
Cardiomyopathies – genetic and molecular issues

Abstract
Cardiomyopathy is a condition that may have a genetic basis. It is a serious ailment because it affects al-
most half of the individuals who die suddenly in childhood, adolescence, or related to heart transplant pro-
cedures. The inheritance patterns of this disease can vary. For example, as described in the work on HCM 
and ARVC, they are inherited in an autosomal dominant manner. De novo mutations may involve genes 
related to myofilaments, Z-discs, components related to cellular calcium handling, or desmosomes, among 
others. However, detailed molecular aspects should be correlated with clinical features because changes 
within a single gene may be associated with diverse abnormalities. Depending on the manifestation of the 
action of certain allele changes, they may range from microscopic deviations to causing heart failure and 
impaired blood flow through other organs, thereby disrupting the functionality of the entire body, hinde-
ring daily life and lowering its quality. Currently, the analysis of the degree of interaction of genetic deter-
minants in cardiomyopathy is becoming increasingly accessible due to modernization and improvement of 
tools in the field of diagnosing anomalies in gene sequences and expression. A more precise understanding 
of causative mutations and associated conditions may contribute to determining strategic points for the 
future regarding the most beneficial course of action in specific circumstances and evaluating the effective-
ness of the steps taken in the long run. In addition to mutations typically causing cardiomyopathy, there are 
also mutations contributing to their development within the spectrum of other diseases. This includes the 
PRKAG2-related cardiac syndrome, associated with abnormal metabolism, Danon disease, mitochondrial 
disorders, ion channelopathies, or conduction disorders.
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Introduction
Cardiomyopathy is a condition that affects al-

most half of those who suddenly lose their lives in 
childhood, adolescence, or as a result of  heart trans-
plant surgery [1]. Therefore, it can be easily argued 
that there is a profound impact of this disease on 
the population – not only adults but also pediatric 
patients [2,3]

It might seem that the history began in 1891 
when Krehl reported incidents of myocardial dis-
eases whose causes were unknown, but the term 
cardiomyopathy was first used by Wallace Brigden 
in 1957, who described them as non-coronary dis-
eases involving the myocardium with an unspeci-
fied causative factor [4].

The identification in 1990 of mutations in the 
MYH7 gene, located at 14q11.2-q12, encoding the 
beta-myosin heavy chain by Christine Seidman and 
Jonathan Seidman marked a turning point in under-
standing the genetic influences on the development 
of cardiomyopathy [1,5,6].

Considering the distinct mechanisms underly-
ing specific diseases within this group, the interac-
tions between them appear to be of interest. Dilated 
cardiomyopathy (DCM) ranks first among primary 
myocardial diseases and is detected in 6 out of 10 
patients with cardiomyopathies [7]. In addition to 
dilated cardiomyopathy, hypertrophic cardiomyop-
athy (HCM) is also among the most common types. 
Other existing types such as arrhythmogenic right 
ventricular cardiomyopathy (ARVC), restrictive 
(RCM), and unclassified cardiomyopathies are less 
common. Among the general adult population, the 
diagnosis of HCM, the most common inherited car-
diomyopathy, and DCM affects about 0.2-0.4%. The 
prevalence of ARVC in this population is associat-
ed with 0.02-0.05%, while RCM falls even lower in 
these statistics [8].

The modernization and continuous improve-
ment of tools for diagnosing abnormalities in gene 
sequences and expression now includes the possi-
bility of analyzing the degree of interaction of he-
reditary determinants in cardiomyopathy [9].

However, molecular details should be confronted 
with observable characteristics, as separate muta-
tions in one gene may result in different abnormal-
ities – changes in adjacent amino acids within the 
beta-myosin heavy chain leads to hypertrophic or 
dilated cardiomyopathy [10]. Lifestyle can also in-
fluence the phenotypic picture and disease progres-
sion in the case of identical mutations, and the same 
disease entity may result from various disorders in 
the same gene [11].

