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Hypertrophic cardiomyopathy: from gene defect to clinical disease
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ABSTRACT

Major advances have been made over the last decade in our understanding of the molecular basis of several
cardiac conditions. Hypertrophic cardiomyopathy (HCM) was the first cardiac disorder in which a genetic
basis was identified and as such, has acted as a paradigm for the study of an inherited cardiac disorder.
HCM can result in clinical symptoms ranging from no symptoms to severe heart failure and premature
sudden death. HCM is the commonest cause of sudden death in those aged less than 35 years, including
competitive athletes. At least ten genes have now been identified, defects in which cause HCM. All of these
genes encode proteins which comprise the basic contractile unit of the heart, i.e. the sarcomere. While much
is now known about which genes cause disease and the various clinical presentations, very little is known
about how these gene defects cause disease, and what factors modify the expression of the mutant genes.
Studies in both cell culture and animal models of HCM are now beginning to shed light on the signalling
pathways involved in HCM, and the role of both environmental and genetic modifying factors. Under-
standing these mechanisms will ultimately improve our knowledge of the basic biology of heart muscle
function, and will therefore provide new avenues for treating cardiovascular disease in man.
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INTRODUCTION

Over the last decade, major advances have been
made in our understanding of the molecular basis of
cardiovascular disease. When the double helical struc-
ture of DNA was first described in 1953 by Watson
and Crick in a two-page article in Nature[1], no one
could have predicted the tremendous impact this dis-
covery would have in establishing the study of hu-
man genetic diseases. This discovery, coupled with
the acceptance of Mendel’ s theory of inheritance,
were two important landmarks in the development
of the field of cardiovascular molecular genetics. In
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addition, several recent technological advances have
fueled a surge in molecular genetic research in car-
diovascular disease. Such advances include the un-
derstanding of biochemical components of DNA, the
development of cloning techniques and DNA
sequencing, the amplification of DNA by polymerase
chain reaction (PCR), the identification of restric-
tion enzymes to allow small pieces of DNA to be
manipulated, and the undertaking of the Human
Genome Project[2]. Today, molecular cardiology is
characterised by the integration of high-technology
laboratory studies and clinical medicine. Molecular
genetics has redefined the aetiology and diagnostic
criteria for numerous diseases and has led to the de-
velopment of new, individualised treatment regi-
mens for several cardiovascular diseases. This re-
view will focus on progress made in the study of an
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important inherited cardiomyopathy, a disorder which
has acted as a paradigm for the study of a genetic
cardiovascular disease.

Hypertrophic cardiomyopathy: The clini-
cal disease

The first cardiovascular disorder in which a ge-
netic basis was identified is hypertrophic cardiomy-
opathy (HCM). Since the modern description of HCM
when the disorder was referred to as a “tumour of
the heart” [3], much interest has been generated in
this clinically diverse cardiac disorder. HCM is a pri-
mary disorder of the myocardium characterized by
hypertrophy, usually affecting the left ventricle, in
the absence of other loading conditions such as
hypertension, aortic valve stenosis or thyroid disease
[4] (Fig 1A). Although previously thought of as a rare
disorder, recent population-based studies suggest the
prevalence of the condition to be as high as 0.2% (or
1in 500) in the general population[5]. The disorder
has a wide clinical spectrum, ranging from a benign,
asymptomatic course, to symptoms of heart failure
[6]. The most serious complication is sudden cardiac
death, with HCM being the commonest cause of sud-
den cardiac death in individuals aged less than 35
years, including competitive athletes[7-10]. Clinical
diagnosis is based on unexplained cardiac hypertro-
phy on echocardiography, which can be subtle or
massive, that is classically asymmetric with particu-
lar involvement of the interventricular septum, but
can also be concentric, diffuse or focal. Asymmetric
septal hypertrophy causes a resting or provocative
left ventricular outflow tract obstruction in approxi-
mately 25% of affected individuals. Although unex-
plained cardiac hypertrophy is an important patho-
logic hallmark of disease, altered cardiac morphol-
ogy is an age-dependent phenotype, often lacking
in children aged less than 10 years[11-12]. Histopa-
thology features include disorganized myocyte
architecture, including disarray of myocyte fibres,
intertwined hypertrophied myocytes with bizarre-
shaped nuclei, and focal or widespread interstitial
fibrosis (Fig 1B).

