu-
lar mechanisms that lead to the development of
cardiomyopathy in muscular dystrophy patients.
Much of our current knowledge has been ‘derived
from smaller case studies, some natural history
studies in human patients, and study of genetic
mouse models. Together, these studies are begin-
ning to form a framework for important recom-
mendations regarding clinical care of human
patients. Hopefully, with additional basic research,
and much needed multicenter clinical assessments
and trials, pharmacological and/or genetic thera-
pies can be rigorously tested and applied to prevent
the important clinical problem of heart disease in
the muscular dystrophy patient population. More
broadly, the work on genetically defined forms of
cardiomyopathy will hopefully provide important
insight into the critical molecular mechanisms
behind the more common acquired forms of heart
disease.

Overview

The proteins affected by genetic mutations that
cause muscular dystrophy are localized to a number
of key functional systems within muscle cells,
including the extracellular matrix, the muscle cell
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membrane, the intracellular cytoskeleton, the
secretory pathway, the sarcomere and even the
nuclear envelope (Fig. 32.1). Although, in general,
cardiomyopathy is a recognized clinical problem in
many forms of muscular dystrophy, in some cases it
appears that cardiac muscle is spared (Table 32.1).
This may be due to differential expression of the

mutated gene in skeletal muscle, compared to cqp.
diac muscle and smooth muscle, but also may be
due to differences in the significance of the func.
tional processes affected by the mutation in cardiae
or skeletal muscle. There is not an extensive
amount of large-scale natural history data deter.
mining the relative risk of cardiomyopathy in
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Figure 32.1. Muscle proteins and molecular pathways involved in the pathogenesis of human muscular
dystrophies.
Table 32.1. Cardiac involvement in human muscular dystrophies.
Gene mutated Muscular dystrophy Inheritance  Cardiac
involvement
Membrane-associated proteins
dystrophin (DMD) Duchenne muscular dystrophy X-linked Very common
Becker muscular dystrophy X-linked Very common
o-sarcoglycan (SGCA) Limb girdle muscular dystrophy 2D AR Rare
B-sarcoglcyan (SGCB) Limb girdle muscular dystrophy 2E AR Common
y-sarcoglycan (SGCG) Limb girdle muscular dystrophy 2C AR Common
d-sarcoglycan (SGCD) Limb girdle muscular dystrophy 2F AR Common
caveolin 3 (CAV3) Limb girdle muscular dystrophy 1C  AD None reported
Rippling muscle disease AD Rare
HyperCKemia AD None reported
dysferlin (DYSF) Limb girdle muscular dystrophy 2B AR Rare
Miyoshi myopathy AR None reported
plectin (PLEC) Epidermolysis bullosa with AR None reported
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Table 32.1. Cardiac involvement in human muscular dystrophies — continued

Gene mutated Muscular dystrophy Inheritance . Cardiac
involvement
Enzymes involved in glycosylation
fukutin (FCMD) Fukuyama congenital muscular AR Common
dystrophy
fukutin-related protein (FKRP) Limb girdle muscular dystrophy 21 AR Common
Congenital muscular dystrophy 1C AR Common
protein O-mannosyltransferase Walker-Warburg syndrome AR None reported
1 (POMTT)
protein O-mannosyl-N- muscle-eye-brain disease AR None reported
acetylglucosaminy!
transferase (POMGNTT)
LARGE Congenital muscular dystrophy 1D AR None reported
Extracellular matrix proteins
laminin o, (merosin) (LAMAZ2) Merosin-deficient congenital AR Rare
muscular dystrophy
collagen VI (COL6) Ulirich congenital muscular AR None reported
dystrophy
Bethlem myopathy AD Rare
Sarcomeric proteins
Titin (TTN) Tibial muscular dystrophy/LGMD2J AR None reported*
calpain-3 (CAPN3) Limb girdle muscular dystrophy 2A AR None reported
telethonin (TCAP) Limb girdle muscular dystrophy 2G AR Common
myotilin (TTID) Limb girdle muscular dystrophy 1A AD None reported
Nuclear membrane proteins
emerin (EMD) Emery-Dreifuss muscular dystrophy X-linked Very common
lamin A/C (LMNA) Emery-Dreifuss muscular dystrophy AD Very common
limb girdle muscular dystrophy 1B~ AD Very common
Cytosolic proteins
TRIM32 Limb girdle muscular dystrophy 2H AR None reported
selenoprotein N1 (SEPNT) Rigid spine congenital muscular AR Common?
dystrophy
Nucleotide repeats
D474 region of chromosome 4 Facioscapulohumeral muscular AD Rare
dystrophy
DMPK(CUG repeat) Myotonic dystrophy 1 AD Very common
ZNF9 (CCUG repeat) Myotonic dystrophy 2 AD Very common
PABPN1 (poly-alanine) Oculopharyngeal muscular AD/AR None reported

dystrophy

Muscular dystrophies are classified by the proposed function of the gene (MRNA). Muscular dystrophy

nomenclature is by the convention of the World Muscle Society and cardiac involvement is indicated. *Mutations
in the TTN can cause DCM, but mutations in TTN causing muscular dystrophy do not seem to cause heart disease.
AD, autosomal dominant; AR, autosomal recessive.
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muscular dystrophies, but small clinical reports and
anecdotal evidence indicate that in many cases,
the risk of cardiovascular disease is probably very
significant. There are a number of excellent recent
reviews that describe the cardiovascular complica-
tions of some of the muscular dystrophies in greater
detail.>® In some forms of muscular dystrophy, the
European Neuromuscular Centre has proposed
some guidelines for clinical cardiovascular care.’ In
addition, research in mouse models of muscular
dystrophies has strongly supported the possibility
that pharmacological or genetic therapies will be
able to correct or improve cardiovascular disease in
muscular dystrophy patients.

Because of the vast genetic heterogeneity of
genes causing muscular dystrophy, and because
current classification systems of muscular dystro-
phies are based in part on the historical order of
clinical and genetic identification, we will instead
focus on the functional compartments of the

muscle cell affected by these mutations (Table
32.1).

Membrane-associated proteins

Mutations in several proteins localized to the
plasma membrane of muscle cells have been impli-
cated in the pathogenesis of various forms of mus-
cular dystrophy. The proteins of the
dystrophin—glycoprotein complex (Fig. 32.1)
appear to play a critical role in linking the sub-
membrane cytoskeleton to the extracellular
matrix. In additional, several other molecules that
regulate membrane structure or membrane-bound
signaling proteins appear to be important in human
muscular dystrophies. Many of these muscular dys-
trophies associated with defects in the muscle cell
plasma membrane present with clinically signifi-
cant cardiovascular disease.

Dystrophinopathies

The first mutation identified to cause muscular
dystrophy was in a protein called dystrophin which
causes two X-linked forms, Duchenne’s (DMD)
and Becker’s muscular dystrophy (BMD).!%!! The
dystrophin gene is one of the largest genes in
nature with 79 exons, and alterations in promoter
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usage and splicing can generate several dystrophin
isoforms."”” The major form expressed in skeletal
and cardiac muscle is the full-length 427 kDa jso-
form. Dystrophin is anchored to the sarcolemma
and the muscle cell plasma membrane, through its
association with the transmembrane dystrophin-
glycoprotein complex (DGC), which includes dys-
trophin, dystroglycan, sarcoglycans, sarcospan,
syntrophins and dystrobrevin.!* The N terminus of
dystrophin binds to the actin cytoskeleton, a long
rod domain containing 24 spectrin-like repeats,
and regions near the C terminus bind to dystrogly-
can (Fig. 32.1). Therefore, dystrophin, by anchor-
ing the DGC to the actin cytoskeleton, is thought
to provide structural support to the muscle cell
membrane and prevent membrane damage during
cycles of contraction and relaxation.* Mutations
in dystrophin cause loss of dystrophin from the
muscle cell membrane and a concomitant reduc-
tion in the expression of the DGC.">!¢ Although
dystrophin is also expressed in smooth muscle,
there is also significant expression of a dystrophin
homolog called utrophin in smooth muscle, and
utrophin appears to be able to maintain DGC
expression in smooth muscle in the absence of
dystrophin.!?