Given the significance and breadth of the topic 
under discussion, the authors of many publications 
continue to emphasize the need for broader analysis 
and the necessity of conducting additional research.

Description
The term cardiomyopathy refers to a group of 

disorders affecting the heart muscle, resulting in 
impaired function. Abnormalities may also involve 
the pericardium and endocardium [12]. The classi-
fication of cardiomyopathies is currently based on 
diagnoses related to morphology and functioning 
of the chambers. Further division involves the in-
fluence of familial factors and potential lack of as-
sociation with genetic predisposition [13,14]. Thus, 
a distinction is made between primary and second-
ary cardiomyopathies, with the latter being associ-
ated with the influence of external factors – such as 
high blood pressure [15]. According to the Ameri-
can Heart Association, the classification within pri-
mary cardiomyopathies includes genetic, mixed, 
and acquired cardiomyopathies. The categorization 
of cardiomyopathies is problematic, and existing di-
visions are not uniform [12].

Regarding the genetic aspects and the diversity of 
allele actions of specific genes, cardiomyopathies can 
manifest variations at the microscopic level in cardi-
ac muscle cells or lead to cardiac dysfunction, con-
sequently impairing blood flow to other organs [16].

Hypertrophic cardiomyopathy
Encountered in the highest number of cases – 1:200 

to 1:500 asymptomatic patients and 1:3000 symp-
tomatic ones – the genetically based heart disease is 
HCM [14]. The condition is defined as an increase in 
the thickness of the left ventricular wall to 15 mm or 
more, not resulting from abnormal loading [17].

Genetic causes of HCM affect 34% of patients, 
and mutations associated with this condition are 
described as autosomal dominant, focusing on the 
sarcomere and associated proteins. They can involve 
myofilaments, the Z-disc, or elements related to cellu-
lar calcium handling [6]. Within 11 sarcomeric genes, 
over 1400 mutations contributing to HCM have been 
identified. These mutations not only affect peptide 
function but also folding and molecular interactions 
within the cell [18]. Therefore, it is noteworthy that 
while mutations in sarcomeric protein components 
theoretically causing HCM can be found in a larger 
population, not all carriers of the defective gene will 
clinically develop the manifested condition [19].

Attention should also be paid to the possibility of 
phenotypic characteristics appearing long after the 
onset of the mutation [6].

MYBPC3 gene has been found to have at least 
350 mutations resulting in HCM. Their large num-
ber leads to a decrease in protein molecule length 
[10,20] There have been multiple reports linking 
mutations in other genes such as MYH7, TNNT2, 
TPM1, TNNI3 and TNNC1 to cause HCM [21].

MYBPC3 gene contains 34 exons, and its product 
is MyBP-C, whose cardiac isoform (cMyBP-C) has 
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additional features: a C0 domain at the N-terminus, 
phosphorylation regions between the C1 and C2 do-
mains, and a 28-amino acid insertion in C5, distin-
guishing it from the other two isoforms [20].

The sarcomere, the basic unit of cardiomyocyte, 
comprises two main components: thick and thin 
filaments. The former includes myosin, consisting 
of two heavy chains (beta- or alpha-myosin) and 4 
light chains, while the latter is associated with actin, 
which interacts with troponin T, I, C, and alpha-tro-
pomyosin. MyBP-C regulates interactions between 
these parts [22]. cMyBP-C interacts with the carbox-
yl and amino terminals of myosin and actin, limiting 
interactions. Increased ATPase activity and actin ac-
tions and the opposite result in myosin, caused by 
phosphorylation of the N-terminus of cMyBP-C, lead 
to forceful cross-bridge formation [23].

Mutations within MYBPC3 involve frameshifts, 
missense changes, insertions, or deletions. The 
large number of mutations results in a decrease in 
protein molecule length. Loss of normal product 
function due to the existence of premature termina-
tion codons (PTCs) and Nonsense-Mediated Decay 
(NMD) leads to decreased MyBP-C levels, which in 
turn leads to HCM development [24].