The clinical management of HCM is complex, in
part due to the heterogeneous symptoms exhibited
by affected individuals as well as the marked vari-
ability in the natural history of this disease. As pre-
viously mentioned, HCM can occur without
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symptoms, but most individuals experience some
dypsnoea, angina and palpitations[6]. The natural
history of disease is usually a gradual progression of
symptoms, but in some, sudden death or severe heart
failure is superimposed. Cardiac death in HCM is
often unexpected, occurs throughout life, and even
in asymptomatic individuals. Considerable data in-
dicate ventricular arrhythmias significantly contrib-
ute to the incidence of sudden death, but clinical
tests are often inaccurate in assessing risk. Atrial
arrhythmias, embolic events, and congestive heart
failure also contribute to the premature morbidity
and mortality of this disorder[13]. Treatment op-
tions range from lifestyle changes, e.g. avoiding com-
petitive sports, to drug therapies such as beta-
blockers, and interventions such as dual chamber

Fig 6. Pathology of hypertrophic cardiomyopathy

A. Post-mortem examination of the heart from an individual
ith HCM demonstrating massive asymmetric left ventricu-
lar hypertrophy, with associated reduction in left ventricular
cavity size, compared to a normal heart.  B. Histopathology
of heart sections stained with Massons trichrome showing
significant myofibre disarray and interstitial fibrosis in HCM.
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pacemakers, alcohol septal ablation, and implant-
able cardioverter-defibrillators [for review see ref
14].

Hypertrophic cardiomyopathy: The ge-
netic disease

The first genetic linkage study of HCM was
reported in a large French-Canadian family in 1989
[15]. Since then, major advances have been made in
understanding the molecular basis for HCM. Fam-
ily studies demonstrate that HCM is a heritable dis-
order that is transmitted as an autosomal dominant
trait, i.e. affected individuals are heterozygous:

that is, they have one normal and one mutant copy of
the gene. Offspring of affected individuals will there-
fore have a one in two risk of inheriting the mutation.
HCM is a genetically heterogenous disease with at
least 10 causative genes now identified. All these
genes encode sarcomere proteins, and include the
cardiac f-myosin heavy chain, cardiac troponin T
gene, a-tropomyosin, myosin-binding protein C, car-
diac troponin I, essential and regulatory myosin light
chain, and more recently, the cardiac a-myosin heavy
chain, titin and actin genes (Tab 1). These genetic
data demonstrate that HCM is a disease of the
sarcomere.

Tab 1. Causal Genes in HCM

HCM Gene Symbol Chromosome Locus % of all HCM
BA-MHC MYH7 14q12 30-35%
Myosin-binding protein C MYBPC3 11p11.2 20-30%
Troponin T TNNT2 1q32 10-15%
a -tropomyosin TPM1 15q22.1 < 5%
Troponin I TNNI3 19q13.4 < 5%
Myosin light chains Essential MYLS3 3p21 < 1%
egulatory MYL2 12q24.3 < 1%
Actin ACTC 15q14 < 0.5%
Titin TTN 2q24.3 < 0.5%
a-MHC MYHS6 14q12 < 0.5%

NB: HCM = hypertrophic cardiomyopathy; MHC = myosin heavy chain.

Some of the clinical heterogeneity of HCM can be
accounted for by the substantial diversity of gene
defects that cause the condition. Approximately 35%
of HCM result from cardiac f-myosin heavy chain
gene missense mutations. More than 80 unique
mutations have been reported that alter one amino
acid residue in the globular head or head-rod junc-
tion of the b-myosin heavy chain. These mutations
are expressed with a high degree of penetrance and
most affected individuals ( ~ 90%) exhibit signifi-
cant myocardial hypertrophy on two-dimensional
echocardiography studies by age 20 years[16] (Fig
2A). Despite nearly complete disease penetrance and
significant hypertrophy, survival in HCM caused by
a 3-cardiac myosin heavy chain mutation varies con-
siderably and is, in part, mutation-specific. For
example, individuals with the Arg403Gln mutation
have markedly shortened life expectancies (average

age of death = 45 years), whereas survival is near
normal in individuals carrying the Val606Met muta-
tion[17,18] (Fig 2B). The change of amino acid
charge appears to influence outcome in HCM and
conservative mutations appear to be associated with
a better prognosis than non-conservative mutations.
Although more data is required to provide a com-
plete profile of the phenotypes associated with each
myosin mutation, preliminary data clearly indicate
that genotype may assist in risk stratification for pre-
mature death in HCM.

Studies of cardiac myosin-binding protein C, a
137kDa polypeptide with structural and regulatory
functions in the sarcomere, have demonstrated mu-
tations that cause HCM[19], [20]. During cardiac
embryogenesis, cardiac myosin-binding protein C
may participate in the alignment of thick filaments
[21] whereas in the adult myocardium, phosphory-
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lation of cardiac myosin-binding protein C by a
catecholamine-sensitive pathway, may provide dy-
namic regulation of cardiac contraction in response
to adrenergic stimuli[[22]. Whether these or other
unknown functions are perturbed by mutations that
cause HCM remains unknown. A broad range of
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Fig 2. Genotype-phenotype studies in hypertrophic cardi-
omyopathy A. Comparison of disease penetrance in families
with either £-myosin heavy chain ( £-MHC; O0) or myosin-
binding protein C (MyBP-C; ®)gene mutations. Penetrance is
significantly earlier in families with b-myosin heavy chain
gene mutations. B. Comparison of specific gene mutations
in HCM. Kaplan-Meier survival curves showing near- normal
life expectancy in patients with HCM due to £-MHC muta-
tion Val606Met, or MyBP-C mutation InsG791. In contrast,
survival is markedly reduced in HCM caused by 8-MHC
mutation Arg403Gln or MyBP-C Glu451Gln.
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gene defects, including missense and splice signal
mutations, insertions and deletions, in cardiac myo-
sin-binding protein C can cause HCM[19],[20],[23].
As in cardiac troponin T defects, penetranceis often
incomplete, and is strikingly age-dependent[20].
Cardiac myosin-binding protein C mutations may
be clinically quiescent until late in adult life, with
cardiac hypertrophy manifest only after the fourth
and fifth decades of life (Fig 2A). This has implica-
tions for clinical screening programs that consider
the absence of hypertrophy by age 20 years as in-
dicative of an unaffected individual. Clearly, indi-
viduals can develop disease much later in life and
thus, need regular clinical screening well into their
40s and 50s. In general the prognosis associated with
these mutations is markedly better than that associ-
ated with cardiac troponin T defects (detailed below),
although the risk of sudden death is increased in at
least one cardiac myosin-binding protein C muta-
tion (Fig 2B). It is estimated that approximately 30%
of genetically-defined HCM is caused by mutations
in cardiac myosin-binding protein C. However the
findings of reduced disease penetrance associated
with these gene defects, combined with good survival,
may have diminished accurate estimates of the true
incidence that these mutations have in HCM. Con-
tinued definition of cardiac myosin-binding protein
C mutations may help to delineate the relationship
between gene defects and late-onset HCM.

A variety of cardiac troponin T gene defects
(missense mutations, small deletions and mutations
in splice signals) cause approximately 15% of all
HCM][24]. The cardiac phenotype produced by these
gene defects is characterized by substantially less
hypertrophy than that observed with myosin
mutations. The mean maximal left ventricular wall
thickness resulting from six different cardiac tropo-
nin T mutations was 17 =6 mm (versus 24 =8 mm
in age-matched patients with £-myosin heavy chain
gene mutations), and some adults with these muta-
tions had normal cardiac wall thickness[24], [25].
Despite this reduced penetrance, most but not all
[26] reported cardiac troponin T mutations are as-
sociated with markedly reduced survival[26]. Genetic
diagnosis may therefore be particularly important
in identifying individuals at risk for sudden death
in HCM caused by cardiac troponin T defects.