DMD was first identified in the mid 1800s, and
predominantly affects boys (X-linked) with a fre-
quency of 1 in 3500 male births, with clinical symp-
toms usually appearing between the ages of 3 and
6.% By the early teens, DMD patients are often
wheelchair bound, require respiratory therapy, and
neatly always die in their late teens or early twen-
ties. Although the exact percentages are uncertain,
it has been estimated that roughly 15-20% of
DMD patients die from heart failure or cardio-
myopathy, and the rest from predominantly
respiratory failure (40%) or a combination of
pneoumonia, respiratory failure and cardiovascular
complications.#1%?0 At least 90% of older DMD
patients have some form of cardiovascular involve-
ment detectable by either electrocardiogram
(ECG) or echocardiography.*. Sinus tachycardia is
almost always present after age 5, and is usually the
first sign of cardiac involvement.»*! Many patients
progress to dilated cardiomyopathy, although
sometimes hypertrophy is seen early on.?? In con-
trast, BMD patients only develop mild skeletal
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muscle disease, often do not require a wheelchair,
and can live a near normal lifespan. However,
despite their mild skeletal muscle disease, heart
muscle can be severely affected, with cardiac death
due to heart failure occurring in up to 50% of
patients.* Many BMD patients can present with
cardiomyopathy, while having little or no symp-
toms of skeletal muscle weakness.” Cardiovascular
involvement occurs in up to 90% of BMD patients,
detectable by echocardiography and ECG, with dis-
ease often progressing to dilated cardiomyopathy or
severe heart failure requiring cardiac trans-
plant.#?42 [t is not clear if the high prevalence of
cardiomyopathy with mild skeletal muscle disease
in BMD patients is solely due to a longer lifespan
in which cardiac disease can become apparent, or
whether somehow the specific mutations that
cause mild BMD differentially severely affect car-
diac muscle and while only having mild effects on
skeletal muscle.

The importance of dystrophin in the develop-
ment of heart disease is also supported by the iden-
tification of mutations in dystrophin that cause
X-linked dilated cardiomyopathy (XLDCM).26%
XLDCM is often described as an exclusively car-
diovascular disease, a particularly rapidly progress-
ing heart disease that usually affects males in their
teenage years. In many cases of XLDCM, patients
do have mild skeletal muscle involvement which
blurs the distinction between XLDCM and
BMD.428 However, certain XLDCM causing muta-
tions in the 5 end of the dystrophin gene appear to
regulate the interaction of the dystrophin promoter
with various molecules that regulate gene tran-
scription.?”?? In many of these patients, dystrophin
is completely absent in cardiac muscle, but skeletal
muscle shows upregulation of non-muscle dys-
trophin isoforms.?”? Therefore, differences in dys-
trophin gene expression regulation in cardiac and
skeletal muscle may explain the cardiovascular-
specific features of certain XLDCM patients.

Female carriers of BMD and DMD mutations
would also be predicted to have partial dystrophin
deficiency in the myocardium, due to random X-
inactivation in cardiac myocytes. Indeed, up to
90% of adult female DMD carriers have significant
cardiovascular involvement with echocaordio-
graphic and ECG changes, and up to 10% develop

cardiac failure.**® Because these patients are gen-
erally asymptomatic with respect to both cardiac
and skeletal muscle disease, this group should be
monitored closely for signs of preclinical cardiovas-
cular disease.

The major mechanism for dystrophin-related
cardiomyopathy is probably due to disruption of
DGC function, leading to destabilization of the
cardiac myocyte membrane, and resulting in
increased myocardial cell necrosis. Unlike skeletal
muscle, cardiac muscle is unable to undergo signif-
icant amounts of regeneration, and necrotic tissue
is replaced with connective tissue and/or fat. More
significant ECG changes appear to reflect scarring
of the left ventricular wall. The fibrotic changes in
the heart are probably responsible for the changes
in electrical conduction seen in human patient
ECGs,*!? The left ventricle appears more signifi-
cantly affected in DMD patients, perhaps indicat-
ing that increased myocardial wall stress induces
contraction-induced damage.?® The compensation
of dystrophin deficiency by utrophin appears to
maintain the utrophin—glycoprotein complex
expression in smooth muscle.'” However, there is
some evidence in human patients that blood flow,
at least to the limb muscles, is altered in DMD
patients.>* Data from mouse models suggest the
mechanism of alterations in blood flow might be
due to abnormal amounts of nitric oxide produced
by neuronal nitric oxide synthase (NOS) in skele-
tal muscle.>*® Neuronal NOS is associated with
the DGC in striated muscle cells, and regional
nitric oxide normally counterbalances ¢-adrenet-
gic-stimulated contraction of the microvasculature
during the ‘fight or flight’ response. It is unclear
whether this mechanism is involved in cardiomy-
opathy, as positron emission tomography studies
have not consistently shown abnormal or reduced
coronaty blood flow in human DMD and BMD
patients.’’

Mdx mice have naturally occurring mutations
in the dystrophin gene, and display many features
of human muscular dystrophy.® There is patholog-
ical evidence of cardiomyopathy, and histological
evidence of necrosis in the hearts of mdx mice
beginning around 24 months of age, along with ele-
vated levels of cardiac troponin 1.? The cardiovas-
cular phenotype in mdx mice appears to worsen
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under conditions of pressure ovetload, or isopro-
terenol infusion, suggesting cardiovascular stress
plays a significant modulatory role in disease patho-
genesis. ¥4 Mdx/myoD double knockout mice
have a more severe cardiomyopathy, even though
myoD is expressed in skeletal muscle cells, suggest-
ing that a more severe muscular dystrophy might
exacerbate the cardiovascular phenotype.*
Transgenic expression of the dystrophin gene
specifically within cardiac myocytes specifically res-
cues the cardiovascular phenotype within mdx
mice.” Mdx mice do not show evidence of coro-
nary vasospasm, nor do they respond to agents
which prevent coronary vasospasm in other mouse
models. This suggests that the primary defect in
mdx mice causing cardiomyopathy is a defect
within the cardiac myocyte, and not secondary to
a deficiency of dystrophin within smooth muscle of
the coronary vasculature.®