MYH7, encoding the heavy chain of beta-myo-
sin, which includes the head, alpha-helical rod, and 
hinge region, shows distinct outcomes depending 
on the mutation location. Mutations in this regard 
most commonly involve missense changes [22].

Mutations in the third gene most strongly as-
sociated with HCM-TNNT2, encoding troponin T, 
anchoring troponin C and troponin I and serving 
as a signal transducer for Ca2+-rarely cause such 
strong ventricular hypertrophy as in other cases but 
contribute to a high risk of sudden cardiac arrest 
(SCA). Particularly, the missense mutation TNNT2 
I79N +/- is associated with an increased likelihood 
of SCA at a young age [18,25].

In addition to troponin T, troponin I and C play 
important roles. The former, divided into 6 func-
tional regions, stabilized under low Ca2+ concen-
trations, prevents actin and myosin interaction. 
Contraction results from changes in Ca2+ concen-
tration from 100 nmol/l to 1 mmol/l.

Mutations in the TNNI3 gene, encoding troponin 
I, most commonly involve replacing a positively or 
negatively charged amino acid with a neutral or hy-
drophobic one. 40% of events are associated with 
arginine inclusion.

Changes in the TNNC1 gene, associated with the 
second of them – troponin C – disrupt the harmo-
ny of cellular mechanisms and the degree of Ca2+ 
binding strength [18].

Disorders in TPM1, encoding alpha-tropomyosin, 
condition abnormal myocardial contractility also 
through the aforementioned element.

Broadly defined calcium handling dysfunctions 
contribute to HCM development [26]. The level of 

junctophilin-2 (JPH2) – a protein anchoring the sar-
coplasmic reticulum in T-tubules, allowing proper 
calcium ion flow – is reduced in affected cardiac mus-
cle. Studies in a mouse model have shown that down-
regulation affects both protein and mRNA JPH2 [27].

Phospholamban (PLN) also participates in cal-
cium handling regulation, and its mutations con-
tribute to the development of inherited cardiomy-
opathies [28]. Phospholamban is a main protein 
regulating the Ca2+-ATPase of cardiac sarcoplasmic 
reticulum [29]. Its phosphorylation is associated 
with the cessation of inhibitory influence on the 
sarcoplasmic reticulum-associated pump (SER-
CA2a) and the accumulation of Ca2+ in the ER [28].

Genes associated with the myofilament mecha-
nism, subject to mutations less frequently, include 
TTN, located on chromosome 2, responsible for 
titin formation, MYL3 on chromosome 3, encoding 
ventricular essential myosin light chain 3, MYL2 on 
chromosome 12, associated with ventricular regu-
latory myosin light chain 2, and ACTC on chromo-
some 15, encoding alpha-cardiac actin [6].

Genes associated with Z-disc proteins, ensuring 
proper sarcomere construction, also contribute 
to HCM: ACTN2 (alpha-actinin 2), FLNC (filamin 
C), MYPN (myopalladin), TCAP (telethonin), LDB3 
(ZASP) [30].

Alpha-actinin 2 is a protein that is responsible for 
creating connection within the opposite oriented actin 
filaments. This molecule also binds N-terminal titans 
and therefore maintains sarcomere stability [31].

Filamin C protein is one of the isoforms of filamin 
that enables cross-connection within the actin fila-
ments. It is also responsible for binding with over 
90 different structures [32].

Myopalladin is a protein that plays a major role 
in regulation and maintenance of sarcomere struc-
ture [33].

Telethonin is a Z-disc protein that is responsi-
ble for binding with other proteins in the T-tubule 
membrane. Tcap is essential in maintaining struc-
ture, and functionality of the t-tubule, even more so 
under mechanical overload [34].

ZASP is a cytoskeletal protein present in the sar-
comere. The molecule is responsible for preserva-
tion of the structural coherence of the Z-line [35].

Arrhythmogenic right ventricular 
cardiomyopathy (ARVC)

Arrhythmogenic right ventricular dysplasia/car-
diomyopathy (ARVC) is caused by changes in the 
intercalated discs that allow cardiac cells to com-
municate with each other, specifically affecting the 
portion of the intercalated disc called the desmo-
some [36].

