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Cardiomyopathies are defined as cardiac diseases, in which the heart muscle is affected showing functional and structural
defects.
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| 1. Cardiomyopathies

According to the classification of cardiomyopathies as described by Elliott et al., 2008, they can be subdivided into RCM
(restrictive cardiomyopathy), HCM (hypertrophic cardiomyopathy), DCM (dilated cardiomyopathy), ACM (arrhythmogenic
cardiomyopathy) and unclassified cardiomyopathies as for example non-compaction cardiomyopathy (LVNC) (Eigure 1).

The causes of these cardiomyopathies may be genetic/familial or non-genetic and idiopathic.
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Figure 1. Classification of cardiomyopathies. LVNC = left ventricular non-compaction cardiomyopathy, ACM =

arrhythmogenic cardiomyopathy, DCM = dilated cardiomyopathy, HCM = hypertrophic cardiomyopathy, RCM = restrictive
cardiomyopathy.

1.1. Left Ventricular Non-Compaction Cardiomyopathy

LVNC seems to be the common cardiomyopathy type in the class of unclassified cardiomyopathies at least in children .
The origin of the disease is thought to lie in an impaired embryonic development, leading to a sponge-like ventricle and
dilation due to abnormal trabeculations. In several cases mutations have been identified for example in the genes
encoding a member of the dystrophin—related protein family, tafazzin, a mitochondrial membrane protein involved in
cardiolipin metabolism, in dystrobrevin, or in a gene encoding lamin, located in the nuclear envelope . But also sarcomeric
genes as MYH7, ACTC, TNNT2, TPM1, ZASP are affected [Ll. TNNT2 seems to be involved in cardiogenesis in the
regulation of atrial septal growth and formation of trabeculae . However, the mechanism of disease development still is



obscure and it is not clear, if and how these mutations impair correct embryonic development of the heart. Clinically, LVNC
is associated with left ventricular dysfunction and severe arrhythmia, sudden cardiac death, or embolic stroke due to an
enhanced risk of thrombus formation within the trabeculaes.

1.2. Arrhythmogenic Cardiomyopathy

ACM has an estimated frequency in the general population of 1:100 to 1:5000. Since sudden cardiac death similar to
hypertrophic cardiomyopathy may occur as the first manifestation of the disease, there might be an additional number of
unreported cases of ACM in the general population Bl. The hallmark of ACM is the replacement of ventricular
cardiomyocytes by fibrotic and fatty tissue, which progresses with time. This might affect the right or left ventricle, or both,
and finally leads to electrical instability and systolic dysfunction I, Like the other cardiomyopathies, ACM is genetically
heterogeneous. Thus, for example, variants of proteins of the nuclear envelope like transmembrane protein 43 or lamin
AIC have been correlated to ACM. The latter seems to induce mainly right ventricular and bi-ventricular cardiomyopathy [
[, In addition, mutations in PLN encoding phospholamban have been identified to cause ACM. In the Netherlands, the
phospholamban p.R14del mutation has been declared a founder mutation responsible for the disease in 10-15% of all
ACM patients [&. Other ACM target genes encode the cardiac sodium channel and the sarcomeric protein titin [0,
Several rare single amino acid replacements in titin have been identified in different families (p.T8031C, p.A18579I +
p.M33291T, p.A19309S, p.P308471L, p.T2896l). p.T2896I is located in the conserved Ig10 domain within the spring
region of titin 19, Also, nonsense filamin C variants have been correlated to either DCM or ACM. Recently, a filamin C
intronic mutation was described in three Jewish families leading to reduced filamin C transcripts as well as aberrant
filamin C protein variants 12, Interestingly, these variants did not show a mislocalization of proteins such as glycogen
synthase kinase-3p or plakoglobin considered typical for ACM 3, Mainly, ACM is caused by mutations in genes encoding
structural proteins as desmosomal proteins like plakoglobin, desmoplakin, plakophillin etc., with increased risk of sudden
cardiac death and left ventricular dysfunction 4. Desmosomes link desmin to the extracellular matrix. Dysfunctional
desmosomes not only affect cell-cell communication, but also lead to cell death. Such a loss of cardiomyocytes is
compensated finally by substitution with fat and/or fibrous tissue instead of new cardiomyocytes, since the regeneration
capacity of cardiomyocytes is extremely low 131, The disease usually manifests in adults or during adolescence. It is very
rarely diagnosed in children, probably because of lacking symptoms. However, an early diagnosis would help to postpone
manifestation of a severe ACM [26IL71[18]

1.3. Dilated Cardiomyopathy

One of the common cardiomyopathies is DCM, which is mainly characterized by left ventricle dilation, systolic dysfunction
and high morbidity. Main causes for DCM are infections, inflammation or toxins 2. Also infants might be affected showing
either mild or strong symptoms at diagnosis, but the disease onset in childhood is generally correlated with a high
mortality rate. In a Swedish study, only 8% of the children recovered within the 25-year follow-up period 2%, Most of them
had to undergo a heart transplantation, or a ventricular assist device or pacemaker was implanted, or they died before any
of these options could be applied. An American study revealed that boys were more affected than girls and that also the
ethnic origin seemed to play a role in disease progression 2. Less frequently, DCM may also be caused by genetic
defects, though there might be a significant number of undetected cases. Thus, according to Burkett & Hershberger,
idiopathic DCM to about 50% is due to mutations 22, The inheritance mainly is autosomal dominant, but also could be
recessive, X-linked or even mitochondrial 28, More than 60 genes have been associated to familial DCM (24123] The
target genes for example might encode the sarcomeric proteins titin, cardiac troponin T (cTnT) and C (cTnC), actin,
myosin heavy chain (MHC) or ion channels as the voltage gated sodium channel subunit alpha, as well as structural
proteins e.g. lamin, filamin C, desmin 23231, One of the most prominent genes affected in familial DCM is TTN (up to 30%
of all familial DCM cases up to date) encoding titin, the elastic filament of the sarcomere 28], Here, mostly truncation
mutations have been observed in up to 25% of young DCM patients 2728, Most titin truncations in DCM patients occur in
the A-band region of the sarcomere, whereby penetrance is clearly age dependent 2289 Byt also missense mutations
have been described in TTN leading to similarly severe DCM as observed in patients with truncated titin. For example,
Galan et al., 2020, recently showed that replacement of functional active cysteine residues in titin, whose oxidation affects
titin stiffness and dynamics, leads to the development of DCM B4,

1.4. Hypertrophic Cardiomyopathy

The most frequent cardiomyopathy based on gene defects is HCM, whereby more than 1400 mutations in genes mainly
encoding sarcomeric proteins have been identified up to date. Clinically, HCM is characterized by symmetrically or
asymmetrically thickened heart walls, affecting in most cases the septum and/or the left ventricle. Diastolic dysfunction
and a high risk of sudden cardiac death especially in young athletes are hallmarks in HCM. Histologically, cardiomyocytes
appear enlarged and disarrayed and the cardiac muscle tissue shows fibrosis. In general, the disease manifestation is