Sarcoglycanopathies
Sarcoglycans were originally identified by biochem-
ical purification of the DGC in skeletal muscle.!®
There are six known sarcoglycan genes in humans,
o, B, v, 8, € and {. The sarcoglycans are believed to
assemble as a five-protein complex of four single
pass transmembrane sarcoglycans, and a tetraspan-
like protein sarcospan (Fig. 32.1).* The major stri-
ated muscle sarcoglycan complex in the DGC is
composed of o, B-, - and 8- sarcoglycan!® e-
sarcoglycan shares significant sequence identity
with o-sarcoglycan, but is expressed much more
broadly in nearly all tissues.¥ &-sarcoglycan
replaces o-sarcoglycan, and assembles with B-, y-
and §-sarcoglycan in the smooth muscle sarcogly-
can—sarcospan complex.* (.sarcoglycan was
recently described and appears to be expressed in
skeletal muscle and smooth muscle, but it is still
unclear whether it is an essential component of the
major sarcoglycan complexes in these tissues.*?
Subsequent to the identification of sarcoglycans
in the DGC, mutations in d-, B-, y- and 8-sarco-
glycan were identified in limb girdle muscular dys-
trophies 2C-2F, respectively.*®-3 Patients generally
develop a muscular dystrophy that is variable
between DMD-like and BMD-like severity, and
cardiomyopathy is common in patients with muta-
tions in B-, ¥- and §-sarcoglycan mutations. Signs
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of cardiac involvement (ECG or echocardiographic
abnormalities) have been reported in approxi-
mately 30-70% of sarcoglycanopathy patients,
with nearly 20% showing clear signs of dilated
cardiomyopathy.**% Interestingly, mutations in ¢.
sarcoglycan in humans do not cause muscular
dystrophy, but instead are responsible for a hetedi-
tary form of myoclonus dystonia.”” Finally, hetero-
zygous mutations in &-sarcoglycan have been
identified in patients with inherited and idiopathic
dilated cardiomyopathy (DCM)." Interestingly,
these patients do not appear to have any skeletal
muscle disease. It is unclear what accounts for the
apparent tissue-specific effect of these particular
DCM mutations in §-sarcoglycan.

Interest in the smooth muscle expression of the
sarcoglycan complex originated largely from mouse
studies where the sarcoglycan genes have been
knocked out. In particular, o-sarcoglycan knock-
out mice do not develop significant evidence of
cardiomyopathy, while B- and &-sarcoglycan
knockout mice develop cardiomyopathy.’8-6!
Interestingly, while all three lines have the defi-
ciencies of the sarcoglycan complex in cardiac
muscle, the latter two lines of mice have the sarco-
glycan complex disrupted in smooth muscle in
addition to cardiac muscle (Fig 32.2).5%8%
Morphological studies showed evidence of coro-
nary vasospasm in these mice, as well as vasospasm
in skeletal muscle and other non-muscle tissues.”
Furthermore, the cardiomyopathy could be pre-
vented in B- and §-sarcoglycan knockout mice by
pharmacological agents, nicorandil or verapamil,
which prevented vasospasm (these agents could
not prevent mdx mouse cardiomyopathy).’*’®
Together these results have suggested that the dis-
ruption of the sarcoglycan complex causes a
primary defect in smooth muscle function that
contributes to the pathogenesis of cardiomyopathy.
Similar results of coronary vasospasm have been
reported in y-sarcoglycan knockout mice, which
also develop cardiomyopathy.®? There is some dis-
agreement in the field over the expression distribu-
tion of y-sarcoglycan in animal models, but it
appears clear that in human patients with muta-
tions in y-sarcoglycan the entire smooth muscle
sarcoglycan complex is disrupted.l’ Transgenic
expression of 7-sarcoglycan or &-sarcoglycan
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Figure 32.2. Cardiovascular distribution of the sarcoglycan complex in cardiac myocytes and blood vessels
contributes to the pathogenesis of vasospasm and cardiomyopathy. In o-sarcoglycan-deficient patients
(LGMD2D) the cardiac myocyte sarcoglycan complex is disrupted, but the sarcoglycan complex expression in
smooth muscle is maintained by expression of e-sarcoglycan. In B- and 8-sarcoglycan-deficient patients

(LGMDZE and 2F), the smooth muscle sarcoglycan complex is also disvupted and vasospasm and

cardiomyopathy occurs.

specifically in cardiac myocytes of corresponding
knockout mice can prevent cardiomyopathy, and
suggests that the smooth muscle disruption of the
sarcoglycan complex alone is not sufficient to cause
cardiomyopathy.®® These data together support the
hypothesis that the disruption of the sarcoglycan
complex in cardiac myocytes is critical to rendering
the muscle cells maore susceptible to ischemic chal-
lenges resulting from the coronary vessel dysfunc-
tion.%*

Defects in the sarcoglycan complex are also
responsible for inherited cardiomopathy in inbred
hamster lines.% The cardiomyopathic hamster
displays evidence of coronary vasospasm that is
responsive to verapamil, and is thought to play a
significant role in the focal necrosis seen in the
heart.%” Interestingly, two sublines, Biol4.6 and
TO-2, were inbred specifically for hypertrophic car-
diomyopathy and dilated cardiomyopathy, respec-
tively. However, both lines have the same deletion
of the first exon of the gene encoding §-sarcogly-
can.%8 It is still unclear how the same mutations in
d-sarcoglycan result in different forms of cardiomy-
opathy. Clearly, genetic modifiers between the two
hamster strains probably play an important role in
the differing pathogenesis of these two strains of
animals.

Caveolinopathies
Caveolins comprise a three-member gene family
that encode essential components of plasma mem-
brane invaginations called caveolae.®’ Caveolae
are specializations of the plasma membrane and are
rich in proteins involved in cellular signaling.
Caveolin-3 is a muscle-specific caveolin isoform.
Caveolin-3 is expressed in skeletal, cardiac and
smooth muscle, and is localized to the plasma
membrane in striated muscle.”? However, in
smooth muscle, caveolin-1 is the predominant iso-
form localized to the muscle cell membrane.”!
Dominant mutations in caveolin-3 have been
identified in four different forms of muscle disease
including limb girdle muscular dystrophy 1C
(LGMDI1C), rippling muscle disease (RMD), distal
myopathy and hyperCKemia.”>"® The clinical fea-
tures of each disease are distinct with, for example,
LGMDI1C having a typical muscular dystrophy phe-
notype and RMD having distinctive percussion-
induced muscle contractions. Although each
disease has differencesin clinical presentation, there
can clearly be overlap, with the same mutations
causingseveral differentdisorders, occasionallyeven
within the same family.””® There is one report of
patients with homozygous mutations in caveolin-3,
and they appear to have a more severe phenotype.”
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Cardiomyopathy has not been reported in
LGMDI1C.Infact, some mutations have been shown
to cause severely decreased skeletal muscle cave-
olin-3 membrane localization, while having little
effect on cardiac muscle caveolin-3 localization.®
There have been two cases of RMD where patients
were concluded to have died from cardiac arryth-
mias but were later shown to have CAV3 muta-
tions,8! and there is a form of recessive RMD where
severe cardiac arrythmias are common.® Despite,
the relative lack of cardiomyopathy in muscular dys-
trophy patients, mutations in caveolin-3 have been
recently described in a family with hypertrophic car-
diomyopathy, by a candidate gene approach.?? The
patients in this family did not have muscular dys-
trophy. Interestingly the identified mutated residue
is also a target for an LGMD1C mutation, albeit a
different substitution. The molecular basis for the
apparent tissue specificity of these mutations at the
same codon of caveolin-3 is unclear.

Despite the lack of evidence for cardiomyopathy
being common in caveolin-related muscular dystro-
phy patients, mouse models of caveolinopathies have
suggested that caveolin-3 may indeed be important
for cardiovascular function, at least in the mouse.
The caveolin-3 knockout mouse displays evidence
for a mild muscular dystrophy and progressive
cardiomyopathy with hypertrophy, dilation and
fibrosis.3* In addition, transgenic overexpression of
caveolin-3 in the heart also produces a similar
cardiomyopathic phenotype.®’ Finally, transgenic
overexpression of a LGMDIC mutant caveolin-3
in skeletal muscle and in heart causes muscular
dystrophy and hypertrophic cardiomyopathy.%
Therefore, the mouse models that increase or elim-
inate caveolin-3 expression, or increase expression
of mutant caveolin-3 expression, have not clarified
exactly how dominant mutations in caveolin-3, that
generally result in protein mislocalization, cause dis-
ease in human patients. However, several mecha-
nisms including alterations in mitogen-activated
protein kinase (MAPK) signaling, NOS signaling, or
alterations of interactions with either the DGC or
dysferlin have been proposed.”

Dysferlinopathies
Dysferlin is a transmembrane protein that is
expressed in both the sarcolemma and intracellular
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vesicles.¥” Mutations have been linked to two
allelic forms of muscular dystrophy that primarily
affect the distal or the limb girdle muscles, Miyoshi
myopathy and LGMD?2B, respectively.3® There
have been no reports of cardiomyopathy in Miyoshi
myopathy, but there are a few individual LGMD2B
patients presenting with ECG abnormalities or
Holter ECG abnormalities.? Recently, a mouse
model of complete dysferlin deficiency showed dys-
ferlin is involved in the muscle membrane repair
process by regulating the Ca?*-dependent fusion of
vesicles to repair holes in the plasma membrane. %
Interestingly, dysferlin localization is altered in
many forms of muscular dystrophy, suggesting that
this membrane repair pathway may be activated,
and dysferlin may play a modulatory role in other
forms of muscular dystrophy87°! Therefore, the
potential role of dysferlin in membrane repair in
the heart awaits further examination. The SJL
inbred mouse strain has a naturally occurring
mutation in dysferlin that decreases dysferlin pro-
tein expression.’? In addition, there is a dysferlin
homolog called myoferlin, which is expressed in
skeletal muscle, and the heart and may compensate
for the loss of dysferlin in certain striated muscles.

Epidermolysis bullosa with muscular
dystrophy (plectin)

Plectin is localized to the Z-discs in striated muscle
and to places where the cytoskeleton interacts with
the membrane such as intercalated discs, desmo-
somes and gap junctions in the heart.* Mutations
in plectin have been linked to autosomal recessive
epidermolysis bullosa with muscular dystrophy.®>%
Patients with plectin mutations have severe skin
blistering and a late-onset mild muscular dystro-
phy. No cardiovascular involvement has been
reported. Plectin-null mice die at 2-3 days of age,
and have skin blistering, mild skeletal muscle
necrosis, and disruptions of the intercalated discs
in the heart.”?

Rigid spine congenital muscular
dystrophy (selenoprotein N1)
Selenoproteins are enzymes involved in oxida-
tion—reduction reactions and have a selenocysteine
residue in the catalytic site. Selenoprotein N1
(SEPN1) is localized to the endoplasmic reticulum
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and appears to be an integral membrane protein.”®
Mutations in SEPN1 have been linked to rigid
spine congenital muscular dystrophy and a myo-
pathy called multiminicore disease.’>!® There are
several early reports of patients with a rigid spine
syndrome and cardiac involvement, but it is not
completely clear whether any or all of these
patients have SEPN1 mutations.!%-1% Selenium
defiency in the diet in humans is associated with a
cardiomyopathy called Keshan disease.!®® Keshan
disease is an interesting disorder of endemic cardio-
myopathy resulting from outbreaks of myocarditits
in children in rural China. Fortunately, Keshan
disease can be completely prevented by oral
sodium selenite.!% Keshan disease appears to be
caused by the selenium deficiency resulting in both
an increased susceptibility to Coxsackievirus-
induced myocarditis, and alterations in virulence
of certain coxsackievirus strains.!®1% Related to
muscular dystrophy-associated cardiomyopathy,
coxsackievirus protease 2A has been shown to
cleave dystrophin in experimental myocarditis
(described later in this chapter, page 555).

Enzymes involved in glycosylation

Despite the importance of the DGC in muscular
dystrophy and associated cardiomyopathy
described above, there have been no mutations in
humans described in the central protein of this
complex, dystroglycan. Dystroglycan plays a critical
role in the DGC as it binds intracellularly to dys-
trophin and extracellularly to Jaminin and other
extracellular matrix proteins, thereby providing a
critical link between the cytoskeleton and the
extracellular matrix (Fig. 32.1).1% Recently, a
number of muscular dystrophies have been charac-
terized with mutations in proteins that appear to be
involved in glycosylation of glycoproteins.!1o11!
These enzymes are critical in the glycosylation
pathway of dystroglycan, and the abnormal glyco-
sylation of dystroglycan in these patients disrupts
its function as an extracelluar matrix receptor.!!?
Therefore, these disorders can be thought of as
‘dystroglycanopathies’ because of the disruption of
the functional link from the cytoskeleton to the
extracellular matrix through dystroglycan. Similar

to mutations in other components of the DGC,
cardiomyopathy seems to be an important feature
in ‘dystroglycanopathy’ patients. In addition, many
of these patients have abnormal central nervous
system development and eye development, and
severe mental retardation. The traditional knock-
out of the dystroglycan gene in the mouse is embry-
onic lethal due to a malformation of embryonic
basement membranes.!’* However, the specific
deletion of the dystroglycan gene in skeletal muscle
causes muscular dystrophy.!1*1!5 The loss of dystro-
glycan function in the central nervous system in
the mouse recapitulates nearly all of the neuro-
logical features of these disorders.!!¢

Fukuyama congenital muscular
dystrophy

Fukuyama congenital muscular dystrophy (FCMD)
primarily affects the Japanese population, is the
second most common muscular dystrophy in Japan
(to Duchenne muscular dystrophy), and the major-
ity of cases are linked to a founder mutation in the
gene encoding fukutin (FCMD)."'" FCMD has
sequence similarity to the Fringe family of glycosyl-
transferases and is localized to the Golgi apparatus,
but its exact function is unknown.!'%11® FCMD
patients have been shown to be deficient in nor-
mally glycosylated o-dystroglycan and o-dystro-
glycan-dependent  ligand-binding activity in
FCMD skeletal muscle is disrupted.''?12° There are
several reports of severe myocardial fibrosis in
autopsied specimens of FCMD cases.!*12! In a post-
mortem study of 10 FCMD patients, one died of
confirmed heart failure, and eight died of sudden
death of undetermined causes.!?? In addition, the
fully glycosylated form of a-dystroglycan is not
detectable in heart samples from FCMD
patients.!?® A chimeric mouse model from fukutin-
deficient embryonic stem cells has been produced
(the knockout mouse is embryonic lethal) with
brain and muscle phenotypes similar to human
patients, but no cardiac characterization was
reported.'

Limb girdle muscular dystrophy 2I

and MDC1C (fukutin-related protein)
Mutations in a protein with sequence homology to
fukutin, fukutin-related protein (FKRP), have
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been described in patients with limb girdle muscu-
lar dystrophy (LGMD2I) and congenital muscular
dystrophy (MDCI1C).12#125 There is a reduction in
the fully glyocosylated form of o-dystroglycan in
skeletal muscle of patients with FKRP muta-
tions.!? The exact function of FKRP is unknown,
but FKRP is localized to the Golgi body.!®
Originally, mutations in FKRP were thought to
spare the brain, but recent evidence indicates that
rare patients can have developmental abnormali-
ties similar to FCMD and muscle-eye-brain dis-
ease.’?” LGMD2I is milder and of later onset than
MDCIC, and all LGMD2I patients share a
common founder missense mutation (L276]).1%8
The carrier frequency of the missense mutation is
as high as 1:400 in the United Kingdom. In general
the severity of LGMD?2I is milder than Duchenne
muscular dystrophy. Similar to Duchenne muscular
dystrophy and sarcoglycanopathies, dilated cardio-
myopathy is a frequent complication in LGMD2I
patients (~45% of patients), and left ventricular
functional defects are common in MDCIC even
before age 10.1%8:12

Walker-Warburg (sjyndrome and
muscle-eye-brain disease (POMT1
and POMGNT1)

Walker—Warburg syndrome (WWS) and muscle-
eye-brain disease (MEB) were originally thought to
be allelic disorders due to the similarities of their
clinical presentation including congenital muscular
dystrophy, abnormal brain and eye development,
and severe mental retardation.!3*!3! The clinical
features of WWS and MEB are similar to severe
FCMD, and patients with severe FKRP mutations.
WWS is generally more severe than MEB, with
patients failing to survive past three or four years of
age. Mutations in WWS and MEB patients have
been described in genes encoding enzymes
involved in O-mannosylation within the secretory
pathway, in genes encoding an O-mannosyl-
transferase (POMT1) and the O-mannosyl-N-
acetyl-glucosamine  transferase (POMGNT1),
respectively. 32133 Dystroglycan contains relatively
unique O-mannosyl linked sugars that are believed
to be important for ligand binding.3* WWS and
MEB patient skeletal muscle shows abnormal gly-
cosylation of o-dystroglycan, and a loss of dystro-
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glycan matrix receptor function.!'>'3 Becayse
there are no additional homologs for POMGNT] i
in humans, and POMT?2 is required for POMT] 1

function, it is likely these mutations also effect gly-

cosylation of dystroglycan in the heart. No cardiac

phenotypes have been reported in WWS or MEB,
However, due to the rarity and severity of these dis.
orders, and the young age of the patients at the
time of diagnosis, it could be that cardiovascular

phenotypes have not yet developed or are over.
looked.

Congenital muscular dystrophy 1D
(LARGE) -

LARGE is a protein with two domains that have
homology to glycosyltransferases. An association of
LARGE in muscular dystrophy was first shown by
identification of mutations in LARGE through
genetic linkage in the spontaneous mutant myody-
strophy mouse (myd).*® myd mice have abnormal
glycosylation of dystroglycan similar to FCMD and
MEB in both muscle and brain resulting in a loss of
ligand-binding activity.!'2 myd mice also have brain
abnormalities identical to those of the mice with
the dystroglycan gene (DAG) knocked out in the
brain, and recapitulate features of human
lissencephaly.!'>!® Mutations in LARGE have
been recently reported in a single patient with mus-
cular dystrophy and severe mental retardation, but
no cardiovascular phenotype was reported.!’’
However, evidence of late onset focal myocardial
necrosis/fibrosis has been shown in myd mice sug-
gesting cardiac involvement might be seen in
human patients.!3

Extracellular matrix proteins

Merosin (laminin-2)-deficient
muscular dystrophy

Laminin is a heterotrimer of o, B and 1y subunits,
and resides in the extracellular matrix."*® Laminins
can bind to dystroglycan through their C-terminal
G-domains, thereby completing the link from the
actin cytoskeleton through dystrophin and dystro-
glycan to the extracellular matrix. Mutations in the
laminin o, chain (merosin) cause merosin-defi-
cient congenital muscular dystrophy.!®° Laminin o,
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is expressed in the heart, but there is only one small
report where one out of six patients had significant
cardiac involvement with a reported congestive
cardiomyopathy at 1.4 years of age.!'*' The dy/dy
mouse is a naturally occurting model of laminin
0,,-deficient muscular dystrophy, and has been
reported preliminarily to have some cardiac
involvement, although the lifespan of this mouse
is only around 8 weeks.!*? The lack of significant
cardiac involvement in most patients could be due
to compensation by othet laminin o chains in the
heart, or perhaps due to the young age at the time
of diagnosis.

Bethlem myopathy and Ullrich
congenital muscular dystrophy
(collagen Vi)

Collagen VI is a component of collagen fibrils in the
extracellular matrix. Increased collagen deposition
is often a consequence of myocardial remodeling
following necrosis. Dominant mutations in the
gene encoding collagen VI (COL6) cause Bethlem
myopathy, and recessive mutations in COL6 have
been linked to Ullrich congenital muscular dystro-
phy.!31% Cardiac involvement with hypertrophic
cardiomyopathy has been reported in single
patients with Bethlem myopathy (one out of 27
examined), but overall cardiac involvement
appears to be rare in these muscular dystrophies.!*
A mouse model of collagen VI deficiency has been
recently characterized with a mild myopathy, but
no cardiovascular phenotype was reported.!*

Sarcomeric proteins

The sarcomere is the key functional unit within
muscle necessary to produce both force and
motion. It is well known that mutations in sarco-
mere proteins can affect heart function. Mutations
in sarcomere proteins are responsible for nearly all
cases of familial hypertrophic cardiomyopathy, and
mutations in sarcomere proteins have been identi-
fied in dilated cardiomyopathy patients.!*’ Many
hypertrophic cardiomyopathy patients surprisingly
do not have skeletal muscle disease, despite expres-
sion of the mutant proteins in skeletal muscle.!*®
However, there are mutations in sarcomeric pro-

teins that do cause muscular dystrophy and other
myopathies.!*’ In some cases, it appears as though
muscular dystrophy mutations in sarcomeric pro-
teins do not cause significant heart disease.
Therefore, with sarcomeric proteins it appears as
though different mutations in these proteins may
produce markedly different cardiac- or skeletal
muscle-specific phenotypes depending on the
location of the mutation and the functional or
structural property of the protein that is affected.

Tibial muscular dystrophy/LMGD 2J
(titin)

Titin is a huge protein that spans and binds to the
Z-line and the M-line of the sarcomere in striated
muscle. Titin is thought to be important in main-
taining sarcomere structure and the elasticity of
the sarcomere.!*® Mutations in the gene encoding
titin have been linked to dilated cardiomyopa-
thy.’’! However, mutations in titin have also been
linked to tibial muscular dystrophy/LGMD2].152 As
its name implies, tibial muscular dystrophy, prima-
rily affects the tibialis anterior, causing patients to
have ‘foot drop’. Mutations in titin have also been
linked to muscular dystrophy in a spontaneous
mutant mouse, the mdm or muscular dystrophy with
myositis mouse.'>* There have been neither cases of
cardiomyopathy in large studies of tibial muscular
dystrophy, nor reports of cardiomyopathy in the
mdm mouse.? Although the molecular basis for
the tissue specificity of titin mutations is unclear, all
the mutations that cause muscular dystrophy reside
near the calpain-binding site near the M-line on
titin, while mutations that cause cardiomyopathy
teside primarily near the Z-line region of titin.!**
Therefore, the interactions of titin and calpain may
be important in the muscular dystrophy phenotype
of titin mutations. In fact, tibial muscular dystro-

phy patients show a secondary loss of calpain 3 in
skeletal muscle.!%

Limb girdle muscular dystrophy 2A
(calpain 3)

Calpain 3 is a member of family of calcium-acti-
vated proteases and is expressed in adult skeletal
muscle. Although, not typically thought of as a sar-
comere protein, as described above calpain 3 is
known to bind to sarcomeric titin.'5 Patients with
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limb girdle muscular dystrophy 2A have recessive
mutations in calpain 3 leading to a loss of calpain
3 activity.” Although calpain 3 is expressed in
fetal cardiac muscle during cardiogenesis, the pro-
tein expression declines to non-detectable levels in
the adult heart.!®® Therefore, the skeletal muscle-
specific expression of calpain 3 may explain the
lack of cardiovascular phenotypes in muscular dys-
trophy patients with mutations both in calpain 3
and in titin.