Structural and functional abnormalities observed 
in ARVC may be explained by disturbances in signal 
transduction, intercellular communication, as well 
as cell proliferation and differentiation [37].
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The classic form of ARVC is autosomal domi-
nantly inherited. It is believed to be responsible for 
30-50% of cases with a variable proportion of indi-
viduals with a particular genotype expressing the 
phenotypic effect in a given environment [38].

There are 8 genes, the pathological variants of 
which account for most ARVC cases. These are five 
desmosomal genes (PKP2, DSP, DSG2, DSC2, and 
JUP) and three non-desmosomal genes (TMEM43, 
DES, and PLN) [39].

PKP2 is one of the most important genes associ-
ated with ARVC. PKP2 encodes plakophilin-2, a pro-
tein consisting of 881 amino acids with an ARM do-
main, which has a structure similar to plakoglobin 
encoded by JUP [40]. To date, over 150 pathogenic 
mutations in PKP2 have been identified, making 
it the primary gene responsible for the disease 
(about 35%-40% of all ARVC cases) [41]. Studies 
of ARVC patients suggest that there are many PKP2 
mutations (insertions, deletions, nonsense, mis-
sense changes) leading to haploinsufficiency and 
consequently to a reduction in PKP2 protein levels 
in the heart [42]. The most common mutations in 
the PKP2 gene are small deletions/insertions with 
a frame shift (40%), nonsense mutations (25%), 
missense changes (20%), and splicing site muta-
tions (15%) [41]. New research suggests a great-
er involvement of RNA, specifically RNA splicing 
modification, which leads to altered levels of PKP2 
in RNA form, and these changes play a crucial role 
in the pathogenesis of ARVC in patients with ARVC 
who have PKP2 mutations [42].

DSC2 is the gene encoding desmocollin 2, which, 
of all desmocollins, is most prevalent in tissues, in-
cluding cardiomyocytes. Monoallelic mutations in 
DSC2 are associated with an autosomal dominant 
version of ARVC [43]. Mutations in DSG2 were first 
associated with ARVC in 2006 [40].

DSG2 is the only desmoglein present in the heart, 
which plays a heterodimerization role with DSC2 to 
ensure cell stability. Therefore, there is no possibility 
of compensating for the loss of DSG2 function in the 
heart with another desmoglein subtype. DSG2 mu-
tations are present in about 10% of ARVC patients 
[44]. Over 50 pathogenic mutation variants associ-
ated with ARVC have been found. About 60% of all 
of them were missense mutations, about 20% were 
small insertions/deletions, and the remaining 20% 
accounted for splicing site changes. Although most 
identified mutations show a dominant inheritance 
pattern, recessive inheritance modes of mutations 
have also been indicated in ARVC patients [41].

Mutations in the gene encoding JUP as well as 
PKP2, functioning in the outer, dense desmosom-
al plaques, lead to a similar cardiac phenotype in 
ARVC. Both mutations manifest ARVC during ad-
olescence with a proportion of individuals with 
a particular genotype expressing the phenotypic 
effect in a given environment of 55% in carriers of 
PKP2 mutations and 100% in homozygous carriers 
of the JUP gene mutation [45].

Desmoplakin (DSP) is a structural protein that 
connects the cardiac desmosome with intermediate 
filaments and is also essential for proper transmis-

DISEASE GENE PRODUCT

HCM

MYH7
TNNT2
TPM1
TNNI3
TNNC1

MYBPC3
TTN

MYL3
MYL2
ACTC

ACTN2
FLNC 
MYPN
TCAP
LDB3
JPH2
PLN

Heavy chain of beta-myosin
Cardiac troponin T
Alfa-tropomyosin
Cardiac troponin I
Cardiac troponin C

MyBP-C
Titin

Ventricular essential myosin light chain, 
Ventricular regulatory myