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While the contribution that diseases of the heart and blood vessels make to human
morbidity and mortality has been acknowledged for decades, the health burden
associated with inherited cardiovascular disorders has been recognized compar -
atively recently. This change has been driven partly by advances in genomic med-
icine that have provided major insights into the pathogenesis of inherited cardio-
vascular disorders, and also by greater awareness of genetic mechanisms amongst
cardiovascular specialists. Cardiomyopathies, or diseases of heart muscle unex-
plained by abnormal loading conditions or coronary artery disease, constitute the
largest group of Mendelian cardiovascular disorders. They present at all ages with
cardiovascular symptoms, cause sudden cardiac death often in minimally sympto-
matic individuals, and result in a gradual deterioration in ventricular function and
end-stage heart failure. The commonest forms of cardiomyopathy are inherited as
autosomal dominant traits with highly variable intra- and interfamilial disease
expression and incomplete clinical penetrance. This clinical heterogeneity is par-
tially explained by genetic locus and allelic heterogeneity, but it is increasingly
clear from family studies that other mechanisms such as modifier genes, epigenet-
ics, post-transcriptional and post-translational modifications must play a role.

Clinicians that wish to understand the genetic complexity of cardiomyopathy
are blessed with many well-written textbooks and online resources and this text-
book edited by three experts in the field, provides a concise and accessible update
on the genetic architecture of cardiomyopathy. The major difference between this
book and most other sources is its highly original structure that puts clinical method
firmly at its core by emphasising the concept of diagnostic clues or “red flags” that
can be used to guide rational selection of diagnostic tests including genetic analy-
sis. This seemingly simple idea is in fact a major departure from the more typical
approach of protocol-driven evaluation which often fails to identify an underlying
disease mechanism. Inevitably, gaps in knowledge and the capricious nature of dis-
ease phenotypes mean that this cardiomyopathy-oriented mind-set is also imper-
fect, but its adoption will increase the chance that disorders with very specific man-
agement strategies can be identified.

v

Foreword



For the ordinary physician, the pace and sheer scale of the genetic revolution
can appear totally removed from the everyday practicalities of clinical medicine.
The authors of this excellent book are to be commended for showing that clinical
acumen and a systematic approach to diagnosis are as important in the genomic era
as they have ever been.

London, September 2012 Professor Perry Elliott FRCP, FESC, FACC
Director, Inherited Cardiac Disease Unit
The Heart Hospital, University College

London, UK
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Cardiomyopathies (CMPs) are myocardial disorders in which the heart muscle
is structurally and functionally abnormal in the absence of conditions such as
coronary artery disease, hypertension or valvular disease, sufficient to cause
the observed myocardial abnormalities [1]. The disease may be localized
involving the myocardium only or predominantly (“primary CMPs” in the
classification by Maron et al. [2]) or it may be associated, in a complex form,
with systemic multi-organ disorders (“secondary CMPs”) [2]. When consider-
ing the etiology, many CMPs have a genetic origin, some are acquired (inflam-
mation, alcohol, drugs, etc.), while others may have a mixed origin [2]. In
recent years researchers have identified the genetic background of many dis-
eases involving the myocardium, and many CMPs are considered to have a
genetic origin. New problems and new responsibilities need to be considered
by the clinical cardiologist in this emerging medical field, in which the goal is
to provide a precise diagnosis, stratify the risk and treat patients correctly, and
advise them on personal and family choices.

Hypertrophic cardiomyopathy (HCM) is a genetic disease usually caused
by mutations in genes encoding sarcomeric proteins. More than 15 genes relat-
ed to sarcomere and myofilament disease, and hundreds of different mutations,
have been identified [3, 4]. HCM phenocopies are caused by disorders of dif-
ferent genetic origin; for example: those resulting from mutations in the genes
encoding protein kinase AMP-activated, gamma-2 non-catalytic subunit
(PRKAG2) and lysosome-associated membrane protein 2 (LAMP2) (Danon
disease); or the disease caused by alpha-galactosidase deficiency (Fabry dis-
ease). Moreover a HCM phenotype may be present in other congenital diseases
such as Noonan syndrome, mitochondrial syndromes, etc. (Table 1.1).

G. Sinagra, L. Mestroni, F. Camerini (eds.), Genetic Cardiomyopathies,
DOI: 10.1007/978-88-470-2757-2_1, © Springer-Verlag Italia 2013
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Dilated cardiomyopathy (DCM) may be the consequence of clearly defined
etiologic factors, such as viral infections, toxins, drugs, metabolic disorders,
etc., but at least 30–40% of cases have a genetic origin [5]. DCM is character-
ized by a high level of genetic complexity and by an involvement of different
structures of the myocytes. Initially DCM was considered to be a disease of
the cytoskeleton, but later it was demonstrated that other structures (sarcom-
ere, Z-disc, cytoskeleton, nuclear skeleton, mitochondria, desmosomes, sodi-
um and potassium channels, lysosomal membrane), as well as a transcription-
al coactivator may be involved [5, 6] (Table 1.2).

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is another CMP
of genetic origin, usually characterized by mutations in genes encoding differ-
ent proteins involved in the intercellular junctions. These proteins (plakoglo-
bin, desmoplakin, plakophillin, desmoglein, desmocollin) are localized in the
desmosomes and are important for the maintenance of tissue architecture and
integrity. Also in this disease a high genetic complexity is suggested by the
fact that ARVC may be linked to genes unrelated or not directly related to the
cell-adhesion complex; for example, the genes encoding cardiac ryanodine
receptor 2 (RYR2) and transforming growth factor B3 (TGFB3) (Table 1.3).

Moreover, other rare forms of genetically determined CMPs have been
identified, including restrictive cardiomyopathy and left ventricular non-com-
paction (Tables 1.4 and 1.5).

The relationships between gene mutations and the phenotype are complex
and not always clear. It is well known that mutations in the same gene may
cause different types of cardiomyopathies (Fig. 1.1) and may be characterized
by great variation in clinical phenotypes. For example, in lamin A/C gene
(LMNA) mutation carriers, up to ten different phenotypes (“laminopathies”)
have been described with variable involvement of skeletal and/or cardiac mus-
cle and also of white fat, peripheral nerves, bones or premature aging [7]. In
addition, in patients affected by CMP, great variation can be observed in age
of onset, severity and evolution of the disease in the same family or in differ-
ent families [7]. Furthermore, in a minority of cases (25% of mutation carriers
according to Sylvius and Tesson [7]) subjects may remain asymptomatic.

From a clinical point of view in familial CMPs, the definition of the genet-
ic diagnosis and the genotype determination may have potential advantages, as
this information allows early diagnosis, risk stratification and guided screen-
ing of at-risk relatives, better determination of the correct treatment, and accu-
rate clinical and genetic counseling. An early genetic diagnosis is clearly
important and these patients will need a strict follow-up to identify and treat
disease at its onset rather than later in its course. Importantly, when an appar-
ently healthy member of an affected family is found to be free of the CMP
mutation for that family, there can be reassurance and cessation of periodic
clinical screening. Moreover, molecular genetic assessment can be useful in
cases of uncertain diagnosis in order to give a better definition of the disease.

Early diagnosis is clinically useful when considering the possibility of
early pharmacological treatment with angiotensin converting enzyme

2 F. Camerini et al.
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inhibitors and beta blockers in cases of asymptomatic ventricular dysfunction.
Some studies have demonstrated indeed the beneficial effect of early treatment
in patients with asymptomatic left ventricular dysfunction [8]. The possibility
of a prophylactic treatment is also important, especially in some CMPs char-
acterized by a high risk of severe arrhythmias and sudden death even before
the appearance of heart failure [9–12]. For example, symptomatic patients car-
rying LMNA mutations are characterized by a significantly worse prognosis in
comparison with other forms of DCM [13–15] and may die at a young age. In
these cases prophylactic therapy with an implantable cardioverter–defibrilla-
tor appears to prevent sudden death [11], even when the ejection fraction is
largely preserved. However, reliable predictors of sudden death in this patent
population are currently unknown, often making the clinical decision chal-
lenging.

The importance of a patient-based approach, which should orientate the
clinical cardiologist trying to integrate basic knowledge and clinical science,
has been stressed [1, 6] with the aim of identifying the etiology, the genetic
origin and the possible type of genetic involvement. Indeed the characteristics
of disease presentation and progression might suggest the involvement of spe-
cific genes [16] and knowledge of the phenotype–genotype relationship will
be useful in some CMPs (for example, DCM in which there is extensive genet-
ic heterogeneity).

The clinical approach should define the characteristics of the CMP and
should also explore, when present, the characteristics of involvement of other
organs and systems. This requires a broad-minded cardiologist with a solid
knowledge base in basic science and clinical cardiology, as well as internal
medicine, who can recognize key symptoms and clues in the family history
when they are present. This comprehensive approach will help to define the
etiological diagnosis and a rational selection of diagnostic tests, especially the
molecular genetic tests for identification of genetic mutations. A typical exam-
ple is a patient with DCM in whom the initial symptomatology is characterized
by supraventricular arrhythmias, atrioventricular conduction delay and, possi-
bly, elevated creatine kinase levels. In this case a LMNA gene mutation should
be considered highly likely and should prompt molecular genetic testing of
LMNA.
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The clinical cardiologist who examines a case of cardiomyopathy (CMP)
should systematically consider the possibility of a genetic origin of the dis-
ease. After the clinician has excluded other known causes of heart muscle dis-
ease (hypertension, ischemia, drugs such as anthracyclines that may damage
the myocardium, myocarditis, etc.), the family history has a critical role in the
determination of a genetic origin of the disease.

An important goal of the family history [1] is the identification of other
family members known to be affected or at least in whom there is the suspi-
cion of a myocardial disease (e.g., a history of sudden death). A “negative”
family history does not exclude a genetic etiology because the disease may be
the result of a “de novo” mutation (approximately 10% of cases of sarcomer-
ic hypertrophic cardiomyopathy [HCM] [1]) or, more frequently, a previously
unrecognized myocardial disease may be present in the family [2].

If the family history is “positive”, other important data should be analyzed,
such as age of onset, sex, age and causes of death, association with abnormal-
ities of other organs or systems, and the presence of syndromic forms of CMP.

A family history questionnaire is useful for the construction of a pedigree
and at least three generations should be investigated [1]. In addition, expan-
sion of the family history beyond the third generation, as well as the collection
of clinical data from relatives with suspected or manifest myocardial disease,
might be highly informative [3].

Morales et al. [1] considered the pedigree as “the most effective tool
for practical application of genetic knowledge into clinical care” in familial
CMP. Indeed with the pedigree it is possible to view multiple generations, to
evaluate the number and sex of affected and non-affected relatives, and fre-
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quently to develop an understanding of the likely inheritance pattern for a
given family.

2.1 Patterns of Inheritance

The following patterns of inheritance are possible (Fig. 2.1). 

2.1.1 Autosomal Dominant 

In autosomal patterns the gene defect is localized in one of the 22 non-sex
chromosomes (called autosomes). Dominant inheritance means that the sub-
ject can express the disease by inheriting a single copy (heterozygous) of a
particular mutant gene (or allele, see Glossary below), even though the match-
ing gene inherited from the other parent is normal. Thus, if one parent has the
gene defect, each child has a 50% chance of inheriting the mutation.

Typical characteristics of this pattern are:
• Affected individuals in multiple generations;
• Male-to-male transmission (father-to-son) may occur;
• Males and females are usually equally affected.

20 M. Moretti et al.

Fig. 2.1 Pedigrees of different patterns of inheritance. a Autosomal-dominant inheritance. b
Autosomal-recessive inheritance. c X-linked inheritance. d Mitochondrial inheritance

a b

c d



The likelihood of transmitting the mutant allele is 50% for each pregnancy,
however, the actual number of affected offspring is usually lower than 50%
because of incomplete penetrance. Penetrance refers to the proportion of car-
riers of a gene mutation that manifest the disease.

Autosomal dominant is the most common pattern of transmission of genet-
ic CMPs.

2.1.2 Autosomal Recessive

As in autosomal-dominant inheritance, the gene defect is localized in one of
the 22 non-sex chromosomes, but in autosomal-recessive inheritance both alle-
les must be mutated in order to express the phenotype. Individuals with only
one mutant allele are considered to be carriers. Thus parents of an affected
child are clinically unaffected, and both are carriers of a gene mutation. In this
case, the risk of transmitting both mutant alleles to the child is 25%, while the
chance of having a carrier child is 50% for each pregnancy. Males and females
have the same chance of inheriting and expressing the trait.

This inheritance pattern should be suspected when both parents of the
proband are unaffected, and its occurrence is increased in families where par-
ents of an affected individual are related to each other (consanguineous union).

This is the least common inheritance pattern in heart muscle diseases. 

2.1.3 X-linked Inheritance 

In this pattern, the gene defect causing the trait is localized on the sex chro-
mosome X. Usually X-linked inheritance refers to recessive forms. Since
females have two X chromosomes and males have one X and one Y chromo-
some, the phenotype is expressed in males only (hemizygotes), while female
individuals are heterozygote carriers. In females the random inactivation of
one of the two X chromosomes is a normal process known as lyonization.
Sometimes the X-inactivation process is non-random and female carriers who
preferentially inactivate their X chromosomes carrying the normal allele, may
present with the clinical phenotype, often in a milder form than affected males.

This pattern should be suspected if the pedigree is characterized by a pat-
tern in which only males or predominantly males are affected (i.e., brothers,
uncles and male cousins). No male-to-male transmission is observed.
Moreover, all daughters of an affected male are obligate carriers, while the risk
of having an affected son from a carrier mother is 50%.

X-linked dominant disorders are less common than X-linked recessive dis-
orders, and require only one mutant allele in order to express the disease. In
these rare forms, the pedigree may show more affected females than males. 
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2.1.4 Mitochondrial Inheritance

Also known as “matrilinear” inheritance, this pattern refers to mutations in
mitochondrial DNA that can be transmitted from only the mother to the off-
spring. The ovum has about 100,000 copies of mitochondrial DNA, while the
sperm has fewer than 100 copies and these are probably lost at fertilization.
Thus males cannot transmit the disease to sons or daughters, while virtually
the entire offspring of an affected mother will be affected.

2.2 Clinical Impact of Family History

The family history is an essential tool in clinical cardiology, and a source of
valuable information. By analyzing the family pedigree, it is possible to have
a comprehensive view of multiple generations, to identify additional family
members and assess the number of affected relatives, to obtain information on
the age of onset of clinical symptoms, variability of expression and penetrance
of the disease, and occurrence and modalities of death, and, finally, to identi-
fy patients at risk.

The study of the family history (as well as an extensive family evaluation
of relatives who are at risk but who have undiagnosed signs of CMP) is par-
ticularly important in some CMPs, taking into account the clinical–genetic
correlations, and potential prophylactic and therapeutic consequences. 

As an example, familial HCMs are characterized by a marked phenotypic
heterogeneity: variable factors are the severity of hypertrophy, left ventricular
obstruction, and age of onset of symptoms and complications.

In the majority of cases the prognosis is relatively benign; however, the
risk of sudden death is around 1% per year in adults, and 2–5% of cases devel-
op heart failure as a result of pump failure and/or restrictive physiology. Many
of these features do not have a direct genetic correlation [4]; however, some
data suggest clinical correlations in selected patients with HCM caused by
mutations in the gene encoding cardiac troponin T (TNNT2) [5]. Sudden death
or cardiac arrest with successful resuscitation has been observed in young,
apparently unaffected, subjects carrying TNNT2 mutations. These data,
although controversial [6], may indicate a more aggressive approach to using
an early implantable cardioverter-defibrillator (ICD) in patients with TNNT2
mutations but with moderate or absent hypertrophy (also in the absence of tra-
ditional risk factors). However, translation of the molecular genetic data to the
clinical setting has many limitations, and the possibility of identifying a
“benign” mutation has not been confirmed [7].

Jacoby and McKenna also stress the importance of family assessment in
HCM patients with multiple sarcomeric mutations [4]. Frequently these
patients have a disease that is inherited from both parents and the disease is
more severe and may be evident at an earlier age. Multiple sarcomeric muta-
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tions have been identified in 5–10% of HCM patients, and in these the disease
was found to be frequently more severe and more precocious in onset than for
other members of the family [8–10]. 

In some cases observed by Girolami et al. [9] where individuals carried
three mutations, the disease had an earlier onset and was more severe (cardiac
arrest, heart failure, cardiac transplantation) in comparison with other mem-
bers of the family who carried one or two mutations.

Some specific mutations in myosin heavy chain 7 (MYH7), such as R403Q
or R453C, appear to be associated with adverse events, but, considering the
presence in these patients of clinically evident risk factors, it is probable that
the genetic data do not contribute to a better prognosis and treatment [4]. 

The family history is also important in some forms of DCM caused by
mutations of lamin A/C gene (LMNA). In these cases, arrhythmias are frequent
and there is a high incidence of sudden death (see Chap. 4). Sudden death has
also been observed in LMNA mutation carriers who have preserved left ven-
tricular function. In these cases it has been suggested that early ICD implanta-
tion may be important [11]. Similarly, an increased tendency for genetically
inherited arrhythmias has been observed in CMPs resulting from SCN5A or
desmosomal gene mutations.

Glossary

Allele: one of the two copies of a gene.

Autosome: non-sex chromosome (22 pairs).

Carrier: heterozygous individual.

Dominant: a trait which is expressed when a single mutant allele is present.

Hemizygosity: presence of only one allele of the gene, in the sex chromo-
somes (x and y).

Heterozygosity: presence of two different alleles of the gene.

Homozygosity: presence of two identical alleles of the gene.

Lyonization: inactivation on one of the two X chromosomes in females.

Penetrance: proportion of individuals who carry a particular gene mutation
and also express the phenotype.

Proband: first affected family member who seeks medical attention for a
genetic disorder.

Recessive: a trait that can be expressed only when both alleles are mutated.
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Genetic mutations can cause specific changes to cardiomyopathy (CMP) phe-
notype, and these changes may be associated with a variety of abnormalities
of different organs and systems. Therefore, the clinical approach is very
important, as is the presence of “red flags”, which are potentially useful for
better characterization of the genetic background of the CMP.

3.1 Red Flag 1: Cardiomyopathies and Skeletal 
Muscle Involvement

Many types of CMP are associated with different forms of skeletal muscle disease
(Table 3.1). Examples of such associations can be found in muscular dystrophies
(discussed later in this chapter), in systemic diseases (such as glycogenosis and
mitochondriopathies) and in diseases of neurogenic origin (Friedrich ataxia), as
well as in clearly defined syndromes. Muscular dystrophies (broadly defined as
muscle weakness arising from a defect in the muscle itself [1]) are considered to be
a spectrum of genetically heterogeneous diseases (there are more than 20 mono-
genic causes). They are frequently associated with dilated cardiomyopathy (DCM),
caused by an intrinsic defect of the cardiomyocytes, but also to important arrhyth-
mias and conduction defects, which may contribute to morbidity and mortality.

It should be noted that also in this group of diseases mutations in one gene may
cause different phenotypic traits and that, as a result of the genetic mutations, skele-
tal muscle involvement in familial CMPs may be variable, absent, mild or severe [2]. 

In the following sections, the different types of muscular dystrophy associ-
ated with CMP are categorized according to their genetic background and
molecular pathogenesis.

G. Sinagra, L. Mestroni, F. Camerini (eds.), Genetic Cardiomyopathies,
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3.1.1 Dystrophin (DMD)

Mutations of the gene encoding dystrophin are the cause of Duchenne muscu-
lar dystrophy, an X-linked cardiac and skeletal muscle disease affecting
approximately 1 in 6,000 boys. The dystrophin protein, in conjunction with the
dystrophin glycoprotein complex, has an important role in force transmission,
being integral to the mechanical link between the intracellular cytoskeleton
and the extracellular matrix [3]. In dystrophinopathies caused by reduced lev-
els of, or abnormal, dystrophin protein (Fig. 3.1), increased sarcolemmal per-

Fig. 3.1 Immunocytochemistry of skeletal and heart muscle in Duchenne muscular dystrophy.
a Cryostat sections of skeletal muscle from a normal individual were immunolabeled with anti-
bodies to the C-terminal region of dystrophin. The cryostat sections of the skeletal muscle of the
patient with Duchenne muscular dystrophy were labeled with antibodies against the N terminus
(b) and the C terminus (c). These antibodies show reduced but structurally preserved staining of
the muscle of the patient compared with that of the normal control (×180). d The cryostat section
of the cardiac muscle from the patient immunostained with antibodies to the N terminus shows
complete absence of dystrophin (×250). e Weak reactivity was detected with antibodies against
the C terminus of the protein (×250). Modified from Milasin J et al. [57], with permission

a

b c

d e
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meability resulting from membrane injury or stretch induces increased traf-
ficking across ion channels, and this leads to muscle dysfunction and progres-
sive cell death. Mutations in the dystrophin gene, which is located on chromo-
some Xp21, cause two forms of X-linked skeletal myopathy: a severe form
(Duchenne muscular dystrophy), and a milder, later-onset form (Becker mus-
cular dystrophy). In both forms, the disease process begins in childhood. Boys
affected with Duchenne muscular dystrophy are typically wheelchair-bound
before 12 years of age [4], while in Becker muscular dystrophy the disease
process begins later and has a slower evolution (boys are wheelchair-bound
after 16 years of age). In both forms, the skeletal myopathy shows pseudohy-
pertrophy of the calf muscles, and the disease is associated with elevated lev-
els of plasma creatine kinase (CK) [5].

In the majority of patients, Duchenne muscular dystrophy is complicated
by a progressive form of DCM (Fig. 3.2), which competes with respiratory
muscle failure as the main cause of morbidity; in Becker muscular dystrophy,
cardiac involvement is less frequent (about 70%) [5]. However, in patients
affected by subclinical or mild forms of Becker muscular dystrophy, overt

a

b

c

Fig. 3.2 Dilated cardiomyopathy in a 27-year-old man with Duchenne muscular dystrophy. a,b
Severe biventricular dilatation. c Histopathology: Azan–Mallory staining (×10) showing severe-
ly damaged myocardial fibers with a large area of fibrotic tissue
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dilated DCM may be the main clinical feature and manifestation of the disease
[6]. Abnormal Q waves in lead I, aVL, V6, or in lead II, lead III, aVF have
been described [7]. Supraventricular arrhythmias, atrioventricular (AV) block
and right bundle branch block may be present. It should also be noted that
about 10% of female carriers of dystrophin gene mutations (Duchenne or
Becker type) may develop a DCM in the absence of clinical involvement of
skeletal muscle [8, 9].

X-linked DCM is a form of genetically inherited DCM that results from
mutations in the dystrophin gene. It may be clinically indistinguishable from
“idiopathic” DCM. There is no muscular weakness in this form of the disease,
but CK levels are usually (but not always) elevated [10].

3.1.2 The Sarcoglycans

The sarcoglycan proteins (and the genes encoding them) comprise alpha-
sarcoglycan (SGCA), beta-sarcoglycan (SGCB), gamma-sarcoglycan (SGCG)
and delta-sarcoglycan (SGCD). From a clinical point of view, mutations of
these genes can cause a clinical pattern characterized by limb-girdle muscular
dystrophy and/or DCM. Mutations of SGCD can be the cause of apparently
isolated DCM, as described by Tsubata et al. [11]; however, this is a rare
occurrence (no mutations were found in SGCB and SGCD in 99 cases with
sporadic or familial DCM [12]), while the prevalence of mutations of the
delta-sarcoglycan gene is less than 1% in “idiopathic” DCM, according to
Sylvius et al. [12].

Limb-girdle muscular dystrophy with proximal leg muscular involvement
was associated with DCM in two cases described by Barresi et al. [13] and
considered to be a result of mutations in the beta-sarcoglycan gene; cardiac
involvement appeared years after the skeletal muscle symptoms and it was
severe [13]. The possibility of more frequent involvement of the heart in
muscular dystrophy caused by mutations in sarcoglycan genes was demon-
strated by Melacini et al. [14] who studied 13 patients with mutations of the
genes encoding alpha-, beta- and gamma-sarcoglycan, and they found elec-
trocardiogram (ECG) or echocardiogram abnormalities in about 30% of
cases affected by severe muscular dystrophy. The cardiac involvement was
not severe and there was no correlation between the presence of cardiac
abnormalities and the type of mutation of the sarcoglycan gene involved. In
CMPs caused by sarcoglycan gene mutations, sudden death has been report-
ed [11].

In DCM resulting from sarcoglycan gene mutations, ECGs are frequently
abnormal, with increased R waves in V1, similar to those sometimes observed
in dystrophin DCM (e.g., Duchenne muscular dystrophy).
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3.1.3 Titin (TTN)

Mutations of the gene encoding titin can be the cause of isolated DCM [15] and iso-
lated hypertrophic cardiomyopathy (HCM) [16]. Moreover, Carminac et al. [17]
reported a novel form of “titinopathy” of congenital onset involving both heart and
skeletal muscle in a Moroccan family (three siblings). Delayed motility was pres-
ent in the first year of life, while in the first decade muscle weakness (involving the
lower and the upper limbs, neck and trunk flexors, and facies) was present. Poor
muscle bulk in the upper limbs contrasted with relative pseudohypertrophy in the
lower limbs, and ptosis was a constant finding. In all three siblings, global motor
performance was stable or tended to improve, but between 5 and 12 years a severe
progressive form of DCM developed. All the patients died or received heart trans-
plants between 8 and 15 years after the onset of the cardiac symptoms. Complex
supraventricular or ventricular arrhythmias were present in all the patients. A sim-
ilar clinical picture was found to be present in two siblings of a Sudanese family.

3.1.4 Lamin A/C (LMNA)

Mutations in lamin A/C gene may cause at least ten different phenotypes
(“laminopathies”). In patients with these mutations, involvement of the
myocardium, skeletal muscle, distribution of white fat, bones, peripheral
nerves and premature ageing, and also mandibuloacral dysplasia and multi-
system dystrophy syndrome, have been observed [18, 19]. However, there is
not always a clear relationship between genotype and phenotype.

Mutations in the LMNA gene were first described in Emery–Dreifuss mus-
cular dystrophy [20–22]. In this disease, the association of cardiac abnormali-
ties and skeletal muscle dystrophy may be very variable. Sometimes both sys-
tems are clearly involved and skeletal muscle involvement can have different
severity and characteristics, such as in Emery–Dreifuss muscular dystrophy or
limb-girdle muscular dystrophy [23]. Sometimes the CMP is apparently isolat-
ed [2, 19, 24]. Moreover, in some cases, the skeletal muscle disease may be
subclinical, with an increase in the level of the serum CK [24] as the only sign
of the underlying muscular pathology. Muscular dystrophies, whether clinical-
ly evident or subclinical, can be associated with DCM and with sinus node
and/or AV conduction abnormalities [24]. Finally, mutations in LMNA have
been identified in a few patients affected by a combination of DCM, muscular
dystrophy, lipodystrophy and supraventricular arrhythmias [25] or CMP, lipoa-
trophy, diabetes, leukomelanodermic papules and liver steatosis [26].

3.1.5 Emerin (EMD)

Mutations in the EMD gene, which is localized on chromosome Xq28 and
encodes emerin, is a cause of Emery–Dreifuss muscular dystrophy, a geneti-
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cally heterogeneous disorder (LMNA mutations are another important cause of
this type of muscular dystrophy, as described above). Emery–Dreifuss syn-
drome is transmitted by an X-linked recessive mechanism, and also by an X-
linked dominant mechanism [27], and it can be characterized by a phenotype
that includes complex supraventricular arrhythmias. In two families with
Emery–Dreifuss muscular dystrophy, Sakata et al. [27] identified 16 carriers
with a nonsense mutation in exon 6 of the EMD gene (also known as STA)
[27]. Five of these patients showed signs of mild skeletal muscle involvement,
associated with supraventricular arrhythmias. A clinical picture of DCM was
not present, although two male carriers had left ventricular dilatation with nor-
mal systolic function. The occurrence of a more extensive ventricular involve-
ment, with heart failure [28] and also treatment with a heart transplant [29], in
patients with a clinical phenotype of Emery–Dreifuss muscular dystrophy has
been noted in the literature, although in these patients the demonstration of an
emerin mutation was not possible. It should be noted that Cartegni et al. [30]
localized emerin in the desmosomes and fasciae adherents, and this specific
localization could account for the characteristic conduction defects (and per-
haps right ventricular involvement) observed by Buckley et al. [31].

3.1.6 Fukutin (FKTN) 

Mutations of the FKTN gene are considered to be the cause of Fukuyama-type
muscular dystrophy, a disease that is usually observed in Japan, and which is
characterized by a combination of severe muscular dystrophy and structural
brain abnormalities with mental retardation, and rarely by cardiac involve-
ment. The disease is associated with glycosylation defects of alpha-dystrogly-
cans, which are very important for intracellular and extracellular membrane
linkage. Fukutin is a protein that is probably involved in modifying cell-sur-
face molecules, such as glycoproteins and glycolipids, and mutant fukutin may
have different effects on glycosylation of alpha-dystroglycan in skeletal and
cardiac muscle. These effects may explain the observations by Murakami et al.
[32] who identified six patients in four families affected by DCM in the
absence of, or with only minimal, limb-girdle muscle involvement and normal
intelligence. DCM was frequently severe (a heart transplant at 18 years of age
in one patient, and death for severe heart failure in a 12-year-old child) and the
CK level was usually found to be elevated. The authors concluded that the
clinical spectrum caused by fukutin mutations is much wider than previously
perceived and that it is important to consider mutation in FKTN in the diagno-
sis of familial DCM, although it is rare outside Japan. The frequency of car-
diac involvement in Fukuyama muscular dystrophy is not clear, although Saito
[33] suggested that a slowly progressive cardiac involvement is frequent in
individuals who have lived for more than ten years; this was documented by
the presence of fibrosis of the myocardium, as observed in postmortem exam-
ination [34, 35]. 



3 Red Flag 1 – Cardiomyopathies and Skeletal Muscle Involvement 31

3.1.7 Dystrophia Myotonica Protein Kinase (DMPK)

A mutation of the DMPK gene is the cause of myotonic muscular dystrophy
type 1 (Steinert disease), a multi-system disorder and the most common form
of muscular dystrophy in adults. Cardiovascular involvement is frequent.
Myotonic muscular dystrophy type 1 (the more severe and more common form
of the two major types of myotonic muscular dystrophy) is the consequence of
a genetic abnormality characterized by a trinucleotide repeat expansion (cyto-
sine, thymine, guanine, CTG) in the dystrophia myotonica protein kinase gene
(DMPK). The disease is characterized by frequent involvement of different
organs and systems.

Cardiac involvement is frequently characterized by ECG abnormalities and
arrhythmias, while symptomatic DCM and heart failure have been reported
rarely (4–6% in patients with severe ECG abnormalities in an extensive study
on 406 adult patients with genetically confirmed myotonic dystrophy type 1
[36]). 

3.1.8 Zinc Finger Protein 9 (ZFN9)

A mutation of the cellular retroviral nucleic acid-binding protein 1 (CNBP)
gene (also known as ZFN9) is the cause of myotonic muscular dystrophy type
2 (alternative name: proximal myotonic myopathy, PROMM). In this disease,
muscular involvement is usually less severe and cardiac abnormalities are less
common [37]. In the three familial cases described by Von Zur Muhlen et al.
[37], atrioventricular and intraventricular conduction defects were present, and
in one patient they were associated with severe sustained ventricular tachycar-
dia. No signs of heart failure were reported, but left ventricular function was
slightly reduced in one patient, and myocardial hypertrophy and some endo-
cardial fibrosis were present at endomyocardial biopsy. This disease is consid-
ered to be a multi-system disorder. 

3.1.9 D4Z4

D4Z4 repeat motif contraction, at chromosome 4q35, is associated with
facioscapulohumeral muscular dystrophy, which is another form of muscular
dystrophy, and the third most frequent after Duchenne and myotonic muscular
dystrophy. Cardiac abnormalities are rarely present and usually not severe.
Supraventricular arrhythmias and AV blocks have been described [38, 39]. In
a group of 100 patients studied by Laforet et al. [39], minor and non-specific
ECG changes were present in 38%, while more severe conduction abnormali-
ties and arrhythmias were present in five patients. Interestingly, one patient
was apparently affected by arrhythmogenic right ventricular cardiomyopathy.
Abnormalities of different organs or systems have also been described.



3.2 The Myofibrillar Myopathies and Cardiomyopathies

The myofibrillar myopathies are a group of skeletal muscle disorders that are
considered to be a morphologically distinct subset of muscular dystrophies,
and they are clinically and genetically heterogeneous. The myofibrillar
myopathies are characterized by a common pathological pattern, which
includes early disintegration of the Z-discs and then of myofibrils, followed by
aggregation of degraded myofibrillar products into pleomorphic granular or
hyaline inclusions. The molecular basis of myofibrillar myopathies is hetero-
geneous, but there is a common background (i.e., the causative mutations are
localized in genes encoding sarcomeric proteins, which are an integral part of
the Z-disc or closely associated with it [40, 41]). The genes and the sarcomer-
ic Z-disc proteins that have been studied are desmin (DES), LIM-domain bind-
ing 3 (LDB3) (also known as Cypher/ZASP), titin immunoglobulin domain
protein (MYOT) (also known as myotilin), alpha-B-crystallin (CRYAB) and
Bcl2-associated athanogene 3 (BAG3).

The clinical heterogeneity is characterized by an autosomal-dominant or
autosomal-recessive mode of inheritance, different age of onset, and variabil-
ity of clinical associations, such as neural involvement, cardiomyopathy, etc.
CMPs (hypertrophic, restrictive, dilated) have been observed in all types of
myofibrillar myopathies, with the exception of those caused by filamin muta-
tions.

3.2.1 Desmin (DES) 

Mutations in the gene encoding desmin are also thought to be the cause of a
wide spectrum of phenotypes, such as as CMPs of different types (dilated,
restrictive), skeletal myopathies, and mixed skeletal and cardiac myopathies.
Desmin myopathy, a distinct subgroup in the family of myofibrillar
myopathies, is a rare disease characterized by muscle weakness, initially dis-
tal, which usually begins in middle age (mean age 28 years in the Dalakas et
al. series of patients [42]). The disease subsequently extends to proximal mus-
cles and progressively limits walking, raising arms and using hands.
Dysphagia, and weakness of facial, neck and respiratory muscles may occur.
In some patients CMP, usually characterized by conduction defects and occa-
sionally heart failure, precedes skeletal muscle involvement (by a mean of 12
years in the Dalakas et al. series [42]); contrasting symptoms are also possible
(cardiac conduction defects developing years after skeletal muscle disease). In
some patient series [43, 44], cardiac involvement with a phenotype of DCM
was apparently isolated, with no clinical involvement of skeletal muscles. CK
was not evaluated in these cases. Desmin mutations account for 1–2% of all
cases of DCM [44]. 
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3.2.2 LIM-Domain Binding 3 (LDB3)

Mutations in the gene encoding LIM-domain binding 3 (LDB3; also known as
Cypher/ZASP), identified in 2003 by Vatta et al. [45], are thought to be the
cause of pure forms of DCM or DCM associated with left ventricular non-
compaction [45]. In all 16 cases described by Vatta et al. [45], and in the fam-
ily observed by Arimura et al. [46], there were no clinical or laboratory signs
of skeletal involvement. In contrast, in a group of 11 patients with mutations
in the ZASP gene, Selcen et al. [47] observed cardiac involvement in four
patients with skeletal myofibrillar myopathy: arrhythmias, ECG changes, and
low ejection fraction in one patient (with coronary disease). 

3.2.3 Titin Immunoglobulin Domain Protein (MYOT) 

Titin immunoglobulin domain protein (also known as myotilin), a Z-disc asso-
ciated protein, is produced in large amounts in skeletal muscle and low
amounts in cardiac muscle. A mutation in the MYOT gene is a cause of skele-
tal myofibrillar myopathy [48], and also of some cases of CMP, probably
DCM [49].

In Selcen and Engel’s series [49], muscle weakness was sometimes slowly
progressive, and more prominent distally than proximally, but the opposite
symptomatology was also possible. The age of onset ranges from 50 to 77
years, and evidence of peripheral nerve involvement is apparent in all patients.

3.2.4 Alpha-B-Crystallin (CRYAB)

Expression of the gene encoding alpha-B-crystallin was initially demonstrated
in the lens, but the protein is also produced in skeletal and cardiac muscle and
it functions as a chaperone for desmin and actin [50, 51]. Alpha-B-Crystallin
also contributes to the maintenance of integrity of the cytoskeleton and it has
a role in other cellular processes, such as the degradation of proteins. CRYAB
mutations are rare, and associated in about 50% of cases with cataracts, and
less frequently with distal myopathy, dysphonia and/or dysarthria. Rare cases
of skeletal myopathy associated with CMP have been observed [52, 53].

Clinical signs of muscle involvement usually appear in middle age, and
subjects presenting with isolated myopathy may develop CMP later in the evo-
lution of the disease.

3.2.5 Bag 3 Protein (BAG3)

Bag 3 protein (also known as bcl2-associated athanogene3) encoded by BAG3
is considered by Selcen et al. [40] to be a candidate for myofibrillar myopathy
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because it localizes to and co-chaperones the Z-disc in skeletal and cardiac
muscle, and because its targeted deletion is the cause of a fulminant myopathy
in mice. Those authors identified a BAG3 mutation in three young patients
(aged 11–17 years), all with limb and axial muscle weakness and severe respi-
ratory deficiency: two with rigid spine and one with a peripheral neuropathy.
In all three patients, a CMP was present, which was restrictive in two patients
(one received a heart transplant at age 13 years, and one died at 12 years of
age), while the third had hypertrophic cardiomyopathy. The authors concluded
that a mutation in the Bag family of proteins is the cause of a new form of
childhood muscle dystrophy and CMP.

3.3 Familial Restrictive Cardiomyopathies 
and Skeletal Muscle Involvement

Familial restrictive cardiomyopathies (RCMs) can be caused by mutations in
the gene encoding the cardiac muscle isoform of troponin I (TNNI3) on chro-
mosome 19q13 (RCM1), while another form, RCM3, is caused by a mutation
in the TNNT2 gene. Another form, RCM2, has been mapped to chromosome
10q23. From a clinical point of view, few cases of familial RCM associated
with proximal and distal skeletal myopathy have been described [54–56]. A
form of RCM associated with myofibrillar myopathy caused by a BAG3 muta-
tion has been described (see BAG3).

3.4 Notes

Mutations in genes encoding telethonin and dystrobrevin have been identified
in muscular dystrophy and CMPs, but, at present, no cases with simultaneous
skeletal and heart muscle disease have been described.
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Arrhythmias and/or conduction defects can complicate some types of car-
diomyopathy (CMP) and might represent a useful clue to a specific gene defect
(Table 3.1). The presence of these arrhythmias can be important from a diag-
nostic point of view because they may be the first sign of myocardial disease,
and sometimes they are associated with a more severe prognosis, as for exam-
ple in LMNA gene mutations, in which there is a marked incidence of sudden
death, even before overt myocardial dysfunction [1].

In familial CMP, cardiac arrhythmias may be associated with skeletal mus-
cle involvement, and in these cases a careful clinical approach should be con-
sidered an important contribution toward a more definite etiological diagnosis.

4.1 Lamin A/C (LMNA)

Mutations of the gene encoding lamin A/C may be characterized by age-
dependent onset of cardiac arrhythmias, which may precede the onset of dilat-
ed cardiomyopathy (DCM) and/or heart failure. In many cases asymptomatic
electrocardiogram (ECG) changes in cardiac rate and rhythm observed during
routine physical examination and ECG are the first evident abnormalities [2].
Cardiac arrhythmias are characterized by the presence of supraventricular
paroxysmal tachycardia, atrial flutter or fibrillation, and sick sinus syndrome,
and they are frequently complicated by a first- or second-degree or complete
heart block [3–5], which may require pacemaker implantation [4, 5]. Taylor et
al. [3] reported a high mortality, more frequent need of heart transplantation,
and an increased rate of major events in LMNA mutation carriers compared
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with patients with DCM who did not carry an LMNA mutation. In a meta-
analysis published by Van Berlo et al. [6], cardiac arrhythmias were present in
92% of patients with an LMNA mutation after the age of 30 years, and heart
failure was present in 64% of patients after the age of 50 years, contributing
to death in 12% of patients. However, the most frequent mode of death was
sudden death, as reported in 46% of cases [6]. There was no difference in the
risk of sudden death between patients with apparent isolated CMP and those
with skeletal muscle involvement. Knowledge of the relationships between
LMNA mutations, supraventricular arrhythmia, conduction defects and sudden
death is important when considering the report by Meune et al. [7] who
demonstrated the importance of early use of an implanted cardioverter–defib-
rillator (ICD) for the prevention of sudden death in LMNA mutation carriers
who had preserved ejection fraction [7]. In a recent paper, Van Rijsingen et al.
[8], who studied 269 LMNA mutation carriers, confirmed a high rate of sudden
cardiac death, ventricular arrhythmias and progression to heart failure in the
study group, and they identified four independent clinical and genetic factors
that predict malignant ventricular arrhythmias. The four independent risk fac-
tors are: non-sustained ventricular tachycardia, left ventricular ejection frac-
tion <45% at the first clinical contact, male sex and non-missense mutations.
The authors suggested that it seems to be prudent to consider use of an ICD in
a person with two or more or the four risk factors.

As mentioned in Chap. 3, associated skeletal involvement in LMNA muta-
tion carriers may be variable, absent, subclinical or clinically evident
(Emery–Dreifuss muscular dystrophy or limb-girdle muscular dystrophy phe-
notype), but it is usually mild [2].

Knowledge of these findings is important because the presence of skeletal
muscle disease, supraventricular arrhythmias and conduction defects in a
patient with DCM has to be considered an important predictor of an LMNA
mutation. 

4.2 Emerin (EMD)

In Emery–Dreifuss muscular dystrophy, an X-linked form of muscular dystro-
phy with mild and slowly progressive locomotor involvement, cardiac
involvement is usually evident in the second decade of life. It is characterized
by sinus node dysfunction, atrial or junctional tachyarrhythmias or brad-
yarrhythmias, atrial fibrillation, atrial standstill and atrioventricular (AV)
block, and it is frequently treated with pacemaker implantation. Unexplained
sudden death occurred in three subjects (out of 16 carriers) reported by Sakata
et al. [9], but it did not occur in 13 patients treated with pacemaker implanta-
tion. In female carriers, cardiac involvement was found to be less frequent,
occurring at an older age, and neuromuscular symptoms were absent. No
patients showed progression toward DCM, but presumably this could occur
with a more prolonged follow-up.
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4.3 Desmin (DES)

Mutations in the gene encoding desmin are the cause of a wide spectrum of
phenotypes of different types of CMPs (DCM, restrictive cardiomyopathy),
skeletal myopathies and mixed skeletal and cardiac myopathies [10].

DCM is observed in patients with or without skeletal muscle involvement.
In the series of Dalakas et al. [11], 6 of 12 patients in whom mutations were
identified in the DES gene had cardiac conduction defects, and in five of these
patients a cardiac pacemaker was implanted. In four patients, CMP preceded
skeletal myopathy by a mean of 12 years (range 3–20 years), but the opposite
was also observed (severe and rapidly progressive myopathy followed by
CMP) [11]. In the experience of Taylor et al. [10], all six patients with a DES
mutation had “pure” DCM with no skeletal muscle involvement, and conduc-
tion system abnormalities were present in all of the patients.

4.4 Alpha-Dystrobrevin (DTNA)

Mutations in alpha-dystrobrevin, a protein in the dystrophin-associated glyco-
protein complex, have been found in some rare forms of muscular dystrophies
and in patients with left ventricular non-compaction, “hypertrophic DCM” or
DCM [12]. Hichida et al. [12] described a Japanese family of six members
with left ventricular non-compaction, which was associated with congenital
heart defects in three members of the family. In some of the patients, atrial
arrhythmias (atrial fibrillation) and sudden cardiac death were observed.

4.5 Cardiac Sodium Channel (SCN5A) 

In 2004, McNair et al. [13] reported a large family in which the disease
showed an autosomal-dominant pattern of inheritance, and it was character-
ized by sinus node dysfunction and frequent atrial fibrillation that culminated
in most cases in left or bi-atrial dilatation and right or biventricular dilatation
and dysfunction [13]. A mutation in SCN5A gene was considered to be the
cause of the disease. Subsequently, Olson et al. [14] described a multi-gener-
ational family, as well as other families and sporadic cases, in which DCM was
typically preceded by sinus node dysfunction, atrial fibrillation and conduc-
tion block; mutations of SCN5A were demonstrated in these patients. It is
interesting that mutations in SCN5A have been described previously [13] in
various genetically induced rhythm disorders [1] such as progressive conduc-
tion delay (Lenegre syndrome), sick sinus syndrome and AV block, long QT,
Brugada syndrome and idiopathic ventricular fibrillation [1]. In a recent sur-
vey of 289 families with DCM, McNair et al. [15] confirmed that SCN5A
mutations are found in approximately 2% of patients with DCM, and that these
patients have a peculiar phenotype characterized by an arrhythmogenic trait
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(Fig. 4.1). The most frequent arrhythmias were supraventricular arrhythmias,
including sick sinus syndrome and atrial fibrillation, ventricular tachycardia
and conduction disease.

At present it is not clear how mutations in the same gene may cause differ-
ent clinical syndromes and what is the link between supraventricular arrhyth-
mias and ventricular dysfunction, dilatation and heart failure. Mestroni et al.
[1] reported the possibility that a shift in the activation curve of sodium chan-
nel conductance toward more positive voltages may result in reduced
excitability of myocytes [16]. Moreover Olson et al. [14] suggested other pos-
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Fig. 4.1 Dilated cardiomyopathy in sodium channel mutations. a Pedigrees of patients with dilat-
ed cardiomyopathy and SCN5A mutations. Generations are denoted by roman numerals. Black
arrows show probands for each pedigree. b Early arrhythmia in SCN5A mutation carriers.
Electrocardiogram of an affected individual, showing atrial fibrillation when the patient had a nor-
mal left ventricular ejection fraction (74%). Modified from McNair et al. [22], with permission 



sible mechanisms that are essentially based on the concept that electrical sig-
nals trigger calcium release and contraction; therefore, it seems reasonable
that ion channel abnormalities are a possible cause of decreased contractile
function [17], as a result of decreased intracellular calcium, with impairment
of calcium-mediated myocellular force production. An interesting fact is that
mutations in other cardiac ion channels may be the cause of combined electro-
physiologic and contraction abnormalities. An example is Andersen–Tawil
syndrome, a rare disorder characterized by ventricular arrhythmias, periodic
paralysis, dysmorphic features and severe ventricular dysfunction caused by
mutations in the KCNJ2 gene [18].

In conclusion, it seems clear that different mutations of the SCN5A gene
may cause different phenotypes (Brugada syndrome, long QT, conduction dis-
ease, lone atrial fibrillation, etc.) and that, in some cases, severe degenerative
changes of the conduction system may be associated with a pattern of DCM.

4.6 ATP-binding Cassette, Subfamily C, Member 9 (ABCC9)

In a group of 323 patients affected by idiopathic DCM with heart failure and
rhythm disturbances, Bienengraber et al. [19] identified two families with
mutations in ABCC9 (also known as SUR), which encodes the regulatory sul-
fonylurea receptor 2 (SUR2A) subunit of the cardiac ATP-sensitive potassium
channel. The two index patients (and the father carrier of one of the patients)
had a severely dilated heart and episodes of ventricular tachycardia at ECG
monitoring (no details). 

4.7 Presenilin

Presenilin-1 (PSEN1) and presenilin-2 (PSEN2) are two molecules associated
with familial early onset Alzheimer disease. Presenilins are also produced in
the heart and are critical for cardiac development. Li et al. [20] studied the
sequence variations of PSEN1 and PSEN2 in a group of 315 index patients
affected by DCM. Those authors found a novel missense PSEN1 mutation in
one family, and a single PSEN2 missense mutation in two other families. In all
three families, the mutations were present in affected patients and segregated
with DCM and heart failure. In the family with a PSEN1 mutation, the disease
was severe, whereas a milder form with a more favorable prognosis was asso-
ciated with the PSEN2 mutation in the two other families. In these patients
some arrhythmias were noted: first degree AV block (two cases), atrial fibril-
lation, left bundle branch block and syncope. In one patient an ICD was
implanted. It is interesting to note that two cases of dementia were identified
within the three families.
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4.8 Dystrophia Myotonica Protein Kinase (DMPK)

In myotonic muscular dystrophy type 1 (Steinert Disease), asymptomatic ECG
abnormalities (prolongation of PR interval and QRS duration) and/or arrhyth-
mias (sinus node dysfunction, sick sinus syndrome, atrial tachycardia, flutter
or fibrillation, AV blocks and ventricular tachycardias) are frequent as a result
of degeneration (fibrous and fatty infiltration) of the sinus node and the con-
duction tissue. Q waves that are not caused by myocardial infarction are com-
mon. Sudden death is common; in a group of 406 patients reported by Groh et
al. [21], 81 (20%) died and in one-third of these patients death was sudden.
The presence of severe ECG abnormalities and the clinical diagnosis of atrial
tachyarrhythmias were the only independent predictors of sudden death [21]. 
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5.1 Wolff–Parkinson–White Syndrome and Short PR

In patients with a hypertrophic cardiomyopathy (HCM) phenotype, study of
the electrocardiogram (ECG) can sometimes suggest a specific diagnosis
(Table 5.1). For example, an ECG pattern of ventricular pre-excitation can be
found in storage diseases, such as those characterized by abnormalities of
muscle glycogen.

In Danon disease, abnormal storage is caused by defects in LAMP2 (lyso-
some associated membrane protein 2). In this X-linked disease, severe concen-
tric left ventricular hypertrophy is usually present in young men, and character-
ized by exceptionally high voltages of the QRS complex, associated with a pat-
tern of ventricular pre-excitation in the ECG [1] (Fig. 5.1). Pre-excitation
(observed by many authors [2–4]) associated with severe left ventricular hyper-
trophy and high voltage in the ECG was found in six of seven patients with
LAMP2 mutations [4]. The presence of this pattern in a patient with a clinical
diagnosis of HCM is highly suggestive of Danon disease.

Another form of cardiac hypertrophy that is not caused by sarcomere pro-
tein gene defects is a result of a genetic mutation in PRKAG2, encoding the
regulatory γ subunit of AMP-activated protein kinase. In this condition, insid-
ious glycogen accumulation in the myocardium can result in myocardial
hypertrophy, which is probably secondary to glycogen-filled vacuoles. Also,
left ventricular hypertrophy can be associated with an ECG pattern of ventric-
ular pre-excitation in this disease (9 of 32 patients observed by Arad et al. [4]).
However, a review of the literature indicates that PRKAG2 gene mutations can
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Fig. 5.1 Electrocardiogram of a 30-year-old man with Danon disease. The electrocardiogram
shows atrial flutter, right bundle branch block, and very high voltage of R waves in lead DI, aVL
and precordial left ventricular leads. Note the delta wave, which is particularly evident in V3
(Courtesy of Dr Daniela Miani, Department of Cardiovascular Sciences, S. Maria della
Misericordia Hospital, Udine, Italy)

Table 5.1 Cardiomyopathies associated with Wolff–Parkinson–White syndrome or short PR

Disease/syndrome Type of CMP

Danon disease HCM, DCM

PRKAG2 gene mutation HCM

Pompe disease HCM

Fabry disease HCM

Duchenne/Becker muscular dystrophy DCM

MELAS syndrome HCM, DCM

Kearns–Sayre syndrome DCM

LHON ?

Leigh syndrome HCM, DCM

MERRF syndrome HCM, DCM

Oncocytic CMP HCM

CMP, cardiomyopathy; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy;
LHON, Leber’s hereditary optic neuropathy; MELAS, mitochondrial myopathy, encephalopathy,
lactic acidosis, and stroke-like episodes; MERRF, myoclonic epilepsy with ragged red fibers



cause a spectrum of phenotypic patterns ranging from apparently “isolated”
HCM to HCM with pre-excitation [5] (sometimes with a marked propensity
toward early dilatation of the ventricle). Moreover, Gollob et al. [6] reported a
few cases of a novel PRKAG2 mutation causing Wolff–Parkinson–White
(WPW) syndrome associated with conduction defects with onset in childhood,
but with absent cardiac hypertrophy. As for the ECG patterns, various termi-
nologies have been used, from “extremely short PR” [4], to pre-excitation [4,
5] and WPW with delta wave [2]. 

The mechanism of pre-excitation appears to be the result of an interruption
of the annulus fibrosus by glycogen-filled myocytes, causing a bypass of the
atrioventricular (AV) node and ventricular pre-excitation. In some cases, elec-
trophysiological studies have shown accessory AV connections [4] treated with
ablation [4, 5]. A similar pattern has been described in Pompe disease (a hered-
itary deficiency of alpha-1,4-glucosidase, which is lysosomal acid), in Fabry
disease (deficiency of alpha-galactosidase) and in “oncocytic” cardiomyopa-
thy (CMP), a rare neonatal CMP characterized by refractory tachyarrhythmias
and by the presence in the myocardium of islands of large cells with vacuolat-
ed, granular or foamy cytoplasm, resembling histiocytes [7]. The mechanisms
causing WPW syndrome appear to be confirmed by the experimental data of
Arad et al. [8] who developed transgenic mice overexpressing mutant
PRKAG2. These mice developed massive left ventricular hypertrophy with
ventricular pre-excitation and sinus node dysfunction. Cardiac histology
revealed that the annulus fibrosus was disrupted by glycogen-filled myocytes.
The possibility that the pathogenesis of ventricular pre-excitation might have
an alternative explanation is suggested by the observations of Gollob et al. [6]
who described patients with mutations of the PRKAG2 gene and familial WPW
syndrome, but without ventricular hypertrophy. In those cases, the investiga-
tors hypothesized that a mutation could cause an abnormality of AV septation
during cardiogenesis, leading “to the presence of accessory atrio-ventricular
fibers responsible for ventricular pre-excitation” [6].

In addition, WPW pattern or a short PR can be found in other disease sce-
narios such as DCM complicating Duchenne muscular dystrophy [9], and in
mitochondrial diseases possibly with similar anatomical substrates.

5.2 Q Waves

The presence of abnormal Q waves is usually considered an important indica-
tor of coronary artery disease. However, abnormal (in depth and/or duration)
Q waves may be present in different types of CMP and are sometimes useful
for an early diagnosis (Table 5.2). Abnormal Q waves have been observed in
HCM (Fig. 5.2), in leads DI, aVL and anterior precordial leads and/or in DIII
and aVF, although these have occurred in a minority of cases (9% in a series
of 200 patients [10], 8–9% in a group of 56 patients [11], and 18.1% of 110
patients [12]). The explanation for these abnormalities in this disease may be
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Table 5.2 Cardiomyopathies and pathological Q waves in the electrocardiogram

Disease/syndrome Type of CMP

Myotonic dystrophy type 1 or Steinert disease DCM

Duchenne/Becker muscular dystrophy DCM

Sarcoglycan mutation (elevated R waves in V1) DCM

Friedrich ataxia HCM, DCM

Left ventricular aneurysm

Sarcoidosis

HCM

Characteristics of Q waves: those in hypertrophic cardiomyopathy are usually “narrow and clean”,
while those associated with infiltrative disorders and myocyte death may be similar to necrotic Q
waves. CMP, cardiomyopathy; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy.

Fig. 5.2 Electrocardiogram of a 40-year-old woman with hypertrophic cardiomyopathy. The elec-
trocardiogram shows sinus rhythm, biatrial dilatation, right ventricular conduction delay and
biventricular hypertrophy. Note the high voltage and narrow Q waves in lead I and aVL

an abnormal direction of the initial QRS vector resulting from increased elec-
trical forces produced by the pathological hypertrophy or, in some cases, a
localized loss of electrical forces because of transmural fibrosis [13].

Abnormal Q waves have been observed in other types of CMP in addition
to DCM (a few cases, usually associated with left ventricular aneurysm), and
in DCM with a defined etiology, such as in cardiac sarcoidosis [14–16].
Finally, frequent abnormalities of Q waves classified as “prominent” [9] or



5 Red Flag 3 – Cardiomyopathies, Wolff–Parkinson–White Syndrome 55

Fig. 5.3 Electrocardiogram of a patient with Becker muscular dystrophy and dilated cardiomyopa-
thy. The electrocardiogram shows sinus bradycardia, P waves suggestive of left atrial enlargement,
right bundle branch block, and “necrotic” Q waves in DI, aVL, V4–V6 with prominent R waves
in V1–V2 suggestive of lateral and posterior necrosis

deep [17] or abnormal [18] have been described in CMPs resulting from
Duchenne muscular dystrophy or Becker muscular dystrophy (Fig. 5.3), as
well as CMP in Friedrich ataxia.

5.3 T Waves in Apical Hypertrophic Cardiomyopathy 

A specific variant of HCM is apical HCM in which the hypertrophy is confined
to the cardiac apex. The apical variant is present in 3–14% of patients with
HCM [19], with the exception of Japanese patients who show a higher preva-
lence of this variant [20].

The ECG in apical HCM is characterized by the presence of negative T
waves in precordial leads, usually V4–V6, and in 50% of cases negative T
waves are “giant” [19] (giant T wave negativity is defined as a voltage of neg-
ative T waves ≥1 mV = ≥10 mm) (Fig. 5.4 and 5.5). 

In patient cohorts with apical HCM, the percentage of positive genotypes
varies between 13% [19] and 47% [21]. Mutations in the myosin heavy chain
7 (MYH7) and myosin binding protein C (MYBPC3) sarcomere genes are those
most frequently found [19], but some apparently rare mutations such as alpha-
actin (ACTC) [21] can also be observed. According to Gruner et al. [19], who
studied 61 patients with apical HCM (as part of a population of 429 patients
affected by HCM who underwent genetic testing), there is no significant geno-
type–phenotype correlation in this form of CMP.
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Fig. 5.4 Electrocardiogram of a patient with apical hypertrophic cardiomyopathy. The electrocar-
diogram shows sinus rhythm. Note the negative deep symmetric negative T waves in V2–V6

Fig. 5.5 Magnetic resonance imaging: steady state free precession image of a patient with apical
hypertropic cardiomyopathy; two chamber views
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Early onset hearing loss is frequently of genetic origin and usually caused by
cochlear hair cell and/or neuronal malfunction. Associated heart and hearing
abnormalities may be found in different syndromes, frequently in association
with diseases of other organs, but cardio-auditory diseases [1] in the absence of
other organ involvement are rare. A typical example is Jervell and Lange–Nielsen
syndrome, characterized by congenital deafness, long QT and cardiac arrhyth-
mias, but “normal” cardiac structure. In 2000, Schönberger et al. [1] reported two
families with many members affected by sensorineural hearing loss, which
occurred mostly in early adulthood and preceded the appearance of dilated car-
diomyopathy (DCM), which usually occurred in the fourth decade [1]. The car-
diac involvement in these patients was severe and was the cause of death or it
necessitated a heart transplant, in all affected patients. Schönberger et al. [1] con-
sidered the gene encoding epicardin (a transcription factor expressed in the
myocardium and the cochlea) to be a candidate gene, but a specific mutation was
not identified. In a later study, Schönberger et al. [2] found a deletion in the EYA4
gene, which was present in all affected family members and absent in 300 con-
trol chromosomes. In contrast to the sarcomeric/cytoskeletal genes involved in
DCM that encode structural proteins, EYA4 encodes a transcriptional coactivator.

A similar phenotype with sensorineural hearing loss, progressive and late
onset, associated with HCM and usually characterized by mild or absent symp-
toms can be caused by a mutation of the gene encoding myosin 6 (MYO6), one of
the so-called “unconventional” myosin genes encoding a protein responsible for
actin-based molecular-motor driven movement of intracellular vesicles and for
organelle transport [3]. Finally, hearing loss or deafness is frequently observed in
complex syndromes caused by mitochondrial defects (see Chap. 9).
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Studies relating to arrhythmogenic right ventricular cardiomyopathy (ARVC)
have demonstrated that mutations in genes encoding different components of
the desmosome, a major cell-adhesion structure, are the main genetic cause of
the disease, which is histologically characterized by right ventricular myocel-
lular atrophy with characteristic fibro-fatty replacement [1]. From a structural
point of view, as observed by imaging techniques such as echocardiography
(Fig. 7.1) and cardiac magnetic resonance imaging, the pathological hallmark
of the disease is a thin right ventricle usually with bulges and sacculations,
which are typically located in the “triangle of dysplasia” (apex, outflow tract
and subtricuspid areas). Symptomatic or asymptomatic arrhythmias of right
ventricular origin are usually present, and in more advanced cases a severe
right ventricular enlargement with systolic dysfunction can be present.

In ARVC, left ventricular involvement can be present and is sometimes
clinically relevant [2] (Figs. 7.2, 7.3, 7.4, 7.5 and 7.6). Long-term follow-up
studies have demonstrated that some patients with initially localized right ven-
tricular involvement may progressively develop more extensive right ventric-
ular disease and later left ventricular involvement [2, 3].

In a study correlating clinical and postmortem (or post-transplantation)
data, Corrado et al. [4] showed that ARVC is a progressive disease of heart
muscle that can be characterized initially by a “silent” or “overt” right ventric-
ular disease, which might extend to the left ventricle later. Left ventricular
involvement may be progressive and lead to an end-stage biventricular car-
diomyopathy, mimicking dilated cardiomyopathy, and leading to congestive
heart failure and sometimes heart transplantation (Fig. 7.5). Histological or
macroscopic left ventricular involvement was found to be frequent in the
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series reported by Corrado et al. [4]. In that study of 42 hearts (from autopsies,
or explanted hearts), left ventricular involvement was characterized by areas
of transmural and/or subepicardial fibro-fatty replacement. The lesions extend-
ed from the outer layers to the inner layers of the left ventricular wall, a pattern
similar to that observed in the right ventricle. Interestingly, the left ventricular
involvement was age dependent and was more common in patients with a long-
standing clinical history of the disease. Diagnosis of the disease in patients with
ARVC and biventricular involvement may be difficult because these patients
might show symptoms that are similar to those in patients affected by dilated
cardiomyopathy (DCM). The concept is that ARVC is a disease with a potential
progressive evolution from an early concealed phase to a second phase charac-
terized by more or less severe electrical disorders, and to a third phase with
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Fig. 7.1 Two-dimensional echocardio-
gram in a patient with familial arrhyth-
mogenic right ventricular cardiomyopa-
thy. The disease is localized in the right
ventricle. a Subcostal four-chamber
view, end-diastolic frame. A wall
aneurysm is evident in a subtricuspid
area (arrow). b,c Apical four-chamber
view, end-diastolic and end-systolic
frames, respectively. A severe right ven-
tricular dysfunction is evident (fractional
area contraction of RV: 22%). LA, left
atrium, LV, left ventricle, RA, right atri-
um, RV, right ventricle 

a

b

c
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Fig. 7.2 Electrocardiogram of a patient with arrhythmogenic right ventricular cardiomyopathy with
left ventricular involvement. Sinus rhythm and abnormalities of P waves; inverted T waves in right
precordial leads; negative T waves from V4 to V6, suggestive of left ventricular involvement

Fig. 7.3Arrhythmogenic right ventricular cardiomyopathy with left ventricular involvement. The patient
died in refractory heart failure. End-systolic frame (a) and end-diastolic frame (b) of two-dimensional
echocardiography, apical four-chamber view oriented to the right ventricle (RV). The RV is severely di-
lated and diffusely hypokinetic with multiple akinetic bulges of the free wall; systolic function was se-
verely depressed. The left ventricle (LV) is not enlarged, but diffusely hypokinetic. c M-mode echocar-
diogram (parasternal approach) at the level of the ventricles. The RV is enlarged (end-diastolic diameter
45 mm). The LV is not enlarged (end-diastolic diameter 55 mm), but severely hypokinetic (fractional
shortening 18%). d Severe RV dilatation with fatty infiltration shown by transillumination (arrow). In
the LV, there is a small apical aneurysm (asterisk). IVS, interventricular septum, PW, posterior wall

a b

c d
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a b

c d

Fig. 7.4 Magnetic resonance images of arrhythmogenic right ventricular cardiomyopathy in a 40-
year-old patient. End-diastolic (a) and systolic (b) still-frames obtained from four-chamber stack
steady-state free precession cine-imaging, showing systolic bulging of multiple small aneurysms
(arrows) of the right ventricle (RV) free wall in the apex and subtricuspid area. The volume cal-
culations showed RV dilatation and severe systolic dysfunction. T1 without (c) and with (d) fat
saturation showing fatty infiltration of the anterior interventricular septum (arrow). The fatty infil-
tration appears to be hyperintense in T1, and dark in the fat saturation images

Fig. 7.5 Post-explantation findings in a patient with arrhythmogenic right ventricular cardiomy-
opathy and left ventricular involvement. A basal transversal section (a) and a longitudinal section
(b). Note the presence of a massive fatty substitution of the right ventricle, and also of the left ven-
tricular free wall and posterior wall

a b



more severe right ventricular disease and left ventricular involvement.
The data of Corrado et al. [4] were essentially based on clinical and patho-

logical observations and long-term follow-up, and the diagnosis of left ven-
tricular involvement was essentially based on an echocardiogram. More
recently, the extensive use of cardiac magnetic resonance as a “surrogate for
anatomic examination” [5] has demonstrated that involvement of the left ven-
tricle is more common than initially thought. In the study by Sen-Chowdhry et
al. [5] of a group of 200 patients affected by ARVC, 168 (84%) had cardiac
magnetic resonance evidence of left ventricular involvement; late enhance-
ment was the most frequent (92%) indicator of the left ventricular myocardial
abnormality, while the occurrence of myocardial fat (43%), left ventricular
dilatation (40%) and reduced left ventricular ejection fraction (18%) was less
frequent. These findings suggest that left ventricular involvement is a common
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Fig. 7.6 Arrhythmogenic right ventricu-
lar cardiomyopathy with left ventricular
involvement. a Interventricular septum
with extensive fatty substitution (×2.5).
b Apex: massive presence of fat with
few atrophic myocells (×63). c Fatty
substitution in the posterior wall of the
left ventricle. The myocells are hyper-
trophic and hypotrophic (×20). H&E

a

b

c



phenomenon in ARVC, not just a late complication, and that it might also
occur (40% of the cohort) in the presence of preserved right ventricular sys-
tolic function.

7.1 Patterns of ARVC

The high frequency of left ventricular involvement, the possible, although
rare, predominance of left ventricular phenotype, the timing of its involve-
ment, and the common origin connected to desmosomal gene mutations, all
suggest that ARVC is not a unique entity but a disease characterized by three
patterns of disease expression: the classic (39%), the left dominant (5%) and
the biventricular forms (56%) [5]. Although it is widely accepted, the term
ARVC is inadequate to express the complexity of the disease, and for these
reasons Sen-Chowdhry et al. [5] have suggested the term “arrhythmogenic car-
diomyopathy” to better express the multiple phenotypes.

If we consider the natural history and clinical features in the advanced
phases of ARVC, all three forms of “arrhythmogenic cardiomyopathy” may be
confused with DCMs. However, some criteria are thought to be helpful in the
differential diagnosis. Within the “classic” subgroup of ARVC, an increased
right ventricle to left ventricle volume ratio, a more severely affected right
ventricle, and the evolution of the disease with a progressive late involvement
of the left ventricle might help distinguish the disease from DCM.

The “left ventricular dominant” forms are rare, but well documented in the
literature [6, 7]. From a clinical point of view, the following clinical observa-
tions might help in the diagnosis [5]:
1. Presence in the electrocardiogram of negative T waves in (infero)-lateral

leads 
2. Extensive left ventricular late enhancement 
3. Arrhythmias of left ventricular or biventricular origin
4. Isolated left ventricular dilatation or dysfunction
5. Right ventricle to left ventricle volume <1
6. Presence of wall motion abnormalities or aneurysms in the right ventricle
7. Family history of ARVC

Finally, the “biventricular forms” are characterized by a combination of “clas-
sic” features and left ventricle features (with different degree of severity) [5].

This classification is probably rigid and there are superimpositions and
overlaps between different forms of ARVC, but it seems to be useful for a bet-
ter understanding of the complexity of the disease.

7.2 Gene Mutations Associated with ARVC

ARVC has been associated with mutations of genes encoding proteins of the
desmosomes [1], which are structures responsible for cell–cell junctions in
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myocardial and epithelial cells. Desmosomes, together with gap and adherence
junctions, play an important role in mechanical and electrical stability of the
cells, as well as in cell signaling, proliferation and differentiation (see
Glossary). Mutations in genes coding for proteins of the desmosomes have
been identified, although in a systematic study of 156 patients Sen-Chowdhry
et al. [5] could identify mutations of desmosomal genes only in 39 subjects
(about 30% of cases). A comparison between groups of subjects who were pos-
itive or negative for a desmosomal gene mutation and between carriers of
mutations in the three desmosomal genes (encoding plakophilin 2,
desmoglein-2 and desmoplakin) did not show significant differences in the
observed phenotype between the different groups, with one exception, i.e.,
carriers of the desmoplakin mutations had echocardiographic, cardiac magnet-
ic resonance and electrocardiographic signs indicating a more severe involve-
ment of the left ventricle. 

A study of three families from Ecuador reported a mutation in the gene
encoding desmoplakin, causing a syndrome characterized by palmoplantar
hyperkeratosis, woolly hair and “dilated left ventricular cardiomyopathy”
(Carvajal syndrome) [8, 9]. Mutations in the desmoplakin gene may cause a
typical ARVC as a part of a syndrome that is characterized by woolly hair and
skin features localized in the extremities, with vesicular lesions histologically
similar to pemphigus foliaceus (Naxos-like syndromes) [10]. Indeed, this phe-
notype resembles the true Naxos disease, which is characterized by autosomal-
recessive ARVC associated with palmoplantar keratoderma and woolly hair,
and is caused by a deletion in the desmosomal gene encoding plakoglobin
[11–13]. 

Last, in a group of 100 unrelated patients, all affected by idiopathic DCM,
Elliot et al. [14] found three missense mutations in the gene encoding
plakophilin 2, and two novel mutations in the gene encoding desmoplakin. An
autopsy performed in one of the patients showed the presence of biventricular
fibro-fatty infiltration. It was concluded that mutations of genes encoding
desmosomal proteins might contribute to the pathogenesis of DCM.

It should also be noted that mutations of the following non-desmosomal
genes have been implicated in the development of some forms of ARVC: the
TGFB3 gene, which encodes transforming growth factor β3 [15], and the
TMEM43 gene, which encodes transmembrane protein 43. TMEM43 was iden-
tified in a genetically isolated population and the disease is characterized by
high lethality, male preponderance, fibro-fatty replacement of the myocardi-
um, and heart failure as a late manifestation [16]. There are some potential
connections between these genes and the mechanisms of cell–cell adhesion
because the TGFB3 gene encodes a cytokine that stimulates fibrosis and mod-
ulates cell adhesion [17]. Moreover TGFB3 modulates expression of genes
encoding desmosomal proteins [18]. As for the TMEM43 gene, its role in the
mechanisms of ARVC is not clear, but it is important to note that this gene
contains a response element for adipogenic transcription factor, and this might
explain (at least partially) the fibro-fatty replacement of the myocardium.
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Mutations in the RYR2 gene, which encodes ryanodine receptor 2, impor-
tant in regulatory mechanisms of calcium handling, have been reported as a
cause of polymorphic ventricular tachycardia [19–22]. In four families, differ-
ent mutations of this gene have been described as the cause of ARVC (ARVC
2) [23] and of a more extended spectrum of clinical phenotypes characterized
by polymorphic ventricular tachycardia, and also sino-atrial node and atrio -
ventricluar node dysfunction, atrial fibrillation, atrial standstill and DCM [24].
In the families reported by Tiso et al. [23] and Bauce et al. [25], there was a
high prevalence of polymorphic ventricular arrhythmias and sudden death dur-
ing exercise. The involvement of the right ventricle was segmental and most-
ly confined to the apex of the right ventricle.

Finally, mutations in the gene encoding the giant protein titin (TTN) have
recently been associated with ARVC, a finding that expands the origin of the
disease beyond desmosomal proteins. In these cases, a structural impairment
of titin, which connects to the transitional junction at intercalated disks, was
thought to be a likely cause of ARVC, and it constitutes a novel mechanism
underlying the occurrence of myocardial remodeling and sudden cardiac
death [26].
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Left ventricular non-compaction (LVNC) is characterized by a pseudohyper-
trophic “spongy” left ventricle with deep trabeculations. It is considered to be
a rare cardiomyopathy (CMP), with a prevalence of approximately 1:2,000 to
1:7,000 individuals. The condition shows excessive and unusually trabeculat-
ed myocardium within the mature heart muscle in the apical and
midlateral/inferior portions of the left ventricle, which is usually hypokinetic
(Fig. 8.1). LVNC represents a developmental failure of the heart to form the
fully compact myocardium during the later stages of cardiac development. 

LVNC is defined by the American Heart Association classification [1] as a
genetic CMP; however, in a position statement of the European Society of
Cardiology Working Group on Myocardial and Pericardial Diseases, LVNC is
considered to be an “unclassified cardiomyopathy” because “it is not clear
whether LVNC is a separate cardiomyopathy, or merely a congenital or acquired
morphological trait shared by many phenotypically distinct cardiomyopathies”
[2]. The disease may be associated with the presence of other CMPs, usually the
phenotype of dilated cardiomyopathy [3] or hypertrophic cardiomyopathy [4]. 

According to Stöllberger et al. [5], the term “isolated” LVNC might be mis-
leading because other cardiac abnormalities could be present [6]: syndromic
cases are usually seen in pediatric patients and have been associated with muta-
tions in the genes encoding tafazzin [7], alpha-dystrobrevin [8] and NK2 home-
obox 5 [9]. Recently, the association of “isolated” LVNC with genes of the sar-
comere has been reported [10]. An echocardiographic diagnosis of LVNC
should prompt research into the presence of possible overlapping entities.

In conclusion, LVNC is characterized by genetic heterogeneity and poor
genotype–phenotype correlation, and it does not seem to be a distinct CMP,
but rather a morphological expression of different diseases [10].
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Fig. 8.1 Left ventricular non-com-
paction. Cardiac magnetic reso-
nance: end-diastolic still frame
obtained from three-chamber
steady-state free precession cine
imaging, showing increased trabe-
culation of the left ventricle and
an increased ratio of non-compac-
ted to compacted myocardium



In some patients, the phenotype of a cardiomyopathy (CMP) may be associat-
ed with the involvement of multiple organs, and with systemic clinical mani-
festations. These genetically determined diseases are characterized by com-
plex, unusual and sometimes bizarre clinical pictures. The associations
observed are not surprising, considering that in these diseases the defective
gene is expressed in different structures or tissues. This is for example the case
in the mitochondrial genes where production of abnormal proteins can cause
multiform tissue abnormalities and/or dysfunction of different organs.

9.1 Syndromic Cardiomyopathies

CMPs have been observed in many genetic syndromes, the most important of
which are described below (Table 9.1).

9.1.1 Friedreich Ataxia

Friedreich ataxia is a disease that is anatomically characterized by degenera-
tion of the posterior columns and the corticospinal and posterior spinocerebel-
lar tracts, and clinically by ataxia, dysarthria, loss of deep tendon reflexes,
sensory abnormalities, skeletal deformities and diabetes mellitus.
Neurological signs begin around puberty, and are constant and frequently
severe before the age of 20–25 years. While the most important symptoms of
the disease are usually secondary to neuronal degeneration, the involvement of
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the heart is considered to be an independent site of primary degeneration [1].
The FXN gene mutation is localized in chromosome 9 and frataxin is the

protein involved. The most common genetic abnormality is a GAA trinu-
cleotide repeat expansion in intron 1 of the FXN gene. In the majority of cases,
patients with Friedreich ataxia have between 66 and 1,500 GAA repeats (in
normal subjects there are fewer than 33 repeats). There is a correlation
between the size of GAA expansion and left ventricular hypertrophy [1].

Cardiac involvement is very frequent (more than 90% in neurologically
symptomatic patients), and it is characterized by left ventricular hypertro-
phy, usually concentric, sometimes asymmetric, with or without a left ven-
tricular outflow gradient. Dilated cardiomyopathy (DCM) is rare and is prob-
ably a late evolution of hypertrophic cardiomyopathy (HCM). The presence
of Q waves identifies a subgroup of patients with wall-motion abnormalities
that make them prone to developing a hypokinetic dilated left ventricle [2]
(Figs. 9.1,  9.2). 

9.1.2 Barth Syndrome

Barth syndrome is an X-linked inherited disorder characterized by skeletal
myopathy, granulocytopenia, lactic acidemia, increased levels of 3-methyl-
glutaconic acid 2-ethyl hydracrylic acid in the urine, and abnormal mito-
chondria. Reported heart involvement is variable, ranging from endocardial
fibroelastosis to congenital DCM (sometimes with infantile congestive heart
failure) and left ventricular non-compaction (LVNC) [3]. Christodoulou et
al. [4] mentioned the possibility of progressive improvement of left ventric-
ular function after the first year of life, when it can become subclinical and
normal. In Barth syndrome, mutations in the gene encoding tafazzin (TAZ)
(initially called G4.5) have been identified as a cause of the disease [5]. 

9.1.3 Costello Syndrome

Costello syndrome is another rare syndrome characterized by the association
of multiple abnormalities: coarse facies, short stature, distinctive hand posture
and appearance, and feeding difficulties. The skin of the neck, palm, toes and
fingers is redundant. Papillomata around mouth and mental retardation occur
frequently. There is also an increased risk of malignancies. Cardiac abnormal-
ities are frequent [6] (63% in 94 patients), and these are characterized by
HCM (34%), cardiac malformations, most commonly pulmonary stenosis
(30%), and frequent rhythm abnormalities (usually atrial tachycardia). In this
syndrome, Hinek et al. [7] noticed at postmortem that the cardiomyocytes were
characterized by pericellular and intracellular accumulation of glycosamino-
glycans bearing chondroitin 6-sulfate moieties, with lower than normal dep-
osition of chondroitin 4-sulfate. In Costello syndrome, there is usually a mu-
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Fig. 9.1 Electrocardiogram (ECG) of an 8-year-old boy with Friedreich ataxia. The ECG shows
sinus rhythm, normal conduction, and alterations of the repolarization phase

Fig. 9.2 Electrocardiogram (ECG) of a 27-year-old man with Friedreich ataxia and hypertrophic
non-obstructive cardiomyopathy. The patient has severe systolic and diastolic left ventricular dys-
function (ejection fraction 36%). The ECG shows sinus rhythm, diffuse low voltage, rs complex-
es in V1, and abnormal Q waves in aVL and qs in lead I
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tation in the HRAS gene. Finally, the syndrome shows phenotypic overlaps with
cardiofaciocutaneous syndromes caused by mutations in the KRAS gene, and Noo-
nan syndrome caused by mutations in the PTPN11 gene.

9.1.4 LEOPARD Syndrome

LEOPARD is an acronym for Lentiginosis (multiple), ECG abnormalities,
Ocular hypertelorism, Pulmonary stenosis, Abnormal genitalia, Retardation of
growth, and sensorineural Deafness. The syndrome is autosomal dominant [8],
and in the majority of cases it is caused by mutations in the PTPN11 gene on
chromosome 12q24.13, and therefore it is allelic to Noonan syndrome.
Another form of LEOPARD syndrome is caused by mutation in the RAF1
gene, which also causes a form of Noonan syndrome.

HCM is frequently present in the syndromes described above [9–11], but
other congenital cardiac defects (pulmonary stenosis, bundle branch block, AV
block, family history of sudden death) have also been described [11, 12].

9.1.5 Noonan Syndromes

Noonan syndrome 1 (NS1) is an autosomal-dominant dysmorphic syndrome
characterized by abnormalities involving various organs. NS1 is caused more fre-
quently by mutations in the PTPN11 gene, which maps to chromosome 12q24.13.
Rare forms of the syndrome are Noonan syndrome 2, which is probably autoso-
mal recessive, Noonan syndrome 3 (caused by mutations in the KRAS gene),
Noonan syndrome 4 (mutations in the SOS1 gene), Noonan syndrome 5 (muta-
tions in the RAF1 gene), and Noonan syndrome 6 (mutations in the NRAS gene).

Different congenital cardiac abnormalities have been described in NS1:
patent ductus arteriosus, pulmonary stenosis, coarctation of the aorta, and also
HCM, restrictive cardiomyopathy (RCM) and “spongy myocardium” (LVNC)
[13, 14]. The HCM phenotype seems to be more frequent in Noonan syndrome
2 [15]; it has also been observed in Noonan syndrome 6 [16], and particularly
in Noonan syndrome 5 [17]. 

9.1.6  Cardiofaciocutaneous Syndrome

Cardiofaciocutaneous syndrome is caused by gain of function mutations in differ-
ent genes. One of four genes is involved: KRAS, BRAF, MEK1 (MAP2K1) or
MEK2 (MAP2K2). The protein products of these genes interact in a common path-
way that regulates cell differentiation, proliferation and apoptosis [18].
Cardiofaciocutaneous syndrome is characterized by multiple complex congenital
anomalies, such as a distinctive facial appearance that includes a high forehead
with bitemporal constriction, hypoplastic supraorbital ridges, downslanting palpe-
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bral fissures, depressed nasal bridge and posteriorly angulation [18]. Congenital
heart defects are frequently present; these include pulmonary stenosis, atrial sep-
tal defects and HCM [18]. A phenotypic overlap between cardiofaciocutaneous
syndrome and Noonan and Costello syndromes has been described [18].

9.1.7 Cardioencephalomyopathy (Fatal, Infantile Due to
Cytochrome c Oxidase Deficiency)

Fatal infantile cardioencephalomyopathy is a disease characterized by the
presence of hypotonia, respiratory difficulties, and increased levels of lactate
in the blood and cerebrospinal fluid at birth. Cardiac involvement is usually
characterized by a HCM phenotype. The disease is the result of cytochrome c
oxidase (COX) deficiency caused by a mutation in the SCO2 gene, which is a
COX assembly gene on chromosome 22q13.13. SCO2 mutations have been
associated with early spontaneous abortion [19]. 

9.1.8 Alstrom Syndrome

Alstrom syndrome is an autosomal-recessive disorder caused by a mutation in
the ALMS1 gene. Many organs can be affected, although truncal obesity, pro-
gressive sensory-neural hearing loss, retinitis pigmentosa and insulin-resistant
diabetes seem to be the most frequent manifestations of the disease. From a
cardiac point of view, the presence of DCM has been reported with variable
frequency. According to Marshall et al. [20], who studied a large cohort of
patients (250 affected individuals from different countries), the frequency of
DCM was 57.8%, and in two-thirds of these patients it was observed during
infancy. Russell Eggitt et al. [21] described 18 cases of infantile CMP in a
group of 22 children studied at Great Ormond Street Hospital, London, over a
period 10 years; however, other authors have reported a lower incidence [20,
22]. The occurrence of DCM is usually observed in infancy. It has to be noted
that also cases of RCM have been observed in this syndrome [23].

9.2 Metabolic and Storage Diseases

Metabolic and storage disorders are described below, and in Table 9.2.

9.2.1 Danon Disease

Danon disease is an X-linked dominant lysosomal disease caused by a muta-
tion in the gene encoding lysosome-associated membrane protein 2 (LAMP2),
and it is characterized histologically by the presence, in cardiac and skeletal
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muscle cells, of intracytoplasmic vacuoles containing autophagic material and
glycogen [24, 25]. The accumulation of glycogen initially led to the classifi-
cation of Danon disease as a glycogen storage disease [26]; however, accord-
ing to Nishino [27], Danon disease is not a true glycogen storage disease
because the level of glycogen is not always increased.

The disease is diagnosed on the basis of clinical features and muscle pathol-
ogy: CMP, skeletal muscle weakness (usually mild), elevated creatine kinase,
and the presence of intracytoplasmic vacuoles containing autophagic material
and glycogen in cardiac and skeletal muscle, with no acid maltase deficiency.
Intellectual disabilities and, in some cases, retinal involvement are present, with
a severe decrease in visual acuity resulting from choriocapillary ocular atrophy
[28] or retinal pigment disease (in female carriers) [29]. Affected females usual-
ly show a later onset and a less severe form of CMP, usually DCM. Cardiac
involvement is sometimes apparently isolated [26, 28], and is frequently of early
onset (less than 20 years of age) [25, 26, 28] and has a poor prognosis.
Symptoms are usually similar to those present in HCM. Echocardiography
shows a concentric left ventricular hypertrophy, which may be massive (Fig.
9.3). In the electrocardiogram (ECG), as an expression of the massive hypertro-
phy, left ventricular voltage is greatly increased (nearly the double than that
found in patients with sarcomere gene mutations), and in some series there has
been frequent occurrence of ventricular pre-excitation [26] (see Fig. 5.1). In the
majority of cases, the evolution of the disease is toward a progressive deteriora-
tion of left ventricular dysfunction and congestive heart failure.

9.2.2 Fabry Disease

Fabry disease is an X-linked disorder caused by a mutation in the gene encod-
ing alpha-galactosidase (GLA). The deficient or absent activity of alpha-galac-

Fig. 9.3 Danon disease. a Cardiac muscle specimen from a patient with Danon disease aged 14
years: a cross-section of explanted heart showing biventricular hypertrophy and fibrosis. b
Photomicrograph (Trichrome stain) showing extensive fibrosis (blue), severely damaged car-
diomyocytes (red) and vacuolization. Modified from Taylor et al. [29], with permission

a b
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Fig. 9.4 Fabry disease. Multiple osmiophilic bodies, which represent sphingolipid accumulation,
are present in the myocardium. Azur II stain, semifine section, ×200

Fig. 9.5 a,b Fabry disease in a 53-year-old man with hypertrophic cardiomyopathy. Note the mas-
sive left ventricular hypertrophy with areas of fibrotic tissue in the posterior third of the septum

a b

tosidase, a lysosomal enzyme, leads to systemic accumulation of globotriaosyl-
ceramide and other glycosphingolipids in lysosomes of many cells of different
organs (Fig. 9.4). Skin, kidneys, nerves and eyes are usually involved. The con-
dition affects males, and also heterozygous and homozygous females. Males
experience a more severe clinical symptomatology, while in females the symp-
toms vary from mild or virtually absent to symptoms as serious as those in
males. Cardiac involvement in females seems to be rare.

Cardiac involvement is characterized by left ventricular hypertrophy (Figs.
9.5, 9.6 and 9.7), ECG changes with high voltages (Romhilt–Estes scores
indicative of cardiac hypertrophy are present in 80% of cases), and frequently
by short PR (40% of cases) [30]. Chronic hypertension and luminal narrowing
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a b

c d

Fig. 9.6 Fabry disease. Microscopic view of cardiac sections in Fabry disease. a Myocyte hyper-
trophy and disarray, with partial replacement of normal myocardium by fibrotic areas. H&E, ×10.
b Myocardium with diffuse interstitial fibrosis. Note the severe myocellular hypertrophy. H&E,
×20. c Extensive myocyte vacuolation and diffuse interstitial fibrosis. Azan Mallory, ×20. 
d Severe plessiform fibrosis and myocyte disarray. Azan Mallory, ×20

Fig. 9.7 Two-dimensional echocardiogram from a 52-year-old man with Fabry disease and cardiac in-
volvement. Upper panels apical four-chamber views, end-diastolic and end-systolic frames. Lower
panel parasternal long-axis view, end-diastolic frame. The left ventricle is severely hypertrophic (in-
terventricular septum thickness 29 mm) and moderately dilated (end-diastolic volume 175 ml); an api-
cal hypokinesis is present. A “granular sparkling” appearance of ventricular myocardium is evident.
The global systolic function is at the lower limits of normality (ejection fraction: 51%). There is mod-
erate thickening of valve leaflets without significant stenosis



of coronary arteries can cause myocardial ischemia, while structural changes
in mitral and aortic valves may favor the deterioration of systolic function.
Cardiologists should consider a diagnosis of Fabry disease in patients, espe-
cially males, with left ventricular hypertrophy, mitral and aortic valve thicken-
ing on echocardiography, short PR and conduction defects on the ECG, in par-
ticular when associated with involvement of other organs (typical skin lesions,
and kidney and cerebrovascular disease). In a few cases, manifestations of
Fabry disease may be limited to the heart [31], or an HCM phenotype can be
the first manifestation of the disease [32]. 

9.2.3 Glycogen Storage Diseases

Glycogen storage diseases (also known as glycogenoses) are a group of genet-
ic disorders that are the result of deficiencies of enzymes necessary for glyco-
gen metabolism. Glycogen is a highly branched polymer of glucose with a
tree-like structure, and it undergoes addition and removal of residues at its
periphery. Glucose is mobilized from glycogen by complex reactions induced
by different enzymes that are encoded by different genes. 

More than 10 different forms of glycogenosis have been described, and in
at least three forms the myocardium is affected. Examples include: glycogen
storage disease type II or Pompe disease (caused by a mutation of the GAA
gene), glycogen storage disease type III or Cori–Forbes disease (caused by a
mutation of the AGL gene), and glycogen storage disease type IV or Andersen
disease (caused by a mutation of the GBE1 gene).

9.2.4 Carnitine Deficiency

Carnitine is a quaternary ammonium compound required for the transport of
fatty acids from the cytosol into the mitochondria. Fatty acids are a major
source of energy for heart and muscles. Systemic carnitine deficiency can have
different causes such as deficiency of intake or synthesis, or it can be the result
of abnormalities in fatty acid metabolism. However, the most important clini-
cal form of carnitine deficiency is “primary carnitine deficiency” caused by a
mutation in the SLC22A5 gene. This gene encodes a protein known as OCTN2,
which transports carnitine into the cells. Mutations in the SLC22A5 gene are
the cause of a dysfunctional (or absent) OCTN2 protein. As a consequence,
there is a deficiency of carnitine within the cells and reduced energy produc-
tion. The phenotype is characterized by neurologic, skeletal muscle and meta-
bolic symptoms, and laboratory findings. Heart involvement is characterized
by the presence of a variable phenotype (HCM or DCM). Moreover, sudden
infant deaths have been observed in a family with mutation of SLC22A5 [33].
Importantly, treatment with carnitine supplementation may cause dramatic
improvements in cardiac symptoms.
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9.2.5 Hemochromatosis

Hemochromatosis is an autosomal-recessive disorder of iron metabolism char-
acterized by iron deposition in many organs. From a clinical point of view,
excess iron deposition can be the cause of complex illnesses, including liver
cirrhosis, diabetes mellitus, hypogonadotropic hypogonadism and arthritis.
Diagnosis is confirmed by increased ferritin and transferrin saturation levels in
the absence of evidence for other causes of iron overload.

Arrhythmias (supraventricular and ventricular) may be the first sign of
heart involvement, but congestive heart failure caused by left ventricular dys-
function with low ejection fraction is frequently present. Occasionally a
restrictive pattern on echocardiography and/or cardiac catheterization can be
demonstrated. Low voltage of the QRS complex is a frequent ECG finding.
Familial hemochromatosis is usually caused by mutations in the HFE gene on
chromosome 6p21.3.

9.2.6 Wilson Disease

Wilson disease is a rare autosomal-recessive disorder characterized by toxic
copper accumulation, especially in the liver and central nervous system. This
syndrome typically presents with liver cirrhosis, degenerative changes in the
brain (especially in the basal ganglia), Kayser–Fleischer corneal rings, low
serum copper concentration, decreased serum ceruloplasmin level, increased
urinary copper, and deposition of copper in various tissues [34]. The age of
onset ranges from 3 years to over 50 years. It can present with hepatic, neuro-
logic or psychiatric disturbances, or a combination of these.

Cardiac involvement is an uncommon feature of the disease; nevertheless,
cardiac hypertrophy and increased cardiac copper concentration have been
described [35, 36]. Cardiac manifestations in Wilson disease include arrhyth-
mias, HCM or DCM, cardiac death and autonomic dysfunction [37]. ECG
abnormalities have been described in approximately one-third of patients, and
they include left ventricular hypertrophy, biventricular hypertrophy, early
repolarization, ST depression and T inversion. Arrhythmias include premature
atrial or ventricular beats, atrial fibrillation, sinoatrial block, Mobitz type 1
atrioventricular block and ventricular fibrillation [37]. Asymptomatic ortho-
static hypotension and an abnormal response to the Valsalva maneuver have
also been described [37]. 

The disease is caused by mutations (more than 260) in the ATP7B gene.
This gene encodes a protein known as copper-transporting ATPase 2, which is
part of the P-type ATPase family, a group of proteins that transports metals
into and out of cells. Copper-transporting ATPase 2 plays a role in the trans-
port of copper from the liver to other parts of the body, and it is also important
for the removal of excess copper from the body.
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9.2.7 Mucopolysaccharidoses  

Mucopolysaccharidoses (MPSs) are metabolic disorders caused by absent or
defective activity of one of the lysosomal enzymes that catabolize complex
carbohydrates known as mucopolysaccharides (or glycosaminoglycans). In
patients with MPS, there is insufficient or abnormal activity of these enzymes,
and this limits the breakdown of mucopolysaccharides into simpler molecules.
Mucopolysaccharides collect in the cells of different organs, and blood and
connective tissue to produce progressive cellular damage (nervous system,
eyes, skeleton, liver and spleen).

Seven types and numerous subtypes of MPS have been identified. The phe-
notypes of these diseases are different and patients, after a period of apparent
normal development, frequently show progressive physical and/or mental
deterioration.

The cardiac manifestations of MPS may be insidious initially, but they are
usually progressive as a result of engorgement of cells and tissues by macro-
molecular material; acute cardiac failure in the first weeks or months of life
has also been described [38].

9.2.7.1 MPS Type 1 (Hurler Syndrome) (IDUA Gene)
Cardiac involvement is present in almost all individuals with severe MPS type
1 (MPS-1). Thickening and stiffening of the mitral and aortic valve leaflets
can lead to valve incompetence, which may become hemodynamically impor-
tant in the more advanced stages of the disease. CMP (hypertrophic) and sud-
den death from arrhythmias and coronary artery disease can occur [39].
Donaldson et al. [38] described five children of three families with MPS-1
affected by a severe form of CMP, with a heart that was dilated and hyper-
trophic in the majority of cases. In two patients studied at postmortem,
endomyocardial fibrosis of the left ventricle was present, as well as (in one
patient) intimal thickening of the coronary arteries.

Hurler syndrome is caused by a defect in the gene that encodes alpha-L-
iduronidase. This defect can be the cause of three major clinical entities:
Hurler syndrome (MPS-1H), Shaie syndrome (MPS-1S) and Hurler–Shaie
syndrome (MPS-1HS). MPS-1H is the most severe form of the disease, MPS-
1S is relatively mild, while MPS-1HS is intermediate in phenotypic expres-
sion. In MPS-1S and MPS-1HS, involvement of mitral and aortic valves has
been observed [38].

9.2.7.2 MPS Type 2 (Hunter Syndrome) (IDS Gene)
In MPS type 2 (MPS-2), echocardiography shows valvular involvement, with
mitral and aortic regurgitation and/or stenosis, in about 50% of cases [40].
CMP is much less common and may be associated with an increased risk of
cardiac arrhythmias [41]. In a case described by Hishitani et al. [41], a com-
plete atrioventricular block was the cause of sudden death; patchy fibrosis was
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present in the myocardium, and fibrosis and infiltration of lymphocytes and
macrophages were present in the penetrating portion of the His bundle.

9.2.7.3 MPS Type 3 (Sanfilippo Syndrome) (SGSH, NAGLU Genes)
In Sanfilippo type A syndrome, the symptoms are mainly neurologic and can
appear in early childhood; the majority of patients die of end-stage neurode-
generative disease within the second decade of life. Cardiac involvement is
rare; however, asymmetrical septal hypertrophy [42] and severe HCM [43]
have been observed, while DCM seems to be very rare [39]. Moreover, Van
Hove et al. [44] described apparently isolated severe HCM, involving both
ventricles, in a woman who did not show neurologic symptoms. Percutaneous
endomyocardial biopsy showed ballooned cardiomyocytes with perinuclear
storage vacuoles, displacing the myofibrils peripherally. Specific staining
identified the storage material as acid mucopolysaccharides. The diagnosis of
Sanfilippo type A syndrome was documented by the excess of heparan sulfate
in the urine, deficient enzyme activity and reduction in the level of heparan
sulfamidase. The patient died after a cardiac transplant at age 56 years, and the
authors correlated the relatively advanced age to a significant residual heparan
sulfamidase activity.

9.2.7.4 MPS Type 4 (Morquio Syndrome Type A and B)
(GALNS, GLB1 Gene)

Cardiac involvement in MPS type 4 (Morquio syndrome) is usually character-
ized by involvement of the mitral and aortic valves. The valves can appear
thickened, insufficient or stenotic, but in the majority of cases the lesions are
hemodynamically mild [45]. In 2 of 10 patients studied by John et al. [45],
biventricular hypertrophy or apical hypertrophy (apparently not explained by
the severity of the valvular lesions) was present.

9.2.7.5 MPS Type 6 (Maroteaux–Lamy Syndrome) (ARSB Gene)
MPS type 6 is a form of MPS characterized by the development of different
types of heart disease and cardiac dysfunction, which can be the cause of seri-
ous problems in the majority of these patients [46]. An acute form of CMP
with severe heart failure has been observed in the first year of life by Miller
and Partridge [47], Fong et al. [48] and Hayflick et al. [49]. In these cases, the
heart was enlarged with or without ventricular hypertrophy, but with severe
dilatation and reduced left ventricular function. Endomyocardial fibroelastosis
is usually present. Severe myocardial involvement seems to be present only in
the first year of life, while signs of mitral and/or aortic incompetence and/or
stenosis are very frequent at a more advanced age (96% of 121 patients report-
ed by Swiedler et al. [50]). Tricuspid regurgitation has been frequent in some
echocardiographic studies [51]. Symptomatic coronary artery disease is rare,
although sclerosis of the intima, foamy cells between collagen fibers in the
coronary arteries, has been observed [52].
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9.2.7.6 MPS Type 7 (Sly Syndrome) (GUSB Gene)
Valvular heart disease has been observed in this form of MPS.

9.2.8 Mucolipidoses

Mucolipidoses are a group of inherited metabolic disorders characterized by a
pathological accumulation of carbohydrates and lipids in cells. The mucolipi-
doses are lysosomal storage diseases and they are classified in four types:
sialidosis (sometimes referred to as mucolipidosis type I), types II, III, and IV.

9.2.8.1 Mucolipidosis Type 2 Alpha/Beta (GNPTAB Gene)
Mucolipidosis type 2 is an autosomal-recessive disorder caused by deficiency
of multiple lysosomal hydrolases, which are active in the degradation of lipids
and mucopolysaccharides. The disorder is characterized clinically by short
stature, skeletal abnormalities, developmental delay and cardiovascular
changes. The cardiovascular changes are similar to those observed in MPS:
aortic valve prolapse with insufficiency, mitral and tricuspid prolapse [53], as
well as accumulation of foam cells in the myocardium. Patients affected by
mucolipidosis type 2 can present with a phenotype of DCM, dilatation of the
left ventricle and signs of endocardial fibroelastosis [54]. “Marked muscular
hypertrophy of the left ventricle” has also been described [55], in which
microscopy showed hypertrophied myocardial fibers, while the “sarcoplasm
was vacuolated”.  

9.2.9 Gangliosidoses

Gangliosidoses are a group of inherited metabolic disorders characterized by
abnormal accumulation of lipids (gangliosides) within the cells.

9.2.9.1 Gangliosidosis, Type 1 (GLB1 Gene)
Gangliosidosis type 1 is an autosomal-recessive lysosomal storage disease,
caused by a mutation in the gene encoding beta-galactosidase 1. The disease is
characterized by accumulation of ganglioside substrates in lysosomes, and
three main clinical variants have been described. It is a rare condition, and a
form of the disease with heart involvement has been observed in an infant who
died at the age of 8 months [56], when it was characterized by hypertrophy of
both ventricles and endocardial fibroelastosis. In another infant “cardiomyopa-
thy”, vacuolated and hypertrophic myofibers, thick and nodular mitral valve
leaflets, and partial occlusion of the right coronary artery by an atherosclerot-
ic plaque containing ballooned cells were present [57]. Finally Morrone et al.
[58] described eight patients with infantile severe form of the disease, and out
of these patients six presented cardiac involvement (DCM, “HCM and DCM”,
intraventricular conduction delay).



9.2.10 Oxalosis

Oxalosis is caused by generalized deposition of calcium oxalate, in renal and
extrarenal tissues.

9.2.10.1 Hyperoxaluria Primary, Type I; HP1 (AGXT Gene)
Oxalosis is a rare autosomal-recessive disorder caused by a mutation in the gene
encoding alanine-glyoxylate aminotransferase (AGXT). Decreased amounts or
absent AGXT activity (and a failure to transaminate glyoxylate) causes the accu-
mulated glyoxylate to be oxidized to oxalate. Non-soluble calcium oxalate accu-
mulates in many organs, especially the kidney, and frequently results in renal
failure. The heart is the site of clinically relevant deposition of oxalate crystals,
and this might be the etiologic factor in different forms of CMP. 

Severe RCM has been described by Shulze et al. [59], and “infiltrative car-
diomyopathy” with heart failure has been described by Van Driessche et al.
[60]. Yoshioka et al. [61] observed a concentric thickening of myocardial wall
in a case of oxalosis, while DCM with a severe reduction in ejection fraction
was reported by Robdby et al. [62] and Detry et al. [63]. In both of the latter
cases, there was a relevant improvement in cardiac function after kidney and
liver transplantation.

9.3 Mitochondrial Diseases

Mitochondria are structures localized in the cytoplasm of the cells, and their
function is to provide substrates (such as ATP) for intracellular metabolic path-
ways. Mitochondrial DNA encodes several components of metabolic path-
ways, including Krebs cycle, beta oxidation, and lipid and cholesterol synthe-
sis. Considering the fundamental role of these pathways, defects of mitochon-
drial function can have very severe consequences [64]. Most DNA is packaged
in chromosomes of the nucleus, but mitochondria also contain a limited
amount of DNA (mtDNA). Human mtDNA is a circular double-stranded mol-
ecule, which is much smaller than most nuclear genes. mtDNA contains 37
genes, 13 of which are involved in oxidative phosphorylation. The 13 proteins
encoded by human mtDNA are involved in the respiratory chain and oxidative
phosphorylation system [64]. 

The remaining 24 mitochondrial genes provide instructions for producing
molecules such as transfer RNA (tRNA) and ribosomal RNA (rRNA), which
are structures that help in assembling amino acids into functioning proteins.

Inherited or spontaneous mutations in mtDNA or in nuclear DNA (nDNA)
can cause an alteration in the functions of proteins or rRNA molecules. Since
the mitochondria are located in the cytoplasm, they are transmitted to the
embryo through the maternal oocyte. Therefore, mitochondrial diseases are
transmitted from the mother to children of both sexes (matrilineal transmis-
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sion). As a consequence, altered functions in different tissues can cause a
broad spectrum of diseases, with many possible combinations. However, con-
sidering the characteristics of the mitochondrial proteins in different diseases,
it is currently difficult to explain the different patterns of affected organs and
systems.

Considering the fact that mitochondria perform many different functions in
different tissues, the spectrum of mitochondrial diseases can be variable, and
they can have a multi-system nature and be of particular relevance to many
medical specialities. Furthermore, identical mtDNA mutations may not pro-
duce identical diseases, and conversely different mutations in mtDNA and
nDNA can lead to apparently undistinguishable diseases. Typical of this is
Leigh syndrome [65], in which there is extensive genetic heterogeneity, with
mutations identified in both nuclear-encoded and mitochondrial-encoded
genes that are involved in energy metabolism.

Santorelli et al. [66] first introduced the concept of mitochondrial CMP.
These CMPs are caused by different mutations of different genes (mtDNA
deletions, mtDNA point mutations, and mutations that can induce multiple
mtDNA deletions or depletions). These mitochondrial CMPs are rarely isolat-
ed, but frequently associated with skeletal myopathies and multi-organ
involvement. The characteristics of these CMPs, and other cardiac abnormal-
ities and the most frequent syndromic diseases are described in Table 9.3.

9.3.1 Defects of the Respiratory Chain Complex

Mutations involving genes encoding subunits of the mitochondrial respiratory
chain complex may be the cause of heterogeneous phenotypes in which asso-
ciated CMP has been described [67]. HCM without obstruction, often detect-
ed in early infancy, is the characteristic form encountered [67]. Hypertrophy
of the myocardium appears to result from swelling of the cardiomyocytes
caused by accumulation of mitochondria [67]. It has been suggested that mito-
chondrial proliferation is an attempt by the cardiac muscle cell to compensate
for deficient energy production [68]. 

Defects in any of the five complexes (I [69], II [70], III [71], IV [72] and
V [73]) of the respiratory chain have been associated with HCM. HCM is usu-
ally part of complex syndromes characterized by a variable combination of
metabolic acidosis, and involvement of skeletal muscle (psychomotor delay,
generalized hypotonia, etc.) and the central nervous system. 

The relationship between phenotypes, biochemical defects and molecular
genetic findings is poorly understood. Furthermore, in patients with mtDNA
mutations involving tRNA genes, biochemical studies in muscle have shown
multiple defects of the respiratory chain, most frequently complexes I and IV
[74, 75].
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Pediatric cardiomyopathies (CMPs) are complex and present challenges to
both cardiologists and pediatricians.

The incidence of pediatric CMPs is significantly higher in the first year of
life than at an older age. In a study by Lipshultz et al. [1], who analyzed data
from the pediatric CMP registry (467 cases) sponsored by the National Heart
Lung and Blood Institute, 41% of cases had received a diagnosis of CMP in
the first 12 months of life. More specifically, in comparison with the groups of
children between 1 and 18 years old, the annual incidence of CMPs in infants
less than 1 year old was markedly higher (8.3 versus 0.7 per 100,000 children).
A similar conclusion was reached for all types of CMP (with the exception of
few cases of restrictive CMP) in an epidemiological study carried out in
Australia [2], with peak incidence occurring before the age of 3 months.

All types of CMP may be present in early childhood. The most frequent
type is dilated cardiomyopathy (DCM), while familial hypertrophic cardiomy-
opathy (HCM) caused by contractile protein abnormalities usually develops, at
least in some series, after the first decade of life [2].

Considering the etiology, in the first year of life the majority of cases of
DCM have been classified as “idiopathic” [3]. More specifically, in a group of
591 patients diagnosed with DCM in the first year of life, 460 (77.8%) had a
diagnosis of idiopathic DCM, 26 (4.3%) had a diagnosis of familial DCM, and
65 (10.9%) had a diagnosis of myocarditis, while in the remaining patients
(6.7%) the DCM was associated with skeletal muscle disorders, inborn errors
of metabolism or malformation syndromes. Similar data have been observed in
studies of patients with HCM [4]; in a group of 855 patients of less than 18
years of age, the majority (74.2%) had idiopathic HCM, and in 35.8% of these
children the diagnosis was made in the first year of life. Systematic use of pre-
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natal and neonatal echocardiography will probably increase the number of
patients with a diagnosis of HCM (Figs. 10.1, 10.2 and 10.3).
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Fig. 10.1 Prenatal and neonatal 
hypertrophic cardiomyopathy. a Fetal
echocardiogram at 30 weeks of age.
Note left ventricular septum hyper-
trophy (0.65 cm). b Echocardiogram
at 2 months of age. Note massive 
biventricular hypertrophy (Courtesy of
Dr Alessandra Benettoni, Institute for
Maternal and Child Health-IRCCS
Burlo Garofolo, Trieste, Italy)

a

b

a

b

Fig. 10.2 Prenatal and neonatal hypertrophic
cardiomyopathy (same patient as in 
Fig. 10.1). a Chest X-ray showing severe 
enlargement of the heart. b Electrocardiogram
showing sinus tachycardia 120 bpm, P waves
suggestive of right atrial dilatation, and 
biventricular hypertrophy (Courtesy of 
Dr Alessandra Benettoni, Institute for 
Maternal and Child Health-IRCCS Burlo 
Garofolo, Trieste, Italy)



Among the recognizable genetic conditions associated with CMP in the
first year of life, inborn errors of metabolism comprise the largest group [5].
Inborn errors of metabolism  are characterized by defects in enzymes involved
in intermediary metabolism (breakdown of proteins, lipids and carbohydrates)
or energy production (e.g., oxidative phosphorylation) [6]. Inborn errors of
metabolism are complex and multiform, and many distinct disorders have been
identified [6]. The majority of cases are inherited in autosomal-recessive man-
ner, while a few are X-linked.
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Fig. 10.3 Prenatal and neonatal hyper-
trophic cardiomyopathy (same patient as in
Figs 10.1 and 10.2). a,b,c Postmortem his-
tological findings. H&E, ×10 (a), ×40
(b,c). Note the hypertrophy of the
myocells and evident myocellular disarray

a

b

c



The clinical consequences are more often evident in the neonatal period,
and in about 5% of cases  inborn errors of metabolism may be complicated by
CMP, which is more frequently hypertrophic, but dilated and mixed forms
have also been observed [6]. 

It is rare that the heart is the only organ affected in pediatric CMP of meta-
bolic etiology; the CMP is usually part of a complex multiform clinical syn-
drome. According to Cox et al. [6], different types of inborn errors of metab-
olism are frequently associated with specific “types” of CMP. Disorders of
glycogen metabolism are usually characterized by a HCM phenotype; the most
common is Pompe disease, which is usually clinically evident in the first few
months of life, and is associated with hypotonia and muscle weakness. In con-
trast, in the DCM group, oxidative phosphorylation defects and systemic car-
nitine deficiency are the most common causes.

In fact, Cox et al. [6] suggested that, from a pathogenetic point of view, dis-
eases associated with a storage of glycogen, fat or lysosomal substrates fre-
quently manifest themselves with a phenotype of HCM, while DCM is often
present in inborn errors of metabolism characterized by “an excess of acid
metabolites, such as organic acidemias, aminoacidopathies and systemic car-
nitine deficiency”.

It also seems that, at least in some cases, the same “error of metabolism”
may cause different types of heart muscle disease.

When heart involvement is present, the clinical approach should be direct-
ed toward the identification of signs of a multi-systemic pathology: peculiar
physical appearance, neurological abnormalities, skeletal myopathies, abnor-
malities of the skeleton, etc. Laboratory findings are also very important; for
example, the presence of hypoglycemia, metabolic acidosis, hyperammone-
mia, carnitine levels or ketoacidosis, as well as the detection of specific
metabolites in the urine.

In this complex field of pediatric cardiology, which needs a strict coopera-
tion between pediatricians, genetists and cardiologists, an early diagnosis is
important, considering the fact that energy source, diet, dietary supplements,
avoidance of fasting, replacement of missing enzymes, stem cells and organ
transplantation may improve the prognosis of these disorders. Sometimes dra-
matic improvements can be seen, such as with the administration of high doses
of carnitine in children with carnitine deficiency [6].
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11.1 The Challenges of Clinical Genetic Testing

The completion of the Human Genome Project was a landmark achievement
that revealed the reference DNA sequence for our own genome. Almost imme-
diately it became clear that there was no single “reference” DNA sequence, as
even the approximately half-dozen human DNA samples used by the Human
Genome Project contained tens of thousands of variations [1]. As clinical
genetic testing becomes more mainstream, and various projects underway per-
form full DNA genome sequencing in thousands of individuals, the extent of
this genetic variation is increasingly being appreciated. It is widely recognized
that most of this variation is probably not relevant for determining health or
risk of disease and it has been collectively referred to as “genetic noise”. As in
much of biology, separation of the “signal” from the “noise” can be challeng-
ing, and as molecular genetic sequencing expands in use and in the total length
of DNA that can be sequenced in a single assay, problems in distinguishing a
diagnostic genetic change from background genetic variation will remain a
difficult task for researchers and clinicians to fulfill. Newer DNA sequencing
technology can now complete the sequencing of an entire human genome sev-
eral times in a matter of days, which is orders of magnitude faster than the
nearly 13 years required for the initial first-pass done by the Human Genome
Project consortium [2]. This technology, which will shortly be widely used in
clinical genetic testing, will undoubtedly add new challenges to the difficulty
of distinguishing signal from noise.  

Two recent papers have clearly shown the breadth of genetic variation (the
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“noise”) in heart muscle diseases, arrhythmogenic right ventricular cardiomy-
opathy (ARVC) and long QT syndrome [3, 4]. Various authors had previously
studied families with cardiomyopathy (CMP) to identify genes, and screen
patient cohorts to determine the contribution of various genes. Although the
screening of control populations for disease-causing mutations that have
already been discovered is fairly standard in genetic studies, comprehensive
DNA sequencing of large control cohorts to measure background genetic vari-
ation is not usually undertaken. The two studies provide compelling evidence
that extensive evaluation in control populations should become standard for
future genetic testing.

Kapplinger et al. [3] sequenced five genes causing ARVC (PKP2, DSP,
DSG2, DSC2 and TMEM43) and found that 16% of 427 healthy controls with-
out disease also had genetic variations that could be classified as “mutations”
by various criteria, illustrating the level of genetic noise and an overall frequen-
cy well beyond that predicted, assuming the low prevalence of ARVC. Another
paper, on long QT syndrome, from Kapa et al. [4] investigated the background
noise of long QT genes (SCN5A, KCNQ1 and KCNH2). In over 1,300 normal
controls, the “background noise” of mutations was again significant (10%). 

Confirming that a suspected mutation is present in all affected relatives
within a family can be critical to help assess the causal role of a putative muta-
tion. In clinical circumstances, efforts to evaluate, recruit and test multiple
patients in a given family are unlikely to be feasible. In some circumstances,
investigators have taken additional steps to assess mutation pathogenicity
using in vitro cellular or in vivo animal assays, but this approach is difficult to
carry out when large numbers of mutations are identified. It is also not possi-
ble in clinical situations when working with clinical laboratories.  

Therefore, the clinician should keep in mind that genetic testing continues
to evolve, and in doing so it is being shown to be an imperfect tool and one
that requires careful interpretation before and after testing is done.
Interpretation should be done by trained physicians, often with the support of
genetic counselors. Criteria for pathogenic mutations have not been definitely
decided, and they are liable to undergo some changes as more knowledge is
gained. Indeed, the pace of clinical testing seems at times to have moved faster
and without circumspect consideration than research efforts would perhaps
dictate. Stringent criteria (“radical” mutations, or missense mutations located
in highly conserved and functionally important domains) and, whenever pos-
sible, analysis of genetic testing in multiple affected relatives can be used
when applicable to help with genetic test interpretation. Furthermore, as
underlined by several authors [3, 5–7], genetic tests must be integrated in the
context of an expert clinical evaluation, together with a good family history
and accurate clinical information, as for any other diagnostic test. Until the
specificity of these types of molecular genetic tests is robust and understood,
the clinical application of such tests is probably better performed in referral
centers with expertise in cardiovascular genetics [5–7]. 

Furthermore, healthy individuals harboring a CMP mutation (“carriers”) do
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not inevitably develop cardiac disease. Thus, the identification of a mutation
in a currently healthy individual should be interpreted as placing that person
“at risk for” the condition, but not as a “diagnosis” of CMP. Ample evidence
shows that the development of “disease” is age related, and usually manifests
after puberty, in the third to fourth decade of life. Additionally, the penetrance
of the disease gene (i.e., the proportion of carriers who eventually manifest the
disease) is never 100%. Therefore, some carriers of CMP gene mutations may
remain asymptomatic for their entire life. This important concept needs to be
clearly explained to asymptomatic patients in the context of detailed genetic
counseling, which should be ideally be provided whenever genetic testing is
being considered within a family with CMP.

11.2 Following the Guidelines

Current guidelines provide important help to clinicians in selecting the appro-
priate genetic testing approach in CMPs. 

In 2009, on behalf of the Heart Failure Society of America, a group of US
experts published the “Practice Guideline” for the genetic evaluation of car-
diomyopathy [6]. In 2010, a group of European experts published a position
statement on genetic counseling and testing in CMPs on behalf of the
European Society of Cardiology Working Group on Myocardial and
Pericardial Diseases [8]. Finally, in 2011, two important statements were pub-
lished. The Heart Rhythm Society (HRS) and the European Heart Rhythm
Association (EHRA) published an expert consensus statement on the state of
genetic testing for the channelopathies and CMPs [9], and the American
College of Cardiology/American Heart Association (ACC/AHA) Task Force
on Practice Guidelines published their report on hypertrophic cardiomyopathy
(HCM) [10]. Therefore, a clinician can currently count on a number of inter-
national updated guidelines to provide appropriate management to patients
with genetic heart muscle diseases, and below we summarize the most impor-
tant principles of these guidelines [6, 8, 9].

Class I recommendation (according to the AHA/ACC definition: “is recom-
mended”) is applied to genetic testing in the following instances: (1) index
cases with a sound clinical suspicion for the presence of a channelopathy or a
CMP when the positive predictive value of a genetic test is high (likelihood of
positive result >40% and signal/noise ratio <10%), (2) AND/OR when the
genetic test result provides either diagnostic or prognostic information, (3) or
when the genetic test result influences therapeutic choices. Another important
point to keep in mind is that most of the available data are derived from reg-
istries that have followed patients and recorded outcome information, since
randomized and/or blinded studies do not exist. All recommendations are
therefore level of evidence C (i.e., based on expert opinions) [9]. Screening of
family members for the mutation identified in the proband of the family is rec-
ommended as Class I when genetic testing leads to the adoption of
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therapy/protective measures/lifestyle adaptations. Conversely, Class IIa rec-
ommendation is when results of genetic testing are not associated with the use
of therapeutic or protective measures, but the results may be useful for repro-
ductive counseling or instances in which genetic testing is requested by the
patient who wants to know his/her mutation status. Limitations of the current
guidelines are the lack of absolute evidence in many clinical genetic situa-
tions. Once again it is underlined that the final judgement regarding care of a
particular patient must be made by the healthcare provider and patient based
on all relevant circumstances [9]. Genetic counseling should be part of proper
management of genetic CMPs and is recommended for all patients and rela-
tives with familial heart disease, and it should include discussion of the risks,
benefits and options available for clinical testing and/or genetic testing.
Importantly, treatment decisions should not rely solely on the genetic test
result, but should be based on an individual’s comprehensive clinical evalua-
tion. All guidelines agree that at the current status of knowledge, it is prefer-
able for pre-genetic test counseling, genetic testing and the interpretation of
genetic test results to be performed in centers experienced in genetic evalua-
tion and family-based management of heritable CMPs [6, 8, 9].

For HCM, Class I recommendations include a comprehensive or targeted
(MYBPC3, MYH7, TNNI3, TNNT2, TPM1) genetic testing for any patient in
whom a cardiologist has established a clinical diagnosis of HCM based on
examination of the patient’s clinical history, family history and electrocardio-
graphic/echocardiographic phenotype.  

For DCM, Class I recommendations are a comprehensive or targeted
(LMNA and SCN5A) DCM genetic testing for patients with DCM and signifi-
cant cardiac conduction disease (i.e., first-, second- or third-degree heart
block) and/or a family history of premature unexpected sudden death [9].
Genetic testing for patients with familial DCM is a Class IIa (“can be useful”)
recommendation, and used to confirm the diagnosis, recognize those who are
at highest risk of arrhythmia and syndromic features, facilitate cascade screen-
ing within the family, and help with family planning [9]. Some authors also
suggest the screening of sarcomeric genes in familial DCM, considering that
the cumulative frequency is in the range of 4–8% [6]. The prognostic rele-
vance of sarcomeric gene mutations in DCM is currently unknown, although
unpublished data from our own registry suggest a worse outcome for sarcom-
eric gene mutation carriers.

In left ventricular non-compaction (LVNC), the consensus for genetic test-
ing is a Class I recommendation [6, 9]. LVNC genetic testing can be useful for
patients in whom a cardiologist has established a clinical diagnosis of LVNC
based on examination of the patient’s clinical history, family history and elec-
trocardiographic/echocardiographic phenotype (Class IIa: can be useful).

Finally, genetic testing for restrictive cardiomyopathy (RCM) is recom-
mended (Class I). Furthermore, RCM genetic testing can be considered (Class
IIb) for patients in whom a cardiologist has established a clinical index of sus-
picion for RCM based on history and phenotype.

122 L. Mestroni et al.



In all forms of CMP, the general principle is that mutation-specific genetic
testing is recommended for family members and appropriate relatives follow-
ing the identification of a disease-causative mutation in the index case. When
genetic testing is non-diagnostic or unavailable, healthy at-risk family mem-
bers should be clinically evaluated at regular intervals because of the reduced
and age-related penetrance typical of CMPs. In these relatives, periodic clini-
cal assessment should be performed until the age at which the probability of
developing the phenotype drops below 5–10%, usually around the fourth
decade of life [6, 8]. 

11.3 Conclusions

In conclusion, genetic testing is becoming an important tool for a personalized
medical approach to CMPs. However, it must not be viewed as a simple blood
test: a negative genetic test can never, by itself, rule out the presence of the
CMP under consideration for the index case. Likewise, a positive genetic test
must be carefully considered as one component of a comprehensive cardio-
genetic evaluation, together with an accurate clinical diagnosis, understanding
the probabilistic nature of genetic testing and an accurate family history.
Clinical and genetic family screening remains of great importance, not only in
the research setting but also for clinical testing and should be performed when-
ever possible. Finally, genetic counseling should be an integral part of a car-
diogenetic evaluation, in order to inform and educate the patient of the intrin-
sic uncertainties of genetic testing.
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Up to a few decades ago, the medical community was uncertain, vague and con-
fused about cardiomyopathies (CMPs). By definition, the etiology was unknown
[1] and the diagnostic approach was essentially based on the clinical phenotype.
The classifications of these diseases, developed to provide order to a complex and
rather confused matter, were appropriately considered to be a provisional “bridge
between ignorance and knowledge” [2] that would change with the progress of sci-
ence. The majority of CMP classifications [1, 3, 4] were based (and continue to be
based) on the phenotype. However, the classical “hypertrophic-dilated-restrictive”
approach has some limitations, considering that in this classification there is a mix
of diagnostic criteria: anatomic-morphologic (hypertrophic cardiomyopathy
[HCM], dilated cardiomyopathy [DCM]), functional (restrictive cardiomyopathy
[RCM]) and anatomic-functional (arrhythmogenic right ventricular cardiomyopa-
thy [ARVC]). In 2006 [5], the American Heart Association suggested an approach
that was based mainly on etiology (genetic, mixed, acquired) and considered two
groups: primary CMPs (the disease is solely or predominantly localized in the
heart) and secondary CMPs (heart involvement is part of a multi-organ disorder).

In the last 20 years, remarkable progress has been made in the knowledge of
etiology, pathogenesis, diagnosis and therapy. For example, a genetic background
of DCM was considered rare (2%) in the 1980s, while we know now that a famil-
ial trait may be present in at least one-third of individuals [6, 7]. Right ventricular
CMP (the adipositas cordis or the lipomatosis cordis of the classical pathologists
[8]) was unknown as a CMP in the 1980s [1], then in 1982 it was considered to be
a “dysplasia” (i.e., an abnormality of development) [9], in 1995 it was accepted as
an arrhythmogenic CMP localized in the right ventricle, while in recent years it
has been considered to be a disease that involves both ventricles [10–12].
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In the past, our understanding of these disorders was essentially based on
two sources: the correlation of clinical findings with morbid anatomy, and long-
term follow-up data. However, more recently, genetics and molecular medicine
have opened up new horizons, with potentially useful consequences for preven-
tion and treatment of the disorders. The growth of molecular genetics in cardi-
ology has been spectacular since the demonstration in 1989 [13] that HCM was
caused by a mutation of the gene encoding cardiac myosin heavy chain. Since
then, from a simplified theorem “one disease–one gene”, we have been trans-
ported into an era characterized by high complexity, with a great number of
genes involved. In HCM, for example, more than 15 sarcomere-related genes
with hundreds different mutations have been identified. However, if we consid-
er the presence of hypertrophic cardiomyopathy (defined as the presence of
increased left ventricular wall thickness or mass in the absence of loading con-
ditions sufficient to cause the observed abnormality [4]) in well-defined syn-
dromes, metabolic diseases and mitochondrial disorders, then more than 70
genes are involved. The same phenomenon has been observed in other CMPs,
especially DCM and ARVC, in which the number of causative genes will con-
tinue to increase in relation to ongoing research [14, 15].

Genotype–phenotype relationships are not always simple and clear, and the
approach and possible interpretations may be complex. Different mutations in
the same gene can cause apparently identical phenotypes, as well as be asso-
ciated with phenotypes that are radically different one from the other.
Moreover, apparently identical phenotypes may be the consequence of muta-
tions in different genes (phenocopies). The comparative diagnosis between
different forms is important, also from a prognostic and sometimes a therapeu-
tic point of view. Some clinical features of CMPs can also vary within the
same family, a phenomenon that indicates that sometimes there is not a clear-
cut relationship between the mutation and its clinical consequences [16].
Finally, it should be reaffirmed that the association between the presence of a
certain mutation (or mutations) and a cardiac abnormality (or complex of
abnormalities) cannot always be considered a cause–effect phenomenon. With
respect to genetic testing, the positive predictive value of a test will be the
expression of the frequency with which a phenotype is observed in the pres-
ence of a specific genotype.

The clinical cardiologist must also be aware that many other factors of
genetic and environmental origin may contribute to the variability of the phe-
notype, a variability that is sometimes very relevant within the same family.
One factor causing variability is “incomplete penetrance”, i.e., when an indi-
vidual who carries a mutation does not manifest the disease phenotype, or
develops the disease at a more advanced age (age-related penetrance). In
CMPs, the penetrance (the proportion of carriers of a mutation affected by the
disease) usually increases with the age, but almost never reaches 100%. 

Another possible occurrence that may complicate the disease assessment is
variable expressivity, i.e., only some aspects of the disease, sometimes minor,
are present. In some CMPs, it is a common experience that early reports or
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reports coming from referral centers frequently indicate the presence of severe
forms of the disease, sometimes with an ominous prognosis, while subsequent
findings frequently indicate that the disease is less severe, more common and
often benign. For these reasons, the diagnostic criteria, which usually reflect
the evident abnormalities of a severe disease, might be absent or less evident
in some family members with early stages of the disease. Moreover, some
CMPs can be associated with a peculiar symptomatology (e.g., supraventricu-
lar arrhythmias) or an involvement of other organs or systems (skeletal mus-
cle, auditory system, etc.), or they might be a component of a syndrome
involving multiple tissues and organs. Sometimes, traditional and neglected
diagnostic techniques, such as electrocardiography, can be very useful for
diagnosis. Electrocardiographic findings should be analyzed and interpreted
considering the phenotype and the clinical context. Some electrocardiograph-
ic changes (e.g., negative T waves in V1–V3 in adults with ARVC [8], abnor-
mal Q waves in HCM, and various abnormalities in the electrocardiograms of
young patients with Duchenne muscular dystrophy [17]) may be the early
manifestations of myocardial disease, signaling myocardial involvement well
before the onset of clinical symptoms. 

The role of the clinical cardiologist in this revolution of medical knowl-
edge is clearly relevant, considering that in genetic studies the approach guid-
ed by the patient phenotype is extremely important: this involves a systemat-
ic, accurate, competent observation and study of the clinical characteristics of
the phenotype of patients, the family history, and the correlation between the
clinical findings and genetic data.

This book has been conceived from the perspective of the clinical cardiol-
ogist who takes care of his patients and their families, and is confronted with
clinical problems that are sometimes difficult and complex. This book is also
based on many years of experience, observations, studies and research in the
field of CMPs, and on the Trieste Registry of Cardiomyopathies, which was
started more than 30 years ago, and which contains data for more than 1,300
patients who have been systematically studied. 

The aim of our book is to bring genetics closer to clinical practice, con-
tribute to the construction of a bridge between clinical observation and molec-
ular genetics, help in the identification of a possible specific genetic back-
ground, and finally to give support to clinicians in the study of some complex,
usually rare syndromes that are frequently characterized by multi-organ
involvement, in an attempt to link the experience of the past with the progress
of the present.
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Cardiomyopathies are present in some rare and unusual complex syndromes that
have been described in recent decades. Frequently, only one or a few cases or fam-
ilies have been studied, always from a clinical point of view, but later, in some
cases, the identification of the gene and locus has also been possible. These syn-
dromes are summarized in Table A.1. Cases with insufficient documentation have
not been considered.
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AARS2; Alanyl-tRNA synthetase 2: OMIM 612035; locus 6p21.1
The protein encoded by the AARS2 gene belongs to the class II aminoacyl-
tRNA synthetase family. Aminoacyl-tRNA synthetases play critical roles in
mRNA translation. The encoded protein is a mitochondrial enzyme that specif-
ically aminoacylates alanyl-tRNA. 

ABCC9; ATP-binding cassette, subfamily C, member 9: OMIM 601439;
locus 12p12.1
Alternative name: sulfonylurea receptor 2 (SUR2).
The protein encoded by this gene is a member of the superfamily of ATP-bind-
ing cassette (ABC) transporters. ABCC9 encodes a subunit of ATP-sensitive
potassium channels (K-ATP). It can form cardiac and smooth-muscle-type 
K-ATP channels with KIR6.2. KIR6.2 forms the channel pore while the regula-
tory SUR2A subunit is required for activation and regulation. Potassium move-
ment through KIR6.2 does not require energy expenditure, yet ATP hydrolysis
at SUR2A is integral in the transduction of metabolic signals from cellular ener-
gy pathways to the channel pore. In this way, K-ATP channels set membrane
excitability in response to stress challenge and preserve cellular energy-
dependent functions, a vital role in securing cellular homeostasis under stress.

ACAD9; Acyl-CoA dehydrogenase family, member 9: OMIM 611103; locus
3q21.3
This gene encodes a member of the acyl-CoA dehydrogenase family. The
encoded protein localizes to the mitochondria and catalyzes the rate-limiting
step in the beta-oxidation of fatty acyl-CoA. It is specifically active toward
palmitoyl-CoA and long-chain unsaturated substrates.

ACADVL; Acyl-CoA dehydrogenase, very long-chain: OMIM 609575;
locus 17p13.1
The ACADVL gene encodes the very long chain acyl-CoA dehydrogenase. The
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enzyme catalyzes the major part of mitochondrial palmitoyl-CoA dehydro-
genation in liver, heart, skeletal muscle and skin fibroblasts.

ACTA1; Actin, alpha, skeletal muscle 1: OMIM 102610; locus 1q42.13
The ACTA1 gene provides instructions for making a protein called skeletal
alpha-actin, which is part of the actin protein family. Skeletal alpha-actin plays
an important role in skeletal muscles and it forms the core of sarcomeres,
where it interacts with a variety of other proteins to facilitate muscle contrac-
tion.

ACTC1; Actin, alpha cardiac muscle: OMIM 102540; locus 15q14
The ACTC1 gene encodes a protein which belongs to the actin family which is
composed of three main groups of actin isoforms: alpha, beta and gamma.
Alpha actins are major component of the contractile apparatus. 

ACTN2; Alpha-actinin 2: OMIM 102573; locus 1q43
This gene encodes an actin-binding protein with multiple roles in different
cells. In skeletal, cardiac and smooth muscle, cytoskeletal isoforms are local-
ized to the Z-disk and analogous dense bodies. They help to anchor the
myofibrillar actin filaments. Moreover alpha-actinin is implicated in the bind-
ing of cardiac ion channels, Kv1.5 in particular.

AGL; Amylo-1,6-glucosidase, 4-alpha-glucano transferase: OMIM 610860;
locus 1p21.2
The AGL gene encodes an enzyme that is involved in the breakdown of glyco-
gen. It has two catalytic activities: amylo-1,6-glucosidase and 4-alpha-glucan-
otransferase, which may function independently of one another.

AGXT; Alanine-glyoxylate aminotransferase: OMIM 604285; locus 2q37.3 
The AGXT gene provides instructions for making a liver enzyme called ala-
nine-glyoxylate aminotransferase. This gene is expressed only in the liver and
the encoded protein is localized mostly in the peroxisomes, where it is
involved in glyoxylate detoxification. Specifically in the peroxisome, alanine-
glyoxylate aminotransferase converts a compound called glyoxylate to the
amino acid glycine, which is later used for making enzymes and other pro-
teins.

ALMS1; Alstrom syndrome protein 1 (or AMLS1 gene): OMIM 606844;
locus 2p13.1
The ALMS1 gene provides instructions for making a protein whose function
was not clearly known until now. Alstrom syndrome protein 1 is present in
most of the tissues of the body, usually at low levels. Within cells, this protein
is located in structures called centrosomes and it has also been found at the
base of cilia. Centrosomes play a role in cell division and in the assembly of
microtubules. Cilia are involved in cell movement and many different chemi-
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cal signaling pathways. Based on its location, researchers suggest that the
Alstrom syndrome protein 1 might be involved in the organization of micro-
tubules, the transport of various materials, and the normal function of cilia.

ANKRD1; Ankyrin repeat domain-containing protein 1: OMIM 609599;
locus 10q23.31
The ankyrin gene encodes for the protein ankyrin 1. This protein may play an
important role in endothelial cells activation. Studies in rat cardiomyocytes
suggest that this gene functions as a transcription factor. Interactions between
this protein and the sarcomeric proteins myopalladin and titin suggest that it
may also be involved in the myofibrillar stretch-sensor system. 

ARSB; Arylsulfatase B: OMIM 611542; locus 5q14.1 
The ARSB gene encodes arylsulfatase B, which is a lysosomal enzyme that
removes the C4 sulfate ester group from the N-acetylgalactosamine sugar
residue at the non-reducing terminus of the glycosaminoglycans dermatan sul-
fate and chondroitin sulfate during lysosomal degradation.

ATPAF2; ATP synthase, mitochondrial F1 complex, assembly factor 2:
OMIM 608918; locus 17p11.2
This gene encodes an assembly factor for the F1 component of the mitochon-
drial ATP synthase. The protein binds to the F1 alpha-subunit to prevent this
subunit from forming non-productive homo-oligomers during enzyme assem-
bly. ATPAF2 interacts strongly with the ATP synthase F1 alpha-subunit and
weakly with the F1 beta-subunit.

ATP7B; ATPase, Cu++ -transporting, beta polypeptide: OMIM 606882;
locus 13q14.3
The ATP7B gene encodes a polypeptide that acts as a plasma membrane cop-
per-transport protein. This protein is found primarily in the liver, with smaller
amounts in the kidneys and brain. This protein functions as a monomer,
exporting copper out of the cells, such as the efflux of hepatic copper into the
bile.

BAG3; Bcl2-associated athanogene 3: OMIM 603883; locus 10q26.11
The BAG3 gene encodes Bcl2-associated athanogene 3 protein, a member of
the Bcl2 family of apoptosis regulator proteins. This protein inhibits the chap-
erone activity of HSP70/HSC70 by promoting substrate release. It has anti-
apoptotic activity. 

BRAF; V-RAF murine sarcoma viral oncogene homolog B1: OMIM
164757; locus 7q34
For the function of BRAF, see RAF1. It should be noted that chemical signal-
ing through the RAS/MAPK pathway is essential for normal development
before birth.
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BSCL2; Seipin (or Bernardinelli–Seip congenital lipodystrophy type 2
protein): OMIM 606158; locus 11q12.3
The BSCL2 gene encodes seipin, a protein localized mainly in the endoplasmic
reticulum membrane. The BSCL2 gene is active in many cells throughout the
body (particularly nerve and brain cells, and adipocytes) and probably has a
critical role in the early development of these cells. However, the function of
seipin is currently not known.

Cadherins
Cadherins, named for “calcium-dependent adhesion”, are a family of calcium-
dependent cell–cell adhesion molecules. They are localized on the surface of
cells and help neighboring cells to attach to one another to form organized tis-
sues. Different forms of cadherins (muscle, neural, placental and epithelial)
have been identified.

CALR3; Calreticulin 3: OMIM 611414; locus 19p13.11
Calreticulin is a protein involved in regulation of intracellular calcium home-
ostasis and endoplasmic reticulum calcium capacity. The protein affects on
store-operated calcium influx and influences calcium-dependent transcription-
al pathways during embryonic development. Calreticulin is also involved in
the folding of newly synthesized proteins and glycoproteins.

CAV3; Caveolin 3: OMIM 601253; locus 3p25.3
The CAV3 gene encodes a protein called caveolin 3, the muscle-specific form
of the caveolin protein family, localized in the membrane surrounding muscle
cells. The protein is the main component of the caveolae (“little caves”), which
are small pouches in the muscle cell membrane. The caveolin 3 protein acts as
a scaffold to organize other molecules, and is important for the cell signaling
and maintenance of cell structure.

CNBP (HGNC approved gene symbol); Zinc finger protein 9 (ZFN9):
OMIM 116955; locus 3q21.3
Alternative name: cellular retroviral nucleic acid-binding protein 1; CNBP1.
The CNBP gene (also known as ZNF9) encodes a protein called zinc finger
protein 9, which is a ubiquitous protein, but is most abundant in the heart and
in skeletal muscles. This protein has seven regions called zinc finger domains,
which are thought to bind to specific sites on DNA and RNA. The CNBP pro-
tein is necessary for normal embryonic development and appears to regulate
the activity of other genes.

COA5 (HGNC approved gene symbol); Chromosome 2 open reading frame
64 (C2ORF64): OMIM 613920; locus 2q11.2
The cytochrome c oxidase assembly factor 5 gene encodes an assembly factor
for mitochondrial cytochrome c oxidase. Defects in COA5 are the cause of
mitochondrial complex IV deficiency.
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COX10; Cytochrome c oxidase assembly protein COX10: OMIM 602125;
locus 17p12
The COX10 gene encodes a cytochrome c oxidase (COX) assembly protein
involved in the mitochondrial heme biosynthesis pathway. COX10 catalyzes
the farnesylation of a vinyl group at position C2, resulting in the conversion of
protoheme (heme B) to heme O. The COX10 protein is required for the expres-
sion of functional COX.

COX15; Cytochrome c oxidase assembly protein COX15: OMIM 603646;
locus 10q24.2
Cytochrome c oxidase (COX) is the terminal component of the mitochondrial
respiratory chain and catalyzes electron transfer from the reduced cytochrome
c to oxygen. 

CRYAB; Crystallin, Alpha-B: OMIM 123590; locus 11q23.1
Crystallin, alpha, beta and gamma, are separated into two classes: taxon-specif-
ic or enzyme, and ubiquitous. The latter class constitutes major proteins of ver-
tebrate eye lens, and maintains the transparency and refraction index of the lens. 

CSRP3; Cysteine- and glycine-rich protein 3: OMIM 600824; locus
11p15.1 
The CSRP3 gene encodes a member of the CSRP family of LIM domain pro-
teins, which are probably involved in processes important for development
and cellular differentiation. It is a regulator of myogenesis and plays a crucial
role in the organization of cytosolic structure of cardiomyocytes. It could play
a role in mechanical stretch sensing and may promote the assembly of inter-
acting proteins at Z-line structures. It is also essential for calcineurin anchor-
age to the Z-line and is also required for stress-induced calcineurin-NFAT
activation.

DES; Desmin: OMIM 125660; locus 2q35
The DES gene encodes desmin, a muscle-specific cytoskeletal protein. Desmin
proteins surround rod-like structures called Z-discs that are located within the
sarcomere. Desmin connects the Z-discs to one another, linking neighboring
sarcomeres and forming myofibrils. The connection of sarcomeres to each
other is essential for muscle function.

DMD; Dystrophin: OMIM 300377; locus Xp21.2-p21.1; and DGC dys-
trophin glycoprotein complex
DMD, the second largest human gene, encodes dystrophin, which acts as an
anchor connecting the cytoskeleton of a muscle fiber to the surrounding extra-
cellular matrix, and strengthens muscle fibers and protects them from injury as
muscles contract and relax. Components of the DGC complex are sarcogly-
cans, dystroglycans, caveolin-3, syntrophins, dystrobrevins and nitric oxide
synthetase. 
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DMPK; Dystrophia myotonica protein kinase: OMIM 605377; locus
19q13.32
The DMPK gene encodes a protein called dystrophia myotonica protein
kinase. This protein plays an important role in muscles, heart and brain, with
involvement in communication within cells. It appears to regulate the produc-
tion and function of important structures inside muscle cells by interacting
with other proteins. Dystrophia myotonica protein kinase can inhibit a specif-
ic subunit (PPP1R12A) of the muscle protein myosin phosphatase, an enzyme
that plays a role in contraction and relaxation of the muscle.

DSC2; Desmocollin 2: OMIM 125645; locus 18q12.1
Desmocollin 2 is a calcium-dependent glycoprotein, and a member of the desmo-
collin subfamily of the cadherins superfamily. Desmocollin is found primarily in
epithelial cells and constitutes the adhesive proteins for cell–cell junction.

DSG2; Desmoglein 2: OMIM 125671; locus 18q12.1
The protein is a component of desmosomes, which are structures responsible
for cell–cell junctions in epithelial, myocardial and other cell types.
Desmoglein is a calcium-binding transmembrane glycoprotein component of
desmosomes.

DSP; Desmoplakin: OMIM 125647; locus 6p24.3
Other entities represented: DSPI, desmoplakin I; DSPII, desmoplakin II.
Desmosomes are intercellular junctions that tightly link adjacent cells.
Desmoplakin is a component of desmosomes that anchors intermediate fila-
ments to desmosomal plaques. Desmoplakin interacts with the N-terminal
region of plakophilin 1 and plakoglobin.

DTNA; Dystrobrevin, alpha: OMIM 601239; locus 18q12.1
The protein encoded by the DTNA gene belongs to the dystrobrevin subfamily
of the dystrophin family. It is a component of the dystrophin-associated pro-
tein complex (DPC), which consists of dystrophin and several integral and
peripheral membrane proteins (e.g., dystroglycans, sarcoglycans, syntrophins,
and alpha and beta dystrobrevin). The DPC localizes to the sarcolemma and its
disruption is associated with various forms of muscular dystrophy. 

DUX4; Double homeobox protein 4 and D4Z4 macrosatellite repeat:
OMIM 606009 locus 4q35.2
D4Z4 macrosatellite repeat is a region of DNA located in the proximal sub-
telomeric region of 4q35. The D4Z4 region normally consists of multiple
copies of a 3.3-kb repeat. Each repeat contains a copy of DUX4 that encodes
a protein called double homeobox protein 4, which might be involved in tran-
scriptional regulation. It appears that the D4Z4 region influences the activity
of other genes located nearby on chromosome 4. An abnormally short D4Z4
may somehow disrupt the normal regulation of these genes.
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EMD; Emerin: OMIM 300384; locus Xq28
Alternative name: STA.
The emerin gene encodes a ubiquitous protein, emerin, localized along the
nuclear envelope of many cell types and which is a member of the nuclear lam-
ina-associated protein family. The nuclear envelope is a structure that sur-
rounds the nucleus, acting as a barrier between the nucleus and the cytoplasm.
Emerin together with other proteins is probably involved in the regulation of
the activity of certain genes with control of cell division cycle and mainte-
nance of structure and stability of the nucleus. Emerin is produced in many tis-
sues but appears to be particularly important for the normal function of skele-
tal and cardiac muscles.

EYA4; Eyes absent 4: OMIM 603550; locus 6q23.2
The EYA4 gene belongs to a family of genes called PTP (protein tyrosine phos-
phatases). It encodes a protein that plays a role in regulating the activity of
other genes. Considering its role, the EYA4 protein is called a transcription
factor or transcription co-activator. Two regions of the EYA4 protein are
important for interactions with other proteins. These interactions help to con-
trol gene activities that are important for heart function, development of the
inner ear and maintenance of normal hearing.

FHL1; Four and a half LIM domains 1: OMIM 300163; locus Xq26.3
This gene encodes a member of the four-and-a-half-LIM-only protein family.
Family members contain two highly conserved, zinc finger domains with four
highly conserved cysteine residues binding a zinc atom in each zinc finger.
The protein is involved in many cellular processes, and may have an involve-
ment in muscle development or hypertrophy.

FKTN; Fukutin: OMIM 607440; locus 9q31.2
The FKTN gene provides instructions for making a protein called fukutin. The
function of this protein is probably to modify a protein called alpha-dystrogly-
can. Specifically, fukutin probably adds chains of sugar molecules to alpha-dys-
troglycans (the process of glycosylation, which is critical for the normal func-
tion of alpha-dystroglycan). The alpha-dystroglycan protein helps to anchor the
cytoskeleton with the extracellular matrix. In skeletal muscle, glycosylated
alpha-dystroglycan helps to stabilize and protect muscle fibers. A shortage of
fukutin and the consequent glycosylation defect are probably the cause of a
destabilization of muscle cells with progressive damage of muscle fibers.

FOXRED1; FAD-dependent oxidoreductase domain-containing protein 1:
OMIM 613622; locus 11q24.2
The FOXRED gene encodes a protein that contains a FAD-dependent oxidore-
ductase domain. The protein is localized in the mitochondria and is considered
a chaperone protein for the formation of the mitochondrial complex 1. 

Glossary 145



FXN; Frataxin: OMIM 606829; locus 9q21.11
Frataxin is a mitochondrial protein with an important role in respiratory func-
tion and iron homeostasis. It appears to help assemble clusters of iron and sul-
fur molecules that are critical for the function of many proteins. Frataxin is
found in many cells through the body, with the highest levels in the heart,
spinal cord, liver, pancreas and skeletal muscle.

GAA; Glucosidase, alpha, acid: OMIM 606800; locus 17q25.3
The enzyme acid alpha-glucosidase (also know as acid maltase) is encoded by
the GAA gene, and is localized in lysosomes. It breaks down glycogen into
glucose.

GALNS; Galactosamine-6-sulfate sulfatase: OMIM 612222; locus 16q24.3
The GALNS gene encodes a lysosomal enzyme required for the degradation of
mucopolysaccharides, keratan sulfate and chondroitin 6-sulfate. Specifically,
this enzyme removes 6-sulfate groups from keratan sulfate (particularly abun-
dant in cartilage and cornea) and chondroitin 6-sulfate.

GBE1; Glycogen branching enzyme: OMIM 607839; locus 3p12.2 
The GBE1 gene provides instructions for making the glycogen branching
enzyme. This enzyme is involved in the production of glycogen, which is the
result of the assembly of many molecules of glucose. Some glucose molecules
are linked together in a straight line, while others branch off and form side
chains. The glycogen branching enzyme is involved in the formation of these
side chains.   

GLA; Galactosidase, Alpha: OMIM 300644; locus Xq22.1
The GLA gene encodes the enzyme alpha-galactosidase. This enzyme is active
in lysosomes, which are stuctures that are considered to be recycling centers
within cells. Alpha-Galactosidase breaks down a substance called globotriao-
sylceramide (a fatty substance attached to three sugars). Mutations in the GLA
gene alter the structure and function of the enzyme so that it is unable to break
down globotriaosylceramide. As a consequence, there is a systemic accumula-
tion of globotriaosylceramide in different cells of the body, particularly skin,
kidneys, heart and nervous system. The progressive accumulation of this sub-
stance causes the different symptoms of Fabry disease.

GLB1; Galactosidase, beta-1: OMIM 611458; locus 3p22.3
The GLB1 gene provides instructions for producing an enzyme called beta-
galactosidase. This enzyme is located in lysosomes, which are compartments
within cells that break down and recycle different types of molecules, includ-
ing substances called GM1 ganglioside (important for normal functioning of
brain cells) and keratan sulfate (abundant in cartilage and cornea). Moreover
the GLB1 gene encodes for the elastin-binding protein important for the for-
mation of elastic fibers.
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GNPTAB; N-acetylglucosamine-1-phosphotransferase, alpha/beta sub-
units: OMIM 607840; locus 12q23.2
This gene encodes two different parts, the alpha and beta subunits, of an
enzyme called GlcNAc-1-phosphotransferase, a heterohexameric complex.
N-acetylglucosamine-1-phosphotransferase is involved in the first step of
making a molecule called mannose 6-phosphate (M6P). M6P acts as a tag
that indicates that a hydrolase should be transported to the lysosome. These
recognition markers are essential for appropriate trafficking of lysosomal
enzymes.

GUSB; Beta-glucuronidase: OMIM 611499; locus 7q11.21
The GUSB gene encodes beta-glucuronidase, a lysosomal hydrolase involved
in the stepwise degradation of glucuronic-acid-containing glycosaminogly-
cans. Beta-Glucuronidase is involved in the breakdown of three types of gly-
cosaminoglycans: dermatan sulfate, heparan sulfate and chondroitin sulfate.

GYS1; Glycogen synthase 1: OMIM 138570; locus 19q13.33
The protein encoded by GYS1 gene catalyzes the addition of glucose
monomers to the growing glycogen molecule through the formation of alpha-
1,4-glycoside linkages.

HFE; Hereditary hemochromatosis protein: OMIM 613609; locus 6p22.2;
The HFE gene encodes a protein located on the surface of cells of different
organs, mainly liver and intestinal cells, but also on some cells of the
immunosystem. The HFE protein interacts with other proteins to detect the
amount of iron in the body. The HFE protein regulates the production of the
protein called hepcidin. Hepcidin is produced in the liver and is very impor-
tant for the regulation of iron absorption. Moreover the HFE protein interacts
with two proteins, the transferrin receptors.

HRAS; V-HA-RAS Harvey rat sarcoma viral oncogene homolog: OMIM
190020; locus 11p15.5
The HRAS gene encodes a protein called V-HA-RAS Harvey rat sarcoma viral
oncogene homolog, which is primarily involved in the regulation of cell divi-
sion. See KRAS.

IDS; Iduronate-2-sulfatase: OMIM 300823; locus Xq28 
The IDS gene provides instructions for producing an enzyme called iduronate-
2-sulfatase that removes sulfate from a molecule known as sulfated alpha-L-
iduronic acid, which is present in two glycosaminoglycans: heparan sulfate
and dermatan sulfate. Iduronate-2-sulfatase is required for the lysosomal
degradation of heparan sulfate and dermatan sulfate.

IDUA; Alpha-L-iduronidase: OMIM 252800; locus 4p16.3 
The IDUA gene encodes an enzyme called alpha-L-iduronidase that removes
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sulfate from a molecule known as sulfated alpha-L-iduronic acid, which is
present in two glycosaminoglycans: heparan sulfate and dermatan sulfate.

ILK; Integrin-linked kinase: OMIM 602366; locus 11p15.4
ILK is a serine-threonine protein kinase that associates with the cytoplasmic domain
of beta-integrins and acts as a proximal receptor kinase regulating integrin-mediat-
ed signal transduction. It may act as a mediator of inside-out integrin signaling.

JPH2; Junctophilin 2: OMIM 605267; locus 20q13.12
Junctional membrane complexes link the plasma membrane with endoplas-
mic/sarcoplasmic reticulum; they are common in all excitable cells and medi-
ate cross-talk between cell surface and intracellular ion channels. The protein
encoded by JPH2 is a component of the junctional complexes, composed of a
C-terminal hydrophobic segment spanning the endoplasmic/sarcoplasmic
reticulum membrane and a remaining cytoplasmic domain that shows specific
affinity for the plasma membrane. JPH2 is necessary for proper intracellular
calcium signaling in cardiac myocytes via its involvement in ryanodine-recep-
tor-mediated calcium ion release.

JUP; Junction plakoglobin: OMIM 173325; locus 17q21.2
Junction plakoglobin is a major cytoplasmic protein and a common constituent
of submembranous plaques of desmosomes and intermediate junctions. The
membrane-associated plaques influence the arrangement and function of both
the cytoskeleton and the cells within the tissue. The presence of junction
plakoglobin in the desmosomes and in the intermediate junction suggests it
plays a central role in structure and function of submembranous plaques.

KCNJ2; Potassium channel, inwardly rectifying, subfamily J, member 2:
OMIM 600681; locus 17q24.3 
The KCNJ2 gene belongs to a large family of genes that produce potassium
channels. The protein encoded by this gene is an integral membrane protein
and inward-rectifier type potassium channel. The protein, which has a greater
tendency to allow potassium to flow into a cell rather than out of a cell, prob-
ably participates in establishing action potential waveform and excitability of
neuronal and muscle tissues.

KRAS; V-KI-RAS2 Kirsten rat sarcoma viral oncogene homolog: OMIM
190070; locus 12p12.1
The KRAS gene encodes a protein called K-Ras important for the regulation of
cell division. The K-Ras protein is a GTPase, which converts GTP into GDP.
The KRAS gene belongs to a class of genes known as oncogenes, which, when
mutated, may cause normal cells to become cancerous. The KRAS gene is a
member of the Ras family of oncogenes, which includes other two genes:
HRAS and NRAS. The proteins produced by these three genes are GTPases
important in the process of cell division, differentiation and apoptosis.
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LAMA4; Laminin alpha 4: OMIM 600133; locus 6q21
Laminin, a glycoprotein, is the major non-collagenous constituent of basement
membranes. It is composed of three non-identical chains (A, B1 and B2).
LAMA4 encodes a variant of the A chain.

LAMP2; Lysosomal-associated membrane protein 2: OMIM 309060; locus
Xq24
The LAMP2 gene provides instructions for making a protein called lysosomal-
associated membrane protein 2, which is present in the membrane of lysosomes.
Lysosomes are compartments in the cell that digest and recycle materials. The
LAMP2 protein probably helps transport cellular materials and digestive
enzymes into the lysosomes, with formation of cellular structures called
autophagic vacuoles (or autophagosomes). Autophagic vacuoles transfer cellular
material into the lysosome where it can be broken down. LAMP2 protein might
be involved in the fusion between autophagic vacuoles and the lysosomes. 

LDB3; LIM-domain binding 3: OMIM 605906; locus 10q23.2
Alternative name: Z-Band alternatively spliced PDZ motif-containing protein
(ZASP); cypher.
LIM domains are protein structural domains, composed of two contiguous zinc
finger domains, separated by a two-amino acid residue hydrophobic linker.
LIM-domain-containing proteins are important in organ development and
oncogenesis and in cytoskeletal organization, with a role in maintaining the Z-
disc stability in striated and cardiac muscle. Moreover LIM domains mediate
protein–protein interactions critical to cellular processes.
Origin of names: The name LIM name derives from the initials of the three
transcription factors in which the sequence was first seen (Lin-11, Isl-1, and
Mec-3); ZASP is the acronym of Z-band alternatively spliced PDZ-motif con-
taining protein; PDZ is an acronym combining the first letters of three proteins:
post-synaptic density protein (PSD95), Drosophila disk large tumor suppressor
(digA) and Zonula occludens-1 protein (Z0-1); CYPHER was named by Zhau
et al. [1], who reported the cloning and characterization of a novel striated mus-
cle-restricted LIM-domain-containing protein. They named the protein
CYPHER because of its homology with another LIM-domain protein: Enigma.

LMNA; Lamin A/C: OMIM 150330; locus 1q22
The proteins (lamin A and lamin C) encoded by LMNA are essential compo-
nents of the nuclear lamina, a complex network that lies beneath and support
the nuclear envelope. The lamina is considered to provide structural support to
the nucleus as well as having a role in the organization of chromatin and in the
process of DNA replication.

MAP2K1; Mitogen-activated protein kinase kinase 1: OMIM 176872;
locus 15q22.31 
Alternative name: MAPK/ERK kinase 1; MEK1.
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MAP2K2; Mitogen-activated protein kinase kinase 2: OMIM 601263;
locus 19p13.3 
Alternative name: MAPK/ERK kinase 2; MEK2.
The MAP2K1 gene provides instructions for making a protein known as MEK1
that is part of a signaling pathway called the RAS/MAPK pathway, which
transmits chemical signals from outside the cell to the cell’s nucleus.
RAS/MAPK signaling helps to control the proliferation, differentiation and
movement of cells, and apoptosis.
The MAP2K2 gene is very similar to MAP2K1. It provides instructions for
making a protein known as MEK2. Like MEK1, the MEK2 protein functions
as part of the RAS/MAPK signaling pathway. Together they appear to be
essential for normal development before birth and for survival after birth.

MRPS22; Mitochondrial ribosomal protein S22: OMIM 605810; locus
3q23
Mitochondrial ribosomal proteins are encoded by nuclear genes and help in
protein synthesis within the mitochondrion. Mitochondrial ribosomal protein
S22 is a component of the mitochondrial ribosome small subunit (28S), which
comprises a 12S rRNA and about 30 distinct proteins.

MTATP6; ATP synthase 6: OMIM 516060
Alternative name: mitochondrially encoded ATP synthase 6.
MTATP8; ATP synthase 8: OMIM 516070
The MTATP6 and MTATP8 genes belong to a family of genes called mitochon-
drial respiratory chain complex genes. ATP synthase 6 and ATP synthase 8 pro-
teins are subunits of a large enzyme called mitochondrial ATP synthase. These
enzymes are essential in the oxidative phosphorylation process. 

MTTG; Transfer RNA, mitochondrial, glycine: OMIM 590035;
MTTH; Transfer RNA, mitochondrial, histidine: OMIM 590040
MTTK; Transfer RNA, mitochondrial, lysine: OMIM 590060
MTTI; Transfer RNA, mitochondrial, isoleucine: OMIM 590045
MTTL1; Transfer RNA, mitochondrial, leucine, 1: OMIM 590050
Mitochondrial DNA contains 37 genes, all essential for normal mitochondrial
function. Thirteen of these genes encode enzymes involved in oxidative phospho-
rylation, and the remaining genes provide instructions for making molecules
called transfer RNA (tRNA) and ribosomal RNA. These types of RNA help assem-
ble amino acids into functioning proteins. tRNA is involved in protein synthesis
and brings the correct amino acid to the ribosomes, and a specific tRNA must form
a covalent bond with a specific amino acid. There are many different types of
tRNA in a cell, each transcribed from a different tRNA gene. It has been hypoth-
esized that some clinical manifestations caused by mutations in mitochondrial
tRNA may derive from defects in oxidative phosphorylation, resulting in marked
mitochondrial energy deficiency with a compensatory mitochondrial proliferation. 
The MTTG gene provides instructions for a specific form of tRNA that trans-
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fers the amino acid glycine to a growing polypeptide chain at the ribosome site
of protein synthesis during translation.
The MTTH gene provides instructions for a specific form of tRNA: tRNAhis.
The tRNAhis molecule is present only in mitochondria; it attaches to the amino
acid histidine and inserts it into the appropriate locations in different proteins.
The tRNAhis molecule is involved in the assembly of proteins that carry out the
process of oxidative phosphorylation.
The MTTK gene provides instructions for a specific form of tRNA: tRNAlys.
The tRNAlys molecule is present only in mitochondria and attaches the amino
acid lysine and inserts it into the appropriate locations in many different cells.
The tRNAlys molecule is involved in the assembly of proteins that carry out the
process of oxidative phosphorylation.
The MTTL1 gene encodes a specific form of tRNA designated as tRNALeu .
During protein assembly the molecule attaches the amino acid leucine and
inserts it into the appropriate locations in the protein.
The MTTI gene provides instructions for a specific form of tRNA that trans-
fers the amino acid isoleucine to a growing polypeptide chain at the ribosome
site of protein synthesis during translation.

MYBPC3; Myosin-binding protein C: OMIM 600958; locus 11p11.2
Cardiac myosin binding protein C (arrayed transversely in sarcomere A-bands)
binds myosin heavy chain in thick filaments and titin in elastic filaments.
Phosphorylation of these proteins modulates contraction. 

MYH6; Myosin heavy chain 6, alpha: OMIM 160710; locus 14q11.2
MYH7; Myosin heavy chain 7, beta: OMIM 160760; locus 14q11.2
Myosin converts chemical energy into mechanical force through hydrolysis of
ATP. Myosin is organized within the cell as a pair of heavy chains and two
pairs of light chains. Myosin heavy chain is a contractile protein which exists
as a family of distinct isoforms. There are two myosin heavy chain genes
expressed in the heart ventricles: alpha-myosin heavy chain, which is almost
exclusively expressed in cardiac tissue, and beta-myosin heavy chain, which is
expressed in cardiac and slow skeletal muscle.

MYL2; Myosin light chain 2, regulatory, cardiac, slow: OMIM 160781;
locus 12q24.11
MYL3; Myosin light chain 3, alkali, ventricular, skeletal, slow: OMIM
160790; locus 3p21.31
The MYL3 gene encodes myosin light chain 3, an alkali light chain. In the
myosin molecule, there are two heavy chains and four associated light chains.
Two of the light chains are regulatory light chains (encoded by the MYL2 gene)
and two are alkali light chains or essential light chains (encoded by the MYL3
gene). The light chains stabilize the long alpha-helical neck of the myosin head.
The function of light chains in striated muscle is only partially understood.

Glossary 151



MYLK2; Myosin light chain kinase 2: OMIM 606566; locus 20q11.21
This gene encodes a myosin light chain kinase implicated in global muscle
contraction and cardiac function. The protein phosphorylates a specific serine
in the N-terminus of the myosin light chain.

MYO6; Myosin VI: OMIM 600970; locus 6q14.1
The MYO6 gene encodes a protein called myosin VI, which is part of a group
of proteins called “unconventional myosins”. Each of these proteins plays a
role in transporting molecules within cells. “Unconventional myosins” interact
with actin, which is important for cell movement and shape. Myosin VI is
active in many cells. In the inner ear, myosin VI plays a role in the develop-
ment and maintenance of the stereocilia. 

MYOT; Titin immunoglobulin domain protein: OMIM 604103; locus
5q31.2
Alternative name: myotilin.
The MYOT gene encodes a protein called myotilin, which is present in
myocardium and skeletal muscle. It is a component of a complex of multiple
actin cross-linking proteins. It binds to other proteins to help form sarcomeres,
and it is also involved in the control of myofibril assembly and stability at the
Z-lines in muscle cells. 

MYOZ2; Myozenin 2: OMIM 605602; locus 4q26
The MYOZ2 gene encodes a protein of the family of sarcomeric proteins that
bind to calcineurin, a phosphatase involved in calcium-dependent signal trans-
duction in different cell types. Members of this family tether calcineurin to
alpha-actinin at the Z-line of the sarcomere and thus they play an important
role in the modulation of calcineurin signaling.

MYPN; Myopalladin: OMIM 608517; locus 10q21.1
Myopalladin is a component of the sarcomere that tethers nebulin (see
Nebulin) in skeletal muscle and nebulette (see Nebulette) in cardiac muscle to
alpha-actinin at the Z-lines. Nebulette binds to actin and plays an important
role in the assembly of the Z-disc. 

NAGLU; N-acetylglucosaminidase, alpha: OMIM 609701; locus 17q21.2
This gene encodes an enzyme that is involved in the stepwise breakdown of
glycosaminoglycans. Specifically, alpha-N-acetylglucosaminidase degrades
heparan sulfate by hydrolysis of terminal N-acetyl-D-glucosamine residues in
N-acetyl-alpha-D-glucosaminides.

NDUFA2; NADH-ubiquinone oxidoreductase 1 alpha subcomplex, 2:
OMIM 602137; locus 5q31.3
The encoded protein is a subunit of the hydrophobic protein fraction of the
NADH ubiquinone oxidoreductase (complex 1), which is the first enzyme of
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the mitochondrial electron transport chain located in the inner mitochondrial
membrane. Complex 1 is composed of at least 41 subunits, of which seven are
encoded by the mitochondrial genome and the remainder by nuclear genes.
Complex 1 functions in the transfer of electrons from NADH to the respirato-
ry chain. In particular, it catalyzes the NADH oxidation with concomitant
ubiquinone reduction and proton ejection out of the mitochondria. The encod-
ed protein may be involved in regulating complex 1 activity or its assembly via
assistance in redox processes.

NDUFA10; NADH-ubiquinone oxidoreductase 1 alpha subcomplex, 10:
OMIM 603835; locus 2q37.3
The protein encoded by this gene is an accessory subunit of the NADH
ubiquinone oxidoreductase (complex 1) (see NDUFA2).

NDUFS2; NADH-ubiquinone oxidoreductase Fe-S protein 2: OMIM
602985; locus 1q23.3
The protein encoded by this gene is a core subunit of the NADH ubiquinone
oxidoreductase (complex 1) (see NDUFA2).

NDUFS4; NADH-ubiquinone oxidoreductase Fe-S protein 4: OMIM
602694; locus 5q11.2
This gene encodes an accessory subunit of the NADH ubiquinone oxidoreduc-
tase (complex 1) (see NDUFA2).

NDUFS8; NADH-ubiquinone oxidoreductase Fe-S protein 8: OMIM
602141; locus 11q13.2
This gene encodes a subunit of the NADH ubiquinone oxidoreductase (com-
plex 1) (see NDUFA2). The encoded protein is involved in the binding of two
of the six to eight iron-sulfur clusters of complex 1 and, as such, is required in
the electron transfer process.

NEB; Nebulin: OMIM 161650; locus 2q23.3
Nebulin is a giant protein component of the cytoskeletal matrix that coexists
with the thick and thin filaments within the sarcomeres of skeletal muscle.

NEBL; Nebulette: OMIM 605491; locus 10p12.31
Nebulette is an isoform of the protein nebulin. While nebulin is expressed
preferentially in skeletal muscle, nebulette is expressed in cardiac muscle. It
binds to actin and plays an important role in the assembly of the Z-disc.

NEXN; Nexilin, rat, homolog of: OMIM 613121; locus 1p31.1
The NEXN gene encodes a filamentous actin-binding protein that may function
in cell adhesion and migration. It has an essential role in the maintenance of
Z-line and sarcomere integrity.
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NKX2-5; NK2 homeobox 5: OMIM 600584; locus 5q35.1
Homeobox-containing genes play critical roles in regulating tissue-specific
gene expression essential for tissue differentiation, as well as determining the
temporal and spatial patterns of development.

NRAS; Neuroblastoma ras viral oncogene homolog: OMIM 164790; locus
1p13.2
The NRAS gene encodes a protein called neuroblastoma ras viral oncogene
homolog, which is primarily involved in the regulation of cell division (see
KRAS).

PDLIM3; PDZ and LIM-domain protein 3: OMIM 605889; locus 4q35.1
The protein encoded by the PDZLIM3 gene contains a PDZ domain and a LIM
domain, indicating that it might be involved in cytoskeletal assembly. It might
also play a role in the organization of actin filament arrays. 

PKP2; Plakophilin 2: OMIM 602861; locus 12p11.21
The PKP2 gene provides instructions for making a protein called plakophilin-
2. In myocardial cells, plakophilin-2 is one of the several proteins present in
the desmosomes. Desmosomes provide strength to the myocardium and are
involved in signaling between neighboring cells.

PLN; Phospholamban: OMIM 172405; locus 6q22.31
Phospholamban is expressed in the sarcoplasmic reticulum membrane as a 
30 kDa homopentamer. Phospholamban has been postulated to regulate the
activity of the calcium pump of the sarcoplasmic reticulum.

PRKAG2; Protein-kinase, AMP-activated, non-catalytic, gamma-2:
OMIM 602743; locus 7q36.1
The PRKAG2 gene provides instructions for making one part (the gamma-2
subunit) of a larger enzyme, AMP-activated protein kinase (AMPK). This
enzyme helps to sense and respond to energy demands within the cells of many
different tissues, including cardiac and skeletal muscles. AMPK regulates
chemical pathways involving the molecule adenosine triphosphatase (ATP),
the main energy source of the cell. AMPK probably plays a role in controlling
the activity of other genes and in regulating the activity of some ion channels
in the heart. These channels play a critical role in maintaining the normal
rhythm of the heart.

PSEN-1; Presenilin-1: OMIM 104311; locus 14q24.2
PSEN-2; Presenilin-2: OMIM 600759; locus 1q42.13
Presenilin 1 and 2 are similar in size and localized to intracellular compartments
that are similar in location to those of endoplasmic reticulum and Golgi com-
plex. The presenilins together with other proteins form the gamma-secretase
complex, which acts on numerous protein substrates and is also responsible for
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proteolytic cleavage of amyloid precursor protein. Moreover presenilins inter-
act with more than 20 proteins that couple to diverse signaling pathways, and
several of these proteins are potentially relevant for myocardial disease. 

PTPN11; Protein-tyrosine phosphatase, nonreceptor-type 11: OMIM
176876; locus 12q24.13
The PTPN11 gene encodes a protein called SHP-2. The protein contributes to
regulation of the activation of the RAS/MAPK signaling pathway, which helps
to control important cell functions: proliferation, differentiation, cell move-
ment and apoptosis. During embryonic development, the SHP-2 protein is crit-
ical for the development of the heart and several other tissues.

RAF1; V-RAF-1 murine leukemia viral oncogene homolog 1: OMIM
164760; locus 3p25.2
The RAF1 gene encodes a protein that is part of a signaling pathway, the
RAS/MAPK pathway. This pathway transmits chemical signals from outside
the cell to the nucleus. RAS/MAPK signaling is important for the control of
proliferation, differentiation of cells, cell movement and apoptosis. The RAF1
gene belongs to a class of genes known as oncogenes, which have the poten-
tial, when mutated, to cause the normal cells to become cancerous.

RBM20; RNA-binding motif protein 20: OMIM 613171; locus 10q25.2
The gene encodes a protein that is expressed in the heart and skeletal muscle,
and is likely to bind RNA.

RYR2; Ryanodine receptor 2: OMIM 180902; locus 1q43
The RYR2 gene provides instructions for making a protein called ryanodine
receptor 2. This protein is part of a family of ryanodine receptors that form
channels that transport calcium ions within myocytes. These channels are
embedded in the outer membrane of the sarcoplasmic reticulum. The RYR2
channels control the flow of calcium ions out of the sarcoplasmic reticulum.
The release and re-uptake of calcium ions is fundamental for the presence of a
regular heart rhythm.

SCN5A; Sodium channel, type V alpha subunit: OMIM 600163; locus
3p22.2
The SCN5A gene provides instructions for making a sodium channel. Sodium
channels, abundant in the cardiac muscle, control the flow of sodium ions into
cardiac muscle cells and are responsible for the generation and propagation of
action potentials.

SCO2; SCO2, S. cerevisiae, homolog of: OMIM 604272; locus 22q13.33
This gene encodes one of the cytochrome c oxidase (COX) assembly factors.
Human COX is a multimeric protein complex that catalyzes the transfer of
electrons from cytochrome c to molecular oxygen, and this helps to maintain
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the proton gradient across the inner mitochondrial membrane that is necessary
for aerobic ATP production. The encoded protein is a metallochaperone that is
involved in the biogenesis of COX subunit II.

SDHA; Succinate dehydrogenase complex, subunit A, flavoprotein:
OMIM 600857; locus 5p15.33
The SDHA gene belongs to a family of genes called the mitochondrial respira-
tory chain complex. This gene encodes one of four subunits of the succinate
dehydrogenase (SDH) enzyme. The SDH enzyme links two pathways in ener-
gy conversion: the citric acid cycle (Krebs cycle) and oxidative phosphoryla-
tion.

Sarcoglycans
SGCA; Sarcoglycan, alpha: OMIM 600119; locus 17q21.33
SGCB; Sarcoglycan, beta: OMIM 600900; locus 4q12
SGCG; Sarcoglycan, gamma: OMIM 608896; locus 13q12.12
SGCD; Sarcoglycan, delta: OMIM 601411; locus 5q33.3
Sarcoglycans are transmembrane components of the large dystrophin-associat-
ed glycoprotein complex and they are involved in the cytoarchitecture of the
cardiac cells, providing structural linkage between the subsarcolemmal
cytoskeleton and the extracellular matrix. Their function is not clearly elucidat-
ed. The sarcoglycan subcomplex is characterized by the presence of different
proteins (the alpha, beta, gamma and delta sarcoglycans). Beta-Sarcoglycan is
expressed ubiquitously, but mainly in skeletal and cardiac muscle, while the
alpha, gamma and delta sarcoglycans are expressed in striated and smooth mus-
cle. The four sarcoglycans are tightly bound to each other so that a mutation in
one is usually associated with partial or total deficiency of all.

SGSH; N-sulfoglucosamine sulfohydrolase: OMIM 605270; locus 17q25.3
The SGSH gene provides instructions for producing an enzyme called sulfami-
dase. Sulfamidase is involved in the stepwise breakdown of large molecules
called glycosaminoglycans (GAGs). Sulfamidase removes a sulfate molecule
from a sugar called glucosamine when it is at the end of the GAG chain.

SLC22A5; Solute carrier family 22 (organic cation transporter), member
5: OMIM 603377; locus 5q31.1 
The SLC22A5 gene encodes a protein called OCTN2 that is present in heart
muscle and liver, as well as in other tissues. The protein, positioned within the
cell membrane, transports carnitine into the cell. Carnitine brings fatty acids,
a major source of energy for the heart muscle, into the mitochondria.

SLC25A4; Solute carrier family 25 (mitochondrial carrier, adenine
nucleotide translocator), member 4: OMIM 103220; locus 4q35.1
The SLC25A4 gene provides instructions for making the protein adenine
nucleotide translocase type 1 (ANT1). ANT1 functions in mitochondria and
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activates a process, called oxidative phosphorylation, which converts adeno-
sine diphosphate (ADP) into adenosine triphosphate (ATP), the main energy
source of the cells. Moreover, ANT1 might be a part of another structure local-
ized in the inner membrane called the mitochondrial permeability transition
pore. This structure allows various molecules to pass into the mitochondrion
and probably has a role in the process of apoptosis of the cell.

SOS1; Son of sevenless, drosophila, homolog 1: OMIM 182530; locus
2p22.1
The SOS1 gene encodes a protein involved in a pathway within cells that con-
trols growth and development. It is particularly important for embryonic
development.

TAZ; Tafazzin: OMIM 300394; locus Xq28
The TAZ gene provides instruction for producing a group of proteins called
tafazzins. Tafazzins probably have two distinct functions in cells and tissues:
(1) to play a role in the maintenance of the inner membrane of mitochondria,
and (2) to promote the differentiation and maturation of osteoblasts, while pre-
venting adipocytes from maturing.

TCAP; Titin-cap: OMIM 604488; locus 17q12 
Alternative name: telethonin
TCAP is a sarcomeric protein localized at the periphery of the Z-discs at the
border of the sarcomere and it serves as a structural anchor and a signaling
center. TCAP glues two parallel titin molecules within the same sarcomere, to
provide titin with an increased mechanical resistance ability.

TGFB3; Transforming growth factor, beta-3: OMIM 190230; locus
14q24.3
Transforming growth factor, beta3 is a member of the TGF-B family of pro-
teins. It is involved in embryogenesis and cell differentiation.

TMEM43; Transmembrane protein 43: OMIM 612048; locus 3p25.1
The protein belongs to the TMEM43 family and probably has an important
role in maintaining nuclear envelope structure by organizing protein complex-
es at inner nuclear membrane. It is also required for retaining emerin at the
inner nuclear membrane. 

TMPO; Thymopoietin: OMIM 188380; locus 12q23.1
Alternative name: lamina-associated polypeptide 2 (LAP2).
A single TMPO gene encodes three thymopoietins: alpha (present in the nucle-
us), beta and gamma (localized to the nuclear membrane). Harrys et al. [2]
suggested that TMPO-beta appears to be the human homolog of the rat protein
lamina-associated polypeptide-2 (LAP2), which probably has an important
role in the regulation of nuclear architecture. It might help to direct the assem-
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bly of the nuclear lamina, and as a consequence maintain the structural organ-
ization of the nuclear envelope.

Troponin subunits
Troponin is the central regulatory protein of striated muscle contraction and
consists of three subunits: TnI, which is the inhibitor of actomyosin-ATPase;
TnT, which contains the binding site for tropomyosin; and TnC, which abol-
ishes the inhibitory action of TnI on actin filaments, thus allowing the interac-
tion of actin with myosin.

TNNC1; Troponin C, slow: OMIM 191040; locus 3p21.1
The binding of calcium to troponin C abolishes the inhibitory action of TnI on
actin filaments, thus allowing the interaction of actin with myosin, the hydrol-
ysis of ATP and the generation of tension. 

TNNI3; Troponin I, cardiac: OMIM 191044; locus 19q13.42
The TNNI3 gene provides instructions for making a protein called troponin I
cardiac isoform, which is found only in heart muscle. Troponin I cardiac iso-
form is one of the three subunits that form the troponin protein complex of the
thin filaments. Troponin I cardiac isoform is responsible for relaxation of the
heart muscle following contraction.

TNNT2; Troponin T2, cardiac: OMIM 191045; locus 1q32
This protein is encoded by the TNNT2 gene in humans. The protein encoded
by this gene is the tropomyosin-binding subunit of the troponin complex,
which is located on the thin filament of striated muscles. It regulates muscle
contraction in response to alteration of intracellular calcium ion concentration.
The troponin complex, along with tropomyosin, is responsible for the calcium-
dependent regulation of striated muscle contraction.

TPM1; Tropomyosin 1: OMIM 191010; locus 15q22.2
This gene encodes a protein that is a member of the tropomyosin family of
widely distributed actin-binding proteins. Tropomyosin 1 is involved in the
contractile system of striated and smooth muscles and in the cytoskeleton of
non-muscle cells. It plays a central role, in association with the troponin com-
plex, in the calcium-dependent regulation of vertebrate striated muscle con-
traction.

TSFM; Ts translation elongation factor, mitochondrial: OMIM 604723;
locus 12q14.1
This gene encodes a mitochondrial translation elongation factor. This factor is
an enzyme that catalyzes the exchange of guanine nucleotides on the transla-
tion elongation factor Tu during the elongation step of mitchondrial protein
translation.
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TTN; Titin: OMIM 188840; locus 2q31.2
Titin is a giant protein present in the cardiac and skeletal muscle. Individual
titin molecules span half of the sarcomere and run between the Z-disc and the
M-line. Titin interacts with many sarcomeric proteins at the Z-line region, and
E-band and M-line regions, and it is considered to play a crucial role in striat-
ed muscle development, structure, elasticity and cell signaling. The main func-
tion of titin is to provide a passive mechanical tension in muscle, generating
the force responsible for restoring the resting length of the sarcomere.

VCL; Vinculin: OMIM 193065; locus 10q22.2 
Vinculin is a protein of the cytoskeleton associated with the cytoplasmic face
of cell–cell and cell–extracellular matrix adherence-type junctions. It is con-
sidered to be one of several proteins that interact in anchoring F-actin to the
membrane.
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A
Actin, alpha, cardiac muscle (ACTC1)

and left ventricular non-compaction 17, 71
function 140

Alanine-glyoxylate aminotransferase (AGXT)
and cardiomyopathy 86, 104

and associated abnormalities 104
function 140
in Primary hyperoxaluria type I 86, 104

Alpha-L–iduronidase (IDUA)
and cardiomyopathy 83, 99

and associated abnormalities 83, 99
function 147
in Mucopolysaccharidosis type I or 
Hurler syndrome 83, 99

Alstrom syndrome protein 1 (ALMS1)
in Alstrom syndrome 77
and cardiomyopathy 77

and associated abnormalities 93
function 140

Amylo-1,6-glucosidase, 4-alpha-glucano
transferase (AGL)

and cardiomyopathy 97
and associated abnormalities 97

function 140
in Glycogenosis type III or Cori–Forbes 
disease 81, 97

Arrhythmias and cardiomyopathy 35-39, 43-
49
Arrhythmogenic right ventricular 
cardiomyopathy 61-69

and associated phenotypes 66-68
different patterns 66-68
and genes involved 14-15, 66-68

Arylsulfatase B (ARSB)
and cardiomyopathy 84, 102

and associated abnormalities 102
function 141

in Mucopolysaccharidosis type VI or 
Maroteaux–Lamy syndrome 84, 102

ATP-binding Cassette, Subfamily C, Member
(ABCC9)

and arrhythmias 47
and cardiomyopathy 47
function 139

B
bcl2-associated athanogene3 (BAG 3)

and cardiomyopathy 33, 34
function 141
and skeletal muscle involvement 
(Myofibrillar myopathy type VI) 33, 34, 38

Beta-glucuronidase (GUSB)
function 147
and heart involvement 85, 103

and associated abnormalities 103
in Mucopolysaccharidosis type VII or Sly 
syndrome 85, 103

C
Cardiac Sodium Channel (SCN5A)

and arrhythmias 45
and cardiomyopathy 45
function 155

Cardiomyopathies
and arrhythmias 43-49, 35-39
and genetic testing 119-124
metabolic and storage 77-86, 95-104
mitochondrial 86-87, 105-107
paediatric 113-117
and sensorineural hearing loss 59-60
and skeletal muscle involvement 25-42
syndromic 73-77, 88-94

Copper-transporting, ATPase 2 (ATP7B)
and cardiomyopathy 82, 98

and associated abnormalities 98
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function 141
in Wilson disease 82, 98

Crystallin, Alpha-B (CRYAB)
and cardiomyopathy 33

and associated abnormalities 38
function 143
in skeletal muscle involvement (Myofi-
brillar myopathy type II) 33, 38

Cypher/ZASP 
see LIM-Domain Binding 3

Cytochrome c oxidase assembly protein
(COX10) 

function 143
see NADH-ubiquinone oxidoreductase

D
Desmin (DES)

and arrhythmias 45
and cardiomyopathy 32

and associated abnormalities 37
function 143
in skeletal muscle involvement (Myofi-
brillar myopathy) 32

Desmocollin-2 (DSC2)
and arrhythmogenic right ventricular car-
diomyopathy 61-69
function 144

Desmoglein-2 (DSG2)
and arrhythmogenic right ventricular 
cardiomyopathy 61-69
and cardiomyopathy 61-69
function 144

Desmoplakin (DSP)
and arrhythmogenic right ventricular car-
diomyopathy 61-69
and cardiomyopathy 61-69
in Carvajal syndrome 67
function 144
in Naxos-like syndrome 67

Dilated cardiomyopathy
and genes involved 10-13

Dystrobrevin, alpha (DTNA)
and arrhythmias 45
and cardiomyopathy 17, 38, 45, 71
function 144
and left ventricular non-compaction 17, 71
and sudden death 45

Dystrophia Myotonica Protein Kinase
(DMPK)

and arrhythmias 48
and cardiomyopathy 31, 48

and associated abnormalities 37
and electrocardiography 48

function 144
in Steinert disease (Myotonic muscular 
dystrophy type I) 31, 37, 48

Dystrophin (DMD)
and arrhythmias 28
and cardiomyopathy 26
function 143
in Duchenne muscular dystrophy and 
Becker muscular dystrophy 26-28

D4Z4 (DUX4)
and arrhythmias 31
and cardiomyopathy 31

and associated abnormalities 37
in Facioscapulohumeral muscular 
dystrophy 31, 37
function 144

E
ECG abnormalities in cardiomyopathies 51-58

Q waves 53
Wolff–Parkinson–White pattern 51-53

Emerin (EMD)
and arrhythmias 44
and cardiomyopathy 29
function 145
in skeletal muscle involvement 29
in Emery–Dreifuss muscular dystrophy 
29, 36

Eyes absent 4 (EYA4) 59 
and cardiomyopathy 59
function 145
and sensorineural hearing loss 59

F
Facioscapulohumeral muscular dystrophy 

see D4Z4
FAD-dependent oxidoreductase domain-
containing protein 1 (FOXRED1)

function 145
see NADH-ubiquinone oxidoreductase

Family History 19-24
clinical impact 22-23

Frataxin (FXN)
and cardiomyopathy 73

and associated abnormalities 88
function 146
in Friedreich Ataxia 73

Fukutin (FKTN)
and cardiomyopathy 30

and associated abnormalities 36
function 145
and skeletal muscle involvement 30
in Fukuyama-type muscular dystrophy 30, 36
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G
Galactosamine-6-sulfate sulfatase, type A 
(GALNS)

and cardiomyopathy 84, 101
and associated abnormalities 101

function 146
in Mucopolysaccharidosis type IV or 
Morquio syndrome 84, 101

Galactosidase, Alpha (GLA)
function 146
and cardiomyopathy 78

and associated abnormalities 95
in Fabry disease 78

Galactosidase, beta-1 (GLB1)
and cardiomyopathy 84, 85, 101, 103

and associated abnormalities 101, 103
function 146
in Gangliosidosis type I 85, 103
in Mucopolysaccharidosis type IV or 
Morquio syndrome 84, 101

Gangliosidosis 85
Gangliosidosis type 1 85, 103
Genetic Testing 119-124
Glucosidase, alpha, acid (GAA)

and cardiomyopathy 96
and associated abnormalities 96

function 146
in Pompe disease 53, 81, 96

Glycogen branching enzyme (GBE1)
and cardiomyopathy 97

and associated abnormalities 97
function 146
in Glycogenosis type IV or Andersen disea-
se 97

Glycogenoses 81

H
Hereditary Hemochromatosis protein (HFE)

and cardiomyopathy 82, 98
and associated abnormalities 98

function 147
in Hemochromatosis 82

Hypertrophic cardiomyopathy
and family history 22-23
and genes involved 5-9

I
Iduronate-2-sulfatase (IDS)

and cardiomyopathy 83, 100
and associated abnormalities 100

function 147
in Mucopolysaccharidosis type II or 
Hunter syndrome 83, 100

Inheritance, patterns of 20-22

autosomal dominant 20
autosomal recessive 21
mitochondrial inheritance 22
X-linked inheritance 21

J
Junction plakoglobin (JUP)

and arrhythmogenic right ventricular 
cardiomyopathy 61-69
and cardiomyopathy 61-69
function 148
in Naxos disease 67

L
Lamin A/C (LMNA)

and arrhythmias 43
and cardiomyopathy 29, 71
and left ventricular non-compaction 17, 71 
function 149
and skeletal muscle involvement 29, 36
and sudden death 44
in Emery–Dreifuss muscular dystrophy 29, 36

Laminopathies
see lamin A/C (LMNA)

Left ventricular non-compaction
and genes involved 17
and other cardiomyopathies 71-72

LIM-Domain Binding 3 (LDB3)
and arrhythmias 33
and cardiomyopathy 33, 71

and associated abnormalities 38
function 149
and left ventricular non-compaction 17, 71
and skeletal muscle involvement (Myofi-
brillar myopathy type IV) 38

Lysosomal-associated membrane protein 2 
(LAMP2)

and cardiomyopathy 77
and associated abnormalities 95

in Danon disease 77
and electrocardiography 51

function 149

M
Mitogen-activated protein kinase kinase 1
(MAP2K1) 

function 149
see Leopard/Noonan/Cardiofaciocutaneous
syndrome

Mitogen-activated protein kinase kinase 2 
(MAP2K2) 

function 150
see Leopard/Noonan/Cardiofaciocutaneous 
syndrome
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Mucolipidoses 85
Mucolipidosis type II alpha/beta

see N-acetylglucosamine-1-phosphotransfe-
rase, alpha/beta subunits (GNPTAB)

Mucopolysaccharidoses 83
Myofibrillar myopathies 

and cardiomyopathies 32-34
Myosin heavy chain 7, beta (MYH7)

and electrocardiography 55
function 151
and hypertrophic cardiomyopathy 23
and left ventricular non-compaction 17, 71
and prognosis 23

Myotonic muscular dystrophy type II 
(proximal myotonic myopathy, PROMM)

see Zinc Finger Protein 9 (ZFN9)
Myosin VI (MYO6)

and cardiomyopathy 59
and sensorineural hearing loss 59
function 152

N
N-acetylglucosamine-1-phosphotransferase, 
alpha/beta subunits (GNPTAB)

and cardiomyopathy 85,103
and associated abnormalities 85, 103

function 147
in mucolipidosis type II alpha/beta 85, 103

N-acetylglucosaminidase, alpha, type B 
(NAGLU)

and cardiomyopathy 84, 101
and associated abnormalities 101

function 152
in Mucopolysaccharidosis type III or Sanfi-
lippo syndrome 84, 101

NADH-ubiquinone oxidoreductase,
(NDUFA2), (NDUFA10) (NDUFS4)
(NDUFS8)

and cardiomyopathy 86, 105-106
and associated abnormalities 86, 105-106

function 152, 153
in Leigh syndrome 86, 105-106

Neuroblastoma RAS viral oncogene homolog 
(NRAS) 

see Leopard/Noonan/Cardiofaciocutaneous 
syndrome
function 154

NK2 homeobox 5 (NKX2-5)
and left ventricular non-compaction 17, 71
function 154

N-sulfoglucosamine sulfohydrolase, type A
(SGSH)

and cardiomyopathy 84, 101
and associated abnormalities 101

function 156
in Mucopolysaccharidosis type III or Sanfi-
lippo syndrome 84, 101

O
Oncocytic cardiomyopathy 52, 53, 132
Oxalosis 86, 104

P
Plakophilin-2 (PKP2)

and arrhythmogenic right ventricular car-
diomyopathy 61-69
function 154

Primary hyperoxaluria type I 86, 104
Presenilin-1 -2 (PSEN-1) (PSEN-2)

and arrhythmias 47
and cardiomyopathy 47
function 154

Potassium channel, inwardly rectifying, 
subfamily J, member 2 (KCNJ2)

in Andersen–Tawil syndrome 39, 47, 134
and arrhythmias 47
and cardiomyopathy 47

and associated abnormalities 39
function 148
and skeletal muscle involvement 39, 47

Protein-tyrosine phosphatase, nonreceptor-
type 11 (PTPN11)

see Leopard/Noonan/Cardiofaciocutaneous 
syndrome
function 155

Q
Q waves and cardiomyopathies 53

R
Restrictive Cardiomyopathies

and genes involved 16
and skeletal muscle involvement 34

Ryanodine receptor 2 (RYR2)
and arrhythmias 68
and arrhythmogenic right ventricular car-
diomyopathy 61-69
and cardiomyopathy 61-69
function 155
sudden death 68

S
Sarcoglycans 

and cardiomyopathy 28
and electrocardiography 28
function 156
and skeletal muscle involvement 28

SCO2, S. cerevisiae, homolog of (SCO2)
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function 155
see Cardioencephalomyopathy (Fatal, Infan-
tile Due to Cytochrome c Oxidase Defi-
ciency) (syndrome)

Sensorineural hearing loss and cardiomyopa-
thies 59-60
Skeletal Muscle Involvement and cardiomyo-
pathies 25-42
Solute carrier family 22 (organic cation trans-
porter), member 5 (SLC22A5)

and cardiomyopathy 81, 98
and associated abnormalities 98

function 156
in Primary carnitine deficiency 81, 98, 116

Son of sevenless, drosophila, homolog 1
(SOS1)

see Leopard/Noonan/Cardiofaciocutaneous 
syndrome
function 157

Steinert disease (Myotonic muscular 
dystrophy type I) 

see Dystrophia Myotonica Protein Kinase 
(DMPK)

Succinate dehydrogenase subunit A flavopro-
tein (SDHA)

function 156
and left ventricular non-compaction 17, 71
see also NADH-ubiquinone oxidoreductase

Syndromes and diseases
Alstrom Syndrome 77
Andersen disease (Glycogenosis type IV)
97
Andersen–Tawil syndrome 39, 47, 134
Barth syndrome 74, 89
Becker muscular dystrophy 26-28
Beckwith-Wiedemann Syndrome 133
Cardioencephalomyopathy (Fatal, Infantile
Due to Cytochrome c Oxidase Deficiency)
77
Cardiofaciocutaneous syndrome 76, 92
Carvajal syndrome 67
Coffin-Lowry syndrome 134
Cori–Forbes disease (Glycogenosis type III)
81, 97
Costello syndrome 74, 89
Danon Disease 51, 77, 95 
Duchenne muscular dystrophy 26-28, 35
Eastman – Bixler syndrome 133
Emery–Dreifuss muscular dystrophy 29
Fabry disease 53, 78, 95
Friedreich Ataxia 73, 88
Fukuyama-type muscular dystrophy 30, 36
Hemochromatosis 82, 98
Hunter syndrome (Mucopolysaccharidosis 

type II) 83, 100
Hurler syndrome (Mucopolysaccharidosis 
type I) 83, 99
Kearns–Sayre syndrome 107
Leber’s congenital amaurosis 132
Leigh syndrome 86, 105
LEOPARD syndrome 76, 92
LHON syndrome 107
Malouf syndrome 131, 133
Maroteaux–Lamy syndrome (Mucopolysac-
charidosis type VI) or 84, 102
MELAS syndrome 105
MERRF syndrome 106
Morquio syndrome (Mucopolysaccharidosis 
type IV) 84, 101
Naxos disease 67
Naxos-like syndrome 67
Noonan syndrome 76, 90
Pompe disease 53, 81, 96
Prader-Willi syndrome 134
Sanfilippo syndrome (Mucopolysaccharido-
sis type III) 84, 101
Simpson-Golabi-Behmel Syndrome 132
Steinert disease (Myotonic muscular 
dystrophy type I) 31, 37, 48
Sly syndrome (Mucopolysaccharidosis type 
VII) 85, 103
Wilson disease 82, 98
Wolff–Parkinson–White Syndrome 51-53

Syndromes (rare and unusual) 129-137

T
Tafazzin (TAZ)

in Barth syndrome 74
and cardiomyopathy 74

and associated abnormalities 89
and left ventricular non-compaction 17, 71
function 157

Titin (TTN)
and arrhythmogenic right ventricular car-
diomyopathy 68
and arrhythmias 29
and cardiomyopathy 29, 68
function 159
and skeletal muscle involvement 29

Titin Immunoglobulin Domain Protein
(MYOT)

and cardiomyopathy 33
function 152
and skeletal muscle involvement (Myofi-
brillar myopathy type III) 38

Transfer RNA, mitochondrial, leucine, 1
(MTTL1), histidine (MTTH), lysine (MTTK)

and cardiomyopathy 86, 105-107
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and associated abnormalities 105-107
function 150
in Kearns–Sayre syndrome 107
in MELAS syndrome 105
in MERRF syndrome 106

Transforming growth factor, beta-3 (TGFB3)
and arrhythmogenic right ventricular car-
diomyopathy 61-69
and cardiomyopathy 61-69
function 157

Transmembrane protein 43 (TMEM43)
and arrhythmogenic right ventricular car-
diomyopathy 61-69
and cardiomyopathy 61-69
function 157

Tropomyosin 1 (TPM1)
and left ventricular non-compaction 17, 71
function 158

Troponin I (TNNI3) 
and cardiomyopathy 34
and skeletal muscle involvement 34
function 158

Troponin T2 (TNNT2)
and cardiomyopathy 34, 17, 71
and left ventricular non-compaction 17, 71
function 158

T Waves in apical hypertrophic cardiomyopa -
thy 55, 56

V
V-HA-RAS Harvey rat sarcoma viral oncoge-
ne homolog (HRAS)

and cardiomyopathy 74
and associated abnormalities 89

in Costello syndrome 74
function 147

V-KI-RAS2 Kirsten rat sarcoma viral 
oncogene homolog (KRAS)

and cardiomyopathy 76
and associated abnormalities 90-93

function 148
in Leopard/Noonan/Cardiofaciocutaneous 
syndrome 76

V-RAF murine sarcoma viral oncogene homo-
log B1 (BRAF)

and cardiomyopathy 76
and associated abnormalities 90-93

function 141
in Leopard/Noonan/Cardiofaciocutaneous 
syndrome 76

V-RAF-1 murine leukemia viral oncogene ho-
molog 1 (RAF1)
and cardiomyopathy 76

and associated abnormalities 90-93
function 155
in Leopard/Noonan/Cardiofaciocutaneous 
syndrome 76

W
Wolff–Parkinson–White Syndrome and 
cardiomyopathy 51-53

X
X-linked cardiomyopathy 28

Z
Zinc Finger Protein 9 (ZFN9) (CNBP)

and arrhythmias 31
and cardiomyopathy 31

and associated abnormalities 37
function 142
and skeletal muscle involvement 31
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