Limb girdle muscular dystrophy 2G
(telethonin)

Telethonin (also called T-cap) is a small protein
that binds to titin and other Z-line proteins such as
o-actinin, at the Z-line.!® Recessive mutations in
telethonin result in loss of telethonin expression
and limb girdle muscular dystrophy 2G, with an
interesting feature of rimmed vacuoles within the
muscle.!® Telethonin is expressed in both skeletal
and cardiac muscle, and cardiovascular involve-
ment has been reported in one family with half of
the members showing cardiovascular symptoms.!®
Telethonin interacts with titin near the sites
that are mutated in DCM, and also interacts
with muscle LIM protein (MLP).!¢! Telethonin
has been proposed to be a mechanical stress
sensor in cardiac muscle along with MLE and
mutations in MLP also cause both HCM and
DCM.161'162

Limb girdle muscular dystrophy 1A
(myotilin)

Myotilin is expressed in both adult cardiac and
skeletal muscle, binds to ot-actinin, and is believed
to help cross link actin filaments at the Z-line.!>
Myotilin is more broadly expressed during develop-
ment, and may be involved in actin filament assem-
bly in other tissues. Mutations in the gene
encoding myotilin have been linked to autosomal
dominant limb girdle muscular dystrophy 1A.164
Patients typically present with proximal muscle
weakness and a characteristic dysarthic pattern of
speech.!® Despite the expression of myotilin in the
heart, no cardiac involvement has been reported in
LGMDI1A, even though large families with this dis-

order have been characterized.!%
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Nuclear membrane proteins

Like the plasma membrane, the nuclear membrane
also has a submembrane network of proteins that
are involved in structure and function within the
nucleus. A number of mutations in nuclear mem-
brane proteins have been linked to a variety of
cardiovascular and muscle diseases. These genetic
studies have helped to define the important role of
the nuclear membrane in cellular function, both in
muscle and in other tissues. Most of the muscular
dystrophy patients with genetic defects in nuclear
membrane proteins present with cardiovascular
phenotypes. However, as described below, in some
cases the various disorders associated with the
mutation in the same protein appear to only have
partial clinical overlap.

X-linked Emery-Dreifuss muscular
dystrophy (emerin)

Emerin is expressed underneath the nuclear mem-
brane.!% Emerin appears to interact directly with
the nuclear membrane and a protein called BAE
BAF in turn binds to heterochromatin.!” In addi-
tion, a protein called nesprin appears to cross link
emerin and lamin A/C, and help to form a subnu-
clear membrane cytoskeleton.!%® Therefore, it is
still not clear whether or not the primary function
of emerin is to regulate gene expression through an
interaction with chromatin, or to regulate nuclear
membrane structure. Mutations in emerin have
been linked to X-linked Emery—Dreifuss muscular
dystrophy (XL-EDMD).!® Mutations in the gene
encoding emerin tend to either cause the loss of
stable protein expression or mislocalization of
emerin from the nucleus.!”%"! XI.EDMD is char-
acterized by early contractures (prior to muscle
weakness), a slowly developing progressive muscle
weakness that effects the proximal upper arms and
distal lower limbs, and significant cardiac conduc-
tion defects. The cardiac defects are the most
serious clinical aspect of XL-EDMD with sudden
death being common from complete heart block or
other forms of arrythmia.

Longitudinal studies of XL-EDMD patients
have been described, and conduction system -
defects are very common.!” Conduction defects
usually first present as prolonged PR interval and
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sinus bradycardia. Complete sinoatrial and atrio-
ventricular block, atrial flutter or complete paraly-
sis are common, in some cases without any
patient-perceived symptoms. In many cases the
atria become dilated, and in some cases patients
develop dilated cardiomyopathy, heart failure or
sudden death.!”»!” Because conduction defects
and sudden death are common in XL-EDMD, 24-
hour Holter monitoring is recommended, and
pacemaker insertion can be life saving.!”? Female
carriers of emerin mutations do not have signifi-
cant skeletal muscle disease, but can present with
cardiac conduction defects.!717

Autosomal dominant Emery-Dreifuss
muscular dystrophy and limb girdle
muscular dystrophy 1b (lamin A/C)
Lamin A and lamin C are broadly expressed, and
are proteins produced from the same gene (Lamin
A/C, LMNA) but differ in their C terminus.!?® As
mentioned above, lamin A/C are components of
intermediate filaments that reside underneath the
nuclear membrane and form the submembrane
cytoskeleton. Mutations in lamin A/C have been
described in autosomal dominant Emery-Dreifuss
muscular dystrophy (AD-EDMD),!"" and autosmal
dominant limb girdle muscular dystrophy 1B
(LGMD1B).1%® AD-EDMD is clinically similar to
XL-EDMD, with early contractures, humoral-
peroneal weakness and cardiac conduction defects.
LGMDIB is clinically defined by the absence of
early contractures, and slowly progressive limb
girdle weakness, with cardiac conduction defects.
The complexities of variable clinical phenotypes
from mutations in the same gene are confounded
by the fact that mutations in LMNA can also cause
DCM without muscular dystrophy,!” familial
partial lipodystrophy,'818! autosomal recessive
Charcot-Marie-Tooth syndrome type 2B1,'8
mandibuloacral dysplasia (MAD),'8® atypical
Wermer'’s syndrome,'® and Hutchinson—Gilford
progeria syndrome.!8%186 Although many of these
disorders are considered to be clinically distinct,
there can be overlapping clinical features. For
example, MAD patients also have partial lipodys-
trophy,1#* and DCM patients with LMNA muta-
tions also have cardiac conduction defects.!”
Recently a mutation in a single family has been

described that has features of Charcot-Marie~
Tooth syndrome, muscular dystrophy, heart
conduction defects and DCM. 7

The molecular basis of the different clinical fea-
tures of LMNA mutations is currently unclear.
Originally, it was believed that perhaps different
mutations in LMNA affect separate functions or
interactions of lamin A/C in a genotype/pheno-
type-specific manner. However, experimental evi-
dence and sufficient genetic evidence for this
hypothesis is lacking. As described above, certain
genetic loci can display features of several dis-
orders. Futhermore, LMNA mutants with muta-
tions representing different disease mutations,
appear to have no consistent genotype/phenotype
dependent effect on levels of protein expression or
localization.!® The most striking example of
experimental evidence for the lack of genotype-
specific effects on lamin A/C function is a knock-
in mouse where a specific mutation was knocked in
to the LMNA locus to tepresent a model of AD-
EDMD.® Heterozygous mice do not display any
evidence of muscular dystrophy like human
patients, but homozygous mice display a phenotype
consistent with Hutchinson—Gilford progeria syn-
drome. Therefore, there appears to be a relative
continuum of clinical entities that can be caused by
lamin A/C mutations. Depending on the severity of
the mutation, whether the mutation is homozygous
or heterozygous, and probably the genetic back-
ground, certain clinical phenotypes are more
prominent or apparent than others.!%

How LMNA mutations cause disease, particu-
larly in skeletal and cardiac muscle is currently
unclear, As with emerin, it is unclear whether or
not lamin A/C primarily functions in nuclear struc-
ture or regulation of gene expression. Knockout
mice for lamin A/C have been generated and dis-
play a severe EDMD phenotype and die early.!!
Cells from lamin A/C null mice, and some human
EDMD patients show some rare evidence of
nuclear membrane damage.’-!% However, lamin
A/C is also localized into speckles that appear to be
involved in spatial organization of gene transcrip-
tion and splicing.”™ Alternatively, it may be that
the structural and gene regulation hypotheses are
not mutually exclusive. Recently, lamin A/C null
cells, when subjected to external mechanical
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strain, show increased nuclear deformation and
decreased nuclear factor-kxB (NF-xB) transcrip-
tional response or alterations in other transcription
factor localization.'%>1% Therefore, both nuclear
membrane structure and transcriptional responses
to external mechanical strain may be altered by
LMNA mutations, and may be involved in some of
the disease processes in striated muscle where
changes in mechanical strain of the cells is fre-
quent.

Cytosolic proteins

Limb girdle muscular dystrophy 2H
(TRIM 32)

TRIM32 is a member of the tripartite motif family
of proteins of which there are more than 37 family
members.!”” Mutations in TRIM family members
have been identified in a number of human dis-
eases. TRIM32 is ubiquitously expressed in the
cytosol of cells, and is believed to be involved in the
ubiquitin—proteosome pathway.® Mutations in
TRIM32 have been identified in autosomal reces-
sive LGMD2H, a mildly progressive limb girdle
muscular dystrophy primarily within the Manitoba
Hutterite population.!® There is no cardiovascular
involvement reported in LGMD2H. '

Nucleotide repeat disorders

Nucelotide repeats with varying length and com-
plexity are quite common within the human
genome. In some cases the repeats occur within
coding regions of genes, but often they reside in
non-coding sequence. Several human diseases
have been linked to alterations in nucleotide
repeats including fragile X syndrome and
Huntington’s disease.?® Alterations in nucleotide
repeats have also been linked to forms of muscle
disease.

Facioscapulohumeral muscular
dystrophy

Facioscapulohumeral muscular dystrophy (FSHD)
has been linked to deletions of an integral number
of tandem 3.2 kb repeats within a region of chro-
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mosome 4 known as D474.2°%2 Normal individy.
als have between 11 and 150 repeats while <11
repeats is associated with FSHD.2® FSHD s ap
autosomal dominant disorder that often produces
assymetrical weakness affecting the muscles of the
face, upper back and arms. The molecular mechg-
nism of FSHD is unclear, but recent evidence
suggests that the D474 region might be a
transcriptional repressor of nearby genes on chro-
mosome 4, and the repeats may be a binding site for
transcriptional repressor factors.?* Cardiovascular
involvement is uncommon in FSHD, but in rare
cases clinically significant ECG abnormalities or
induced ECG abnormalities have been detected 2%

Myotonic dystrophy
Myotonic dystrophy is one of the most common
forms of muscular dystrophy in humans with a fre-
quency of about 1 in 8000 live births.2% Two forms
of autosomal myotonic dystrophy have been
described. Myotonic dystrophy type 1 (DM1) has
been linked to a trinucleotide repeat expansion
within the 3" untranslated region of myotonic dys-
trophy protein kinase gene (DMPK).20™-20 T
normal individuals, the (CTG)n repeat length is n
= 5-34, but raises to n = 50-2000 in DM1. DM1
has a number of clinical symptoms including active
myotonia (which may have both muscle and
peripheral nerve components), central nervous
system defects, cataracts, endocrine abnormalities
including diabetes, gastrointestinal tract dysfunc-
tion and cardiac involvement.” Myotonic dystro-
phy type 2 (DM2) shares many clinical features
with DM1, and has been linked to an expansion of
a (CCTG)n repeat within the first intron of the
gene encoding zinc finger protein 9.21°

The cardiovascular complications in myotonic
dystrophy are significant, and sometimes the earli-
est signs of disease.” The most common findings in
DMI1 are cardiac conduction defects in approxi-
mately 65% of patients.2!! The mean age of death
is 53 years in DM1 patients, with 30% of fatalities
being due to cardiovascular events, and 40% due to
respiratory failure. Upon ECG monitoring, patients
show long PR intervals, wide QRS and late poten-
tials.?12 Ventricular arrythmias, as well as atrial flut-
ter or fibrillation are also quite common, sometimes
resulting in clinical symptoms.?’* Malignant ven-
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tricular tachycardia may also be a significant cause
of sudden cardiac death in DMI1 patients, and
require treatment in addition to pacemaker
implantation.?'* Direct myocardial dysfunction is
not frequently observed, but in some cases of car-
diac hypertrophy, diastolic dysfunction, ischemic
heart disease and mitral valve prolapse have all
been described in DM1 patients.?"> A recent large-
scale retrospective study suggests approximately
14% of patients have detectable left ventricular
systolic dysfunction, while only 2% received a diag-
nosis of heart failure.?’® Some studies suggest
significant coronary vascular abnormalities may
precede the development of cardiomyopathy in
DM1 patients.’!” Autopsy analysis indicates that
the conduction system and ventricular myocytes
are both common targets for pathogenic
processes.?'® Although not as extensively studied,
DM2 patients also have a high prevalence of
cardiac conduction defects.?!’

The exact molecular basis of myotonic dystro-
phy is currently unclear, but the field is developing
rapidly. The first myotonic dystrophy hypothesis
was that the nucleotide expansion in DM1 may be
causing either abnormal expression of DMPK itself,
or a heterochromatin-like silencing effect on
neighboring genes. The DMPK gene was therefore
disrupted in mice,??%?2! Mice developed a mild
myopathy with no typical signs of myotonic dystro-
phy such as skeletal muscle weakness. However,
DMPK homozygous knockout mice do have car-
diac conduction defects, and the severity of the
defect seems to be related to the gene dosage of
DMPK, because heterozygous mice have a less
severe cardiac conduction defect.’?? To test the
potential effects of the expansion on neighboring
gene expression, the Six5 gene was knocked out in
mice, and heterozygous and homozygous mice have
cataracts,??>??* so DMPK activity and Six5 may
play a role in some aspects of myotonic dystrophy.
However, this could not explain how an expansion
on another chromosome could result in a similar
myotonic dystrophy (DM2) and cardiac conduc-
tion defects. Most of the recent data to date indi-
cate that a majority of the myotonic dystrophic
phenotype can be ascribed to a toxic gain of func-
tion of mutant mRNA containing expanded
repeats. These repeat-containing mRNAs tend to

cluster within nuclei and sequester nuclear factors,
such as a CUG/CCUG-binding protein called mus-
cleblind, that are required for gene transcription
regulation and gene splicing machinery.?23-227
Several muscle genes have been shown to be alter-
natively spliced in myotonic dystrophy such as the
insulin receptor and CIC-1 chloride channels.??822°
In support of this latter hypothesis, transgenic mice
overexpressing expanded CUG repeat mRNAs,
and the muscle-blind knockout mouse both have
many of the features of myotonic dystrophy.230231
Furthermore, a transposon insertion in the CIC-1
gene causes myotonia in mice.?? Therefore, some
of the myotonic dystrophy cardiovascular pheno-
type may be due to a loss of DMPK function, but it
is likely that abnormal splicing also plays a role in
disease phenotypes and cardiac conduction defects
in both DM1 and DM2 patients.

Oculopharyngeal muscular dystrophy
Oculopharyngeal muscular dystrophy (OPMD) is
inherited in both an autosomal dominant and
recessive pattern, and patients present with pha-
ryngeal weakness and ptosis of the eyelids.23
OPMD has been linked to trinucleotide expansion
within the polyadenylate-binding protein nuclear 1
gene.?3% In this muscular dystrophy, the nucleotide
expansion is in the coding region of the gene, and
encodes for an expanded polyalanine track of 10
alanines (normal) to 11 alanines (recessive
OPMD) or 12-17 alanines (dominant OPMD).
Mutant PABPN1 appears to accumulate in the
nucleus as intranuclear inclusions, and the
expanded polyalanines may cause oligomerization
of this protein into filaments.23’ No cardiovascular
phenotypes have been reported in OPMD patients.

Acquired forms of cardiomyopathy
Muscular dystrophy genes in many cases appear to
provide a genetic explanation for relatively rare
forms of human cardiovascular disease. However,
muscular dystrophy proteins have also been identi-
fied as targets for pathological processes within
more common forms of acquired cardiovascular
disease.

Enteroviral infections are a common cause of
human myocarditis. Enteroviral infections trigger a
number of cascades within cells to allow for viral
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replication. Enteroviral infection, particularly from
coxsackievirus B3, has been shown to result in the
expression of enteroviral protease 2A that can
cleave dystrophin.??® This dystrophin cleavage
results in disruption of the DGC and sarcolemmal
integrity of virus-infected cells. Interestingly, when
the same coxsackievirus B3 infection is performed
in mdx mice, the myocarditis is much worse.3
Although, this clearly indicates dystrophin is prob-
ably not the only pathogenic player in coxsack-
ievirus infection-induced myocarditis, it does
suggest dystrophin cleavage may be involved in
reducing sarcolemmal integrity to allow viral dis-
semination and further infection.

In addition, a number of muscular dystrophy
proteins appear to be rtemodeled following
ischemia—reperfusion injury. For instance, dys-
trophin appears to be lost from the sarcolemma fol-
lowing ischemia, and in randomly sampled human
heart failure patients.”?%2° This may be due to
some downstream effect of ischemia on the cleav-
age of B-dystroglycan.*® Some of the changes in
DGC protein expression may be explained by the
activation of myocardial calpains.?#! Caveolin 3
also changes its localization from the sarcolemma
to the cytosol following myocardial ischemia or
experimental myocardial infarction.?*? It is not
clear if these changes in muscular dystrophy pro-
teins play a causal role in the development of
myocardial dysfunction following ischemia, but it is
well known that genetic alterations in these pro-
teins can indeed cause cardiovascular phenotypes

Clinical recommendations and
therapies for cardiomyopathy in
muscular dystrophy patients

Recently, the European Neuromuscular Center
(ENMC) has produced a guide for the clinical
management of heart disease in muscular dystro-
phy patients and can be consulted for details.® In
specific muscular dystrophies, such as myotonic
dystrophy, clinical recommendations from other
groups have also been recently published.”?** Even
though the cardiovascular complications in some
forms of muscular dystrophy are rare, many dystro-
phies do not have large natural history studies, and
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tberefore cannot precisely define the prevalence or
risk of cardiovascular disease. Therefore, it is prob-
ably warranted that all patients with muscular dys-
trophy receive a cardiovascular examination (ECG
and echocardiography) at the time of diagnosis
especially if the genetic diagnosis is unclear. h{
addition, the ENMC recommends routine cardio-
vascular follow-up in nearly all patients with mus.
cular dystrophy at regular intervals: annually for
DMD and sarcoglycanopathy patients over age 10,
every two years for DMD and sarcoglycanopathy
under age 10, and every 5 years for BMD patients
or DMD carriers after the age of 16. In cases where
cardiac corduction defects are common (XL-
EDMD, AD-EDMD/LGMDIB, myotonic dystro-
phy) rigorous 12-lead ECGs should be performed at 3
diagnosis, and annually afterwards. 3

As is the case with skeletal muscle disease in §
muscular dystrophy patients, there are no direct
therapies defined that will completely prevent or }
cure cardiovascular disease in muscular dystrophy 3
patients. Standard care for heart failure treatment 3
applies in muscular dystrophy cases where there is 3
a progressive trend toward cardiomyopathy or
heart failure. Angiotensin-converting enzyme §
(ACE) inhibitors and sometimes B-blockers,
depending on symptoms, appear to be beneficial in 3
improving symptoms in DMD/BMB and sarco-
glycanopathies. Although - verapamil and nico-}
randil have been used in the sarcoglycanopathy §
mouse and hamster to prevent cardiomyopathy, no 4
trials of the efficacy of agents, such as calcium}
channel blockers, targeting coronary vasospasmi
have been reported in human patients, so their usé §
should be approached with some caution. In]
cardiomyopathies with conduction defects, there
are no clear indications that anti-arrhythmic drugs
are effective. Pacemakers are highly recommended }
in myotonic dystrophy and XL-EDMD when con-
duction defects are progressive, even if there are no
clinical symptoms. However, in laminopathiek§
(AD-EDMD/LGMDI1D) pacemakers may not bef
the method of choice. Dilated cardiomyopathy c:
occur in laminopathy patients in concert with ve
tricular conduction defects. Sudden death is often
seen even with pacing.?** Therefore, implantablgg
defibrillators are currently generally recommendetis
in patients with laminopathies. Cardiac transpla
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tation has been performed and is a viable alterna-
tive in some cases of BMB, XLDCM and DMD car-
riers, where cardiovascular symptoms are severe
but skeletal muscle function is less affected or
normal.’®

Primarily due to a lack of understanding of the
molecular mechanisms underlying inherited car-
diomyopathies in muscular dystrophy patients,
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Figure 32.3. Different pathways to disruption of the dystrophin—glycoprotein complex in the heart.
Dystrophin—glycoprotein complex function can be disrupted: (A) by direct mutation of its components, (B)

secondary to the loss of enzymes required for dystroglycan function, (C) secondary to enteroviral infection, and
(D) secondary to myocardial ischemia—reperfusion injury.
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sarcoglycan to the heart of the mdx mouse or the
cardiomyopathic hamster, respectively.?*>2*" The
preliminary results are encouraging and seem to
show some limited or significant effect on restoring
sarcolemmal integrity. However, full prevention of
functional cardiomyopathy has not been demon-
strated. In addition, gene transfer of therapeutic
proteins targeting calcium handling or B-adrener-
gic receptor signaling within cardiac myocytes have
been tested in the cardiomyopathic hamster, and
seem to be able to improve cardiac function.?#8%%
Issues of gene vector delivery, vector serotype, effi-
ciency and efficacy are currently being examined in
a number of animal models.

Summary

Clearly, a number of advances in our understanding
of the genetic basis of human cardiomyopathy have
come from the genetic, molecular and physiological
studies on muscular dystrophy patients and mouse
models. The complexity of the molecular mecha-
nisms are beginning to be realized as important
muscle proteins can be affected by direct genetic
mutation, mutations in proteins or mRNAs that
bind to or modify proteins (such as glycosylation
enzymes), and non-genetic pathways (such as viral
infections and changes in extracellular environ-
ment due to other systemic diseases) (Fig. 32.3).
Hopefully, by understanding these complex molec-
ular pathways, the most critical proteins and path-
ways that lead to muscular dystrophy and its
associated cardiomyopathies will be identified.
With advances in patient care, particular respira-
tory care, muscular dystrophy patients are living
much longer today than in the past, and cardiovas-
cular disease will probably become an even more
important issue in the clinical care of muscular dys-
trophy patients.?’ In addition, the molecular under-
standing of these relatively rare genetic disorders
will hopefully define critical pathways that may be
involved and targeted in more common acquired
forms of muscle and cardiovascular disease.
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