highly variable. Though there are also severe cases in young people, often the disease remains asymptomatic and thus
undetected in the young B2B3I34] The genes which are affected most in HCM patients are those encoding for myosin
heavy chain (MHC) and cardiac myosin binding protein C (cMyBP-C). More than 50% of the reported HCM mutations
have been detected in these two genes B2, In MYH?7 (cardiac gene of MHC) and most other genes encoding sarcomeric
proteins, predominantly missense mutations are found leading to single amino acid replacements in the resulting protein.
In MHC, mostly amino acid replacements in the actin binding domain or the ATPase domain have been identified,
affecting force production 28, In case of cMyBP-C, mainly truncated proteins are formed, leading to haploinsufficiency 4.
On the molecular level, when using isolated recombinant protein fragments of MHC variants in functional assays, MYH7
HCM mutations reduced force production. In contrast, in animal models and isolated variant MHCs enhanced contractility,
i.e., increased and accelerated force production was observed B8, The discrepancy of these observations may be due to
effects of post-translational modifications or involvement of other proteins present in the more complex assay systems
such as animal models and isolated whole cells or even myofibrils. Due to the complexity of the sarcomere and its
interactions, reduced assay systems as reconstituted filaments are not able to reflect the situation in the sarcomere or
even less in a cardiomyocyte or tissue; they just show dysfunction of the used proteins, but not necessarily the outcome in
the cardiomyocyte or tissue. Thus, the enhancement of contractility fits to the generally observed increased Ca?*-
sensitivity leading to enhanced activation at lower calcium concentrations than in healthy cardiac muscle B4, Sych a
hypercontractility is known to lead to energy (ATP) depletion, but more importantly increase ADP- and decrease
phosphocreatine levels, thereby affecting myosin cross bridges, force production and impairing re-extension 211421,

1.5. Restrictive Cardiomyopathy

Restrictive cardiomyopathy (RCM) is a lethal, but rare disease which mostly is due to infiltration, and in a smaller
percentage due to genetic disorders. In general, genetic RCM is characterized by near normal-sized left ventricle with
enhanced stiffness and enlarged atria due to increased end-diastolic pressure in the ventricles. The disease is combined
with an abnormal filling pattern and thus belongs to the diastolic diseases. Systolic function at least in the beginning of the
disease is near normal but might be reduced at later stages of the disease. Sometimes also a mild hypertrophy is
observed, making diagnostic distinction between RCM and HCM difficult 421,

The far most common cause of infiltrative diseases is amyloidosis that results from misfolding and deposition of proteins
(amyloids) between the muscle fibers and/or within the walls of coronary arteries. The amyloids induce an enlargement of
the heart walls giving an appearance of hypertrophy. However, the myofibers themselves are not affected as they are in
HCM B4l Two main types can be distinguished: the light chain (AL) and the transthyretin amyloidosis (ATTR). The latter
type includes a hereditary sub-type caused by variants of the transthyretin protein, and a more common wild-type ATTR
which is clearly age-related (“senile ATTR”) 2. Similar as for DCM, the majority of idiopathic RCM cases are caused by
gene defects, though up to date the knowledge on RCM genetics is still very poor 4847 |n genetically based RCM, the
inheritance usually is autosomal dominant. Genes with (non-infiltrative) RCM variants include also TNNI3, TNNT2,
TNNC1, TPM1, TTN, MYH7, MYL2, MYBPC3, MPN, DES, FLNC, LMNA, BAG3 (Table 1) and are similar to those of
DCM, HCM and LVNC 1481481491 \jost mutations have been identified in genes encoding for sarcomeric proteins, some in
sarcomere associated proteins like small heatshock proteins such as crystallin aB, or their binding partners such as BAG3
— proteins whose dysfunction potentially leads to the accumulation of aggregated proteins.

Several mutations in genes whose proteins are not directly involved in contractile function have been described in patients
with RCM, among others desmin, filamin C and crystallin oB [BABEUGE2I3IE4 - ysyally, desmin mutations have been
associated with DCM, however, a p.E413K mutation was found in a Polish family with a history of fatal heart diseases, in
which 3 adult (30-60 year old) living members suffered of RCM BY. Other family members also in young age suffered
from heart disease and dies suddenly, but the diagnostic confirmation of RCM was not clear. The p.E413K desmin
mutation is located in a conserved region involved in filament assembly which is different to the other mutations found in
DCM patients. In patient muscle biopsies as well as in a cell culture model, desmin aggregates and disrupted Z-discs
have been observed. Also, another desmin mutation which has been linked to RCM affects a splicing site within the DES
gene and leads to disruption of the filamentous network of the cardiomyocytes 2. In this case cardiac symptoms were
diagnosed at the age of 46 in a Polish patient. More recently, a homozygous p.Y122H desmin mutation was identified in a
RCM patient aged 19 B4, This mutation is located within a region which is involved in the coiled coil formation of desmin
dimers, and leads to abnormal cytoplasmic aggregation of desmin suggesting that this region may be a hotspot of
cardiomyopathy-related mutations.

Pediatric RCM



Cardiomyopathies in children are overall rare, but often they are associated with a poor prognosis. The most common
cardiomyopathies in children are DCM followed by HCM B3l |n children, genetically based RCM is seldom and
accounts for less than 5% of the cardiomyopathy cases. Children with RCM show a rapid disease progression as well as
a high mortality (50% survival within the first two years after diagnosis) B8I57. Clinical characteristics are similar to RCM in
adults, with diastolic dysfunction in absence of hypertrophy. In addition, pulmonary venous congestion, atrial fibrillation
and SA block may occur, associated with an increased risk for arrhythmia and sudden cardiac death. 22561 Mogenson &
Arbustini, 2009, suggested, that children with RCM exhibit a high risk for ischemia related events (infarcts, scarring,
necrosis) even without signs of heart failure (8.

Several mutations have been detected in children with RCM affecting structural proteins, among which mutations in FLNC
seem to be most prominent. Filamin C cross-links actin filaments and is located at costameres, Z-discs and intercalated
discs. The first RCM mutations in FLNC were described by Brodehl et al., 2016, in two different Canadian families leading
to single amino acid replacements in conserved immunoglobulin domains, p.51624L and p.12160F 22, Tissues of patients
with p.S1624L showed filamin C aggregates and disrupted Z-discs. Members of this family became diseased at an age
<10 years. In the family with p.12160F, no aggregates were detected and the onset of the disease occurred much later.
More recently two de novo mutations in FLNC have been found in children diagnosed with RCM at the age of 1, 3 and 15
years for the p.A1186V mutation and 6 months for the p.A1183L mutation 23, Both mutations cause abnormal filamin C
localization, disruption of Z-disks as well as aggregation. Similarly, a p.P209L mutation in BAG3, identified in 2018 in an
eight year old boy diagnosed with myofibrillar myopathy and RCM, also caused aggregation of BAG3 and desmin, Z-disc
abnormalities as well as dysregulated autophagy 9. Though only relatively few mutations have been thoroughly
characterized so far, myofibrillar disarray and protein aggregation seem to be common features in many mutations
analyzed, supporting the idea of an infiltrative pathomechanism of RCM.

Other targets for RCM mutations are genes encoding sarcomeric proteins. In this group the main target is TNNI3
encoding cardiac troponin | (cTnl), a sarcomeric regulatory protein 1. TNN/3 mutations were found to be predominant in
pediatric RCM in a Chinese study 62, Here, as well, detailed analyses of the underlying mechanisms are scarce, most
suggesting contractile abnormalities such as increased Ca®*-sensitivity and impaired relaxation, which also occur in HCM.
Interestingly, there seems to be a high rate of de novo infantile RCM mutations in the TNNI3 gene, though a few de novo
mutations have also been observed in TTN and MYH7 [48I63I64][58]

De novo mutations as disease causing mutations are not easy to identify, especially in case of missense mutations
leading to a single amino acid replacement (€2, Several factors have to be considered, as for example the localization of
the mutation in a disease gene, the conserved position of the amino acid replacement and the function of the resulting
protein, etc. A number of de novo mutations have been identified in pediatric cardiomyopathies. They come along with a
very fast disease progression and a poor prognosis. Pediatric RCM patients with de novo mutations frequently require a
heart transplantation shortly after diagnosis to prevent premature death. Only a few of the known mutations, however,
have been investigated on the mechanistic level.
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