a -tropomyosin gene mutations account for less
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than 5% of HCM and unlike defects in other sarcom-
ere genes, the spectrum of mutations in a-tropomyo-
sin that cause HCM appears to be limited[24]. Few
disease-causing missense mutations have been
identified. The Asp175Asn defect may reflect a
mutational hot spot within the gene, as it has arisen
independently in multiple families[27]. Intriguingly,
the hypertrophic response to the a-tropomyosin mu-
tation Aspl175Asn varies considerably between dif-
ferent families, suggesting that modifying genes and/
or environment influence this cardiac phenotype.
Despite this, survival is near normal in HCM caused
by a-tropomyosin mutation Asp175Asn. Mutations
in myosin regulatory or essential light chains rarely
cause HCM although the limited number of families
reported with these gene defects has hindered cor-
relation of genotype and phenotype[28]. Distinctive
cardiac morphologies have however been reported
with some mutations (ventricular regulatory myosin
Alal3Thr and Glu22Lys, and myosin essential light
chain Met149Val), including predominance of mid-
ventricular hypertrophy that resulted in a systolic
mid cavity obliteration (hour glass morphology)[29].
More typical asymmetric hypertrophy also occurs
from mutations in these disease genes. Further study
is necessary to ascertain to what extent unusual HCM
phenotypes are genetically programmed.

Mutations in troponin I have been considered an
infrequent cause of HCM although more mutations
have recently been reported[30-33]. Unusual pat-
terns of hypertrophy, including a predominant api-
cal involvement have also been reported with some
troponin I defects[30-32]. Based on this morpho-
logic pattern of disease, troponin I mutations may
be prevalent in populations with a high incidence of
apical HCM, as has been reported in Japan[30],[34].
Furthermore, some mutations have been identified
in families which cause both HCM and Wolff-
Parkinson-White syndrome[30]. Mutations in car-
diac actin[35],[36], and titin[37]are other rare causes
of HCM and collectively account for less than 1% of
reported cases. Little is known about the clinical
correlates of these disease genes.

Genetic data on HCM of the elderly implicate
sarcomere protein gene mutations as a cause of this
poorly understood disorder. The distribution of mu-
tations that produce hypertrophy late in life is how-

ever substantially different from that of familial,
early-onset HCM. Whereas defects in S-cardiac
myosin heavy chain, cardiac troponin T, and a-tro-
pomyosin account for over 45% of familial HCM, mu-
tations in these were not identified in one study of
elderly onset disease. Rather, mutations in cardiac
myosin-binding protein C, troponin I, and a-cardiac
myosin heavy chain have been defined as causes of
elderly-onset HCM[38].

A disease locus on chromosome 7q3, previously
thought to cause HCM has recently been reclassi-
fied as a glycogen storage disease of the heart[39-
41]. Affected individuals exhibit cardiac hypertro-
phy as well as electrophysiologic abnormalities in-
cluding Wolff-Parkinson-White syndrome, atrial fi-
brillation and progressive atrioventricular block. Car-
diac histopathology also distinguishes this disorder
from HCM in that myocyte and myofiber disarray is
absent, whilst intracytoplasmic vacuoles are found
in myocytes[41]. These vacuoles contain densely
packed fine granular and fibrillar electron dense
material, with staining properties consistent with
polyglucan and amylopectin, a non-soluble product
of glycogen metabolism. Mutations in the PRKAG2
gene, encoding the gamma-2 subunit of AMP-acti-
vated protein kinase, a molecule involved in energy
metabolism and glucose utilization, have been iden-
tified in multiple families[39-41]. Given these dis-
tinctive histopathology, electrophysiologic features
and absence the involvement of the mutation in sar-
comere function, cardiac hypertrophy resulting from
PRKAG2 mutations are more appropriately consid-
ered to cause not HCM but a polysaccharide storage
disorder of the myocardium.

Molecular pathogenesis of hypertrophic
cardiomyopathy

The sarcomere is the basic contractile unit of the
heart, and is comprised of both thick and thin
filaments. The sarcomere units are aligned in
parallel, and are attached to each other through the
7 discs. The main component of the thick filament
is the myosin heavy chain, while the thin filament is
composed of actin, @ -tropomyosin and the troponins
I, C and T. Myosin-binding protein C and titin are
major components of the sarcomere and are involved
in both stabilisation of the sarcomere structure, and
the generation and transmission of force. Following
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activation by Ca®*, a series of events involving the
troponin-tropomyosin complex results in sliding of
the thin and thick filaments, resulting in sarcomere
shortening and muscle contraction.

The demonstration that HCM results from de-
fects in genes which encode sarcomeric proteins has
raised many questions about the cell biology of car-
diac muscle. What is the mechanism by which a car-
diac-specific phenotype results from mutations in
sarcomere genes? What intracellular signalling path-
ways are triggered by expression of these gene
defects? Is the hypertrophic response compensatory
or pathologic? What factors, either genetic or
environmental, modify the expression of the mutant
gene? Answers to these questions may provide in-
sights into how and why mutated contractile pro-
teins predispose affected individuals to sudden
death.

Answering such questions is limited in human
studies, due to a variety of factors including broad
genetic backgrounds, environmental stimuli which
may vary between individuals (e.g. diet, exercise, life-
style), small numbers of individuals with the same
mutation, and the relative difficulty in obtaining
human cardiac samples as well as inadequate meth-
ods of maintaining human heart tissue in cell cul-
ture systems. For these reasons, a variety of
biochemical, cell and animal models have been en-
gineered to more fully dissect the consequences of
human sarcomere mutations on muscle structure and
function. The development of animal models in HCM
have been particularly useful, where there is essen-
tially an unlimited supply of “patients” with the
same mutation, where genetic and environmental
backgrounds can be controlled, and where access to
tissue samples is unlimited.

Cellular studies

One avenue that has advanced our understand-
ing of disease mechanisms has been analyses of HCM
mutations in skeletal muscle cells. £-cardiac myosin
heavy chains that are abundant in the myocardium,
are also found in lower levels in slow twitch skeletal
muscles. Abnormal contractile properties of muscle
fibers expressing a S-cardiac myosin heavy chain
mutation and histologic evidence of central core dis-
ease have been demonstrated[42],[43]. The clinical
relevance of dysfunction detected ex vivo remains
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unclear since skeletal myopathy is a rare clinical
manifestation of HCM even that caused by a-tro-
pomyosin mutations, which are widely expressed in
both skeletal and cardiac muscle. The mechanism
by which mutations in this peptide produce a car-
diac-specific phenotype may relate to interactions
with partner proteins. For example, HCM mutations
in a-tropomyosin occur in regions that interact with
troponin T, which is expressed as a tissue-specific
isoform. Interactions with cardiac troponin T but
not skeletal muscle troponin T may be perturbed,
thereby restricting dysfunction to the myocardium.
Alternatively some a-tropomyosin mutations may
alter a unique or critical function of cardiac myocytes.
By analogy, essential and regulatory light chain
mutations may also produce a predominantly car-
diac phenotype by particularly impairing function
of cardiac myosin heavy chains.
Structure-function analyses of the location of
HCM mutations in sarcomeric proteins suggest that
no one common function is perturbed by these
mutations. For example, various human - myosin
heavy chain gene mutations have been located on
the three-dimensional structure of the chicken skel-
etal muscle myosin[44](Fig 3). These mutations are
widely dispersed throughout the molecule, implying
that no one function of myosin (such as actin binding,
ATP hydrolysis, force transmission or propagation)

Fig 3. Location of hypertrophic cardiomyopathy mutations
in B-myosin heavy chain Blue spheres represent residues at
which mutations which cause HCM have been identified.
Green = actin-binding domain; yellow = ATP-binding site;
violet = regulatory light chain; orange = essential light chain.
Mutations are located throughout the molecule suggesting
no single functional abnormality (e.g. ATP binding) is re-
sponsible for HCM. (Modified from Rayment et al; ref 44)
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accounts for disease. The consequences of mutations
have also been assayed in reconstituted thick fila-
ments[45] and following stable expression into cells
[43] and results generally indicate that mutant myo-
sins have diminished motor activity without changes
in enzymatic activity. Comparable biochemical stud-
ies of mutant cardiac troponin T peptides also show
adverse effects of hypertrophic mutations on sar-
comere filament function, but responses vary de-
pending on calcium concentrations and whether
mixtures of mutant and wildtype peptides are
present, as would occur in humans who carry het-
erozygous mutations[47], [48]. Such data under-
score the need to assess the consequences of HCM
mutations in the context of cardiac muscle and
whole organ physiology.

Studies in cardiac myocytes have also yielded use-
ful data in understanding disease process in HCM.
Expression of mutant troponin T (missense muta-
tion at codon 92) in adult feline cardiac myocytes
led to decreased peak, and rate of, cell shortening
[49]. This observation was also seen in rat cardiac
myocytes, where overexpression of mutant troponin
T resulted in reduced contractile properties [50].
Similarly, expression of a truncated troponin T pro-
tein in cultured quail myotubes impaired contractile
performance[51]. Furthermore, studies of mutant
tropomyosin protein expression in cultured rat
myocytes have shown an increased force output at

submaximal Ca®* concentrations[52]. Taken together,
such findings suggest that mutant sarcomeric pro-
teins cause an abnormal power output in isolated
cardiac myocytes.

Animal models

While isolated cell models have made important
contributions, animal models of HCM have been of
greatest value in addressing the issues of molecular
pathogenesis, signaling mechanisms, and modifying
factors. Genetically engineered mice and rabbits that
express human HCM mutations have been particu-
larly useful. Transgenic models that over-express
mutant forms of myosin heavy chains[53],[54], car-
diac troponin T[55], [566], myosin-binding protein
C[57], or cardiac troponin I[58] as well as a model
that physiologically expresses a particular myosin
(Arg403GIn) mutation[59] have been studied. All
these models exhibit histopathology comparable to
that observed in human HCM including myocyte
disarray, hypertrophy and myocardial fibrosis. The
first and most extensively studied mouse model of
HCM (Arg403Gln) illustrates how the human dis-
ease is replicated in mice (Tab 2). This mouse model
was generated by introducing an Arg403Gln muta-
tion into the a-cardiac myosin heavy chain gene by
gene targeting and homologous recombination. The
mutation is well characterized in humans with HCM,
is associated with high penetrance ( > 90% express

Tab 2. Comparison of Arg403Gln mutation in mice and humans

Arg403Gln in humans

HCM feature Arg403GIn in mice
Hypertrophy Present in all by age 30 weeks
Histopathology Myocyte hypertrophy, disarray

Cardiac Function

Ventricular Arrhythmias
Sudden Death

Phenotype Heterogeneity
Others

and fibrosis
Systolic function supernormal
Diastolic function impaired
early
Common ( ~ 60%)
Rare except with vigorous
exercise, e.g. swimming
Yes
Gender effects observed,
Exercise capacity decreased

Present in 90% by age 20 years
Myocyte hypertrophy, disarray
and fibrosis
Systolic function supernormal
Diastolic function impaired
early
Common ( > 50%)
Common (survival at age 45
years is ~ 50%)
Yes
Gender effects observed,

Exercise limitations unclear

NB: HCM = hypertrophic cardiomyopathy
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the phenotype by age 20 years) and early sudden
death (Fig 2B). The heterozygous mouse genetically
recapitulates the human situation, i.e. the mutation
is present in one allele only, is under endogenous
regulatory mechanisms, and is expressed at physi-
ological levels. Analysis of the phenotype in these
heterozygous Arg403Gln mice has revealed features
which parallel the human disease (summarised in
Tab 2). In brief, Arg403Gln mice develop classical
histopathological changes of HCM (myocyte
hypertrophy, disarray and fibrosis) by age 15 weeks,
and echocardiographically detectable left ventricu-
lar hypertrophy by 30 weeks[60]. This mimics the
human disease very closely. Further studies in a sec-
ond mouse model of HCM in which the myosin-bind-
ing protein C gene is truncated using a targeted con-
struct with a Neo cassette, confirms the human find-
ing that disease occurs much later in life, with the
myosin-binding protein C mice showing hypertro-
phy in only 30% of mice at age 30 weeks (versus
100% with hypertrophy in Arg403GIln myosin mice
at the same age) but all mice developing disease by
age 2 years[60]. Such comparison between models
will be invaluable in addressing the issues of dis-
ease heterogeneity and penetrance, as well as the
effects of aging in the progression of cardiomyopathy.

Most fundamentally, these animal models of
human HCM provide evidence that a mutation in
a sarcomeric gene is indeed the primary cause of
HCM. These animal models also collectively indi-
cate that cardiac disease is not the consequence of
haploinsufficiency, but rather occurs from the
dominant effects of mutant proteins on sarcom-
ere function. In transgenic models, levels of mu-
tant sarcomere protein expressed within the heart
show some correlation with the severity of myo-
cyte dysfunction[57]. Analyses of the mechanics
of Arg403GIn myosin derived from heart muscle
indicate enhanced actin-activated ATPase activity,
increased generated force, and accelerated actin
filament sliding[61]. Taken together with data de-
rived from in vitro systems, these findings collec-
tively indicate HCM myosin mutations produce a
gain of function. While such defects might actu-
ally improve motor performance of individual
molecules, in-homogeneity of mutant and wild-type
peptides within the sarcomere may uncouple me-
chanical coordination. This could then increase
energy consumption from enhanced ATPase ac-
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tivity and demands of the hypertrophic heart and
therefore further diminish any benefit from muta-
tions causing a gain of function.

Longitudinal studies of murine models have also
demonstrated that haemodynamic dysfunction pre-
cedes histopathology, suggesting that the hyper-
trophic phenotype occurs as a compensatory re-
sponse to sarcomere mutation[60]. Elucidation of
intracellular signals that trigger myocyte growth and
death are therefore likely to provide novel avenues
for intervention and prevention. Such animal mod-
els have therefore been invaluable in elucidating
various aspects of disease pathogenesis, e.g. related
to Ca®* handling. In the Arg403GIn mouse model of
HCM, myofibrillar protein extract, immunohis-
tochemical and ryanodine receptor phosphorylation
studies suggest an important early cellular event in
HCM is dysregulation of the release of Ca?* from the
sarcoplasmic reticulum, possibly secondary to Ca®*
becoming “trapped” in the mutated sarcomere[62].
Such studies have led to the identification of phar-
macological agents which can both promote severe
hypertrophy and sudden death[63], as well as pre-
vent disease[62], [64], [65]. For example, cyclosporin
and minoxidil have separately been shown to severely
exacerbate cardiac hypertrophy (independent of any
blood pressure effects) in Arg403GIn HCM mice,
associated with a high incidence of premature death
[63]. The mechanisms by which sarcomere defects
increase cardiac interstitial fibrosis have also been
probed; L-type Ca®* channel blockade with diltiazem
in HCM mice[62]; losartan blockade of angiotensin
IT in HCM mice[64], and simvastatin therapy in
HCM rabbits[65] have shown salutary effects by at-
tenuating or preventing profibrotic effects and re-
ducing collagen deposits. Furthermore, these animal
models have provided a basis to systematically study
the role of genetic and environmental modifiers in
HCM. Based on clinical studies, many individuals
within the same family, and therefore carrying the
same gene mutation, have vastly different clinical
manifestations, strongly supporting the existence of
modifying factors (Fig 4A). Animal models of HCM
have allowed investigators to begin to evaluate the
role of modifiers, primarily due to the unique ability
in mice to control both environmental influences,
as well as to alter the genetic background by breed-
ing the mutant mice in different mouse strains.
Indeed, breeding of the Arg403GIn mice in differ-
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ent genetic backgrounds, both inbred and outbred,
has led to the identification of phenotypic differences
in terms of hypertrophy (Fig 4B), exercise capacity
and histopathology, indicating the presence of a gene
modifier in HCM[66]. Definition of such modifying
factors by gene mapping strategies, and other sig-
nalling pathways triggered by sarcomere protein
gene mutations using animal models has great prom-
ise for defining novel targets for therapeutic inter-
ventions in human HCM.

Furthermore, interesting results have arisen by
breeding both these heterozygote mouse lines to
homozygosity. In both myosin heavy chain and myo-
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Fig 4. From gene mutation to clinical disease A. Gene
mutations cause clinical disease. Two important questions
remain the focus of research now and in the future; what is
the signalling pathway leading from a gene defect to the clini-
cal phenotype, and secondly, how is this process modified by
either genetic and/or environmental factors, e.g. exercise,
diet. B. Role of gene modifiers in mice with HCM. Left
ventricular wall thickness (LVWT) measurements in 3 groups
of mice; wildtype (wt), inbred mice (SvEv) with the Arg403Gln
mutation and outbred mice (BSwiss) with the Arg403Gln
mutation. An LVWT assessed by echocardiography greater
than 1.0 mm (dashed horizontal line) indicates hypertrophy.
Approximately 50% of mutant mice in the BSwiss genetic
background are protected from developing hypertrophy.

sin-binding protein C mouse models, homozygosity
leads to a dilated cardiomyopathy (DCM), i.e. dila-
tation of heart chambers with reduced contractile
function[67], [68]. In the Arg403GIn homozygote
mice, DCM occurs in neonates and all mice die of
heart failure by age 7 days[67]. In contrast, homozy-
gous myosin-buding protein ¢ mice develop DCM
by age 3 weeks, but subsequently develop compen-
satory hypertrophy and indeed have a normal
lifespan[68]. The ability of being able to breed these
mice to both heterozygosity and homozygosity has
resulted in clinically relevant models of human
HCM and DCM and provide a platform for further
studies to both understand pathogenesis, and to
potentially identify therapeutic options and targets.
The usefulness of such mouse models of human dis-
ease is limitless.

The utility of these animal models have been sub-
stantially increased by miniaturization of many di-
agnostic procedures that evaluate cardiac function
in humans. For example, the role of vigorous exer-
cise in sudden death and HCM can be evaluated in
exercise protocols and provocative electrophysiologic
testing in mice. Profound exertion in the
Arg403GIn mouse appears to recapitulate sudden
death events in some athletes and provocative
electrophysiologic testing has demonstrated marked
increases in arrhythmogenicity in mutant compared
with wild type mice[69]. In addition, recent stud-
ies in a myosin-binding protein C mouse model of
HCM show that while these mice may exhibit very
mild disease based on cardiac function studies and
histopathology analysis, electrophysiological testing
suggests that there is a significantly increased vul-
nerability to ventricular arrhythmias, and therefore
sudden death[70]. M-mode and two-dimensional
echocardiography in mice has also enabled accurate
assessment of left ventricular hypertrophy, changes
in cardiac dimensions, and systolic function
(fractional shortening)[62, 66-68]. More recently
application of magnetic resonance imaging (MRI)
has enabled detailed assessment of heart structure
and even congenital malformations (e.g. atrial and
ventricular septal defects) in mice[71]. Murine
models of human cardiac disease therefore appear
to be valuable reagents for delineating the mecha-
nisms of disease, analyses of complex events such
as sudden death and important tools for evaluating
pharmacologic therapies and devices.
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Future perspectives

Understanding how sarcomere mutations per-
turb biophysical events of muscle contraction and
cell signalling pathways within the myocyte, will in-
evitably allow advances in future treatment
interventions. With increased understanding of the
genetic mechanisms, it may be possible to target
therapy to mitigate the genetic defect or conceivably,
to correct the molecular abnormality, i.e. to actually
correct the single base abnormality in the mutant
allele, and effectively cure the disease. Alternatively,
the dominant negative mechanism by which these
gene mutations act impacts on the potential for so-
matic gene therapy for HCM which theoretically
would have to be directed toward specific inactiva-
tion of the mutant allele.

An exponential growth in our knowledge of gene
defects that cause inherited cardiomyopathies, and
in particular HCM, will undoubtedly continue[72].
Molecular genetic causes provide a solid basis for
both classifying and understanding many cardiac
disorders previously classified as “idiopathic” . In-
tegration of molecular insights into clinical practice
has potential advantages to patients afflicted by these
intriguing disorders and to the physicians who care
for them. Identification of human mutations allows
early and accurate diagnosis, enabling modification
of specific lifestyle factors (i.e., avoidance of com-
petitive athletics), as well as early therapeutics that
can reduce the serious morbidity and mortality as-
sociated with these disorders (e.g. implantation of
cardioverter-defibrillators). Continued study and de-
velopment of animal models of disease should fur-
ther enable studies of the integrative physiology of
multiple organ systems involved in the development
of cardiomyopathies. Elucidation of signalling events
leading from mutant protein to clinical phenotype,
and the identification of factors, both genetic and
environmental that modify the response to mutations,
may provide new insights that can enhance our fun-
damental understanding of the pathogenesis of HCM
and other inherited cardiomyopathies and therefore
improve therapeutic intervention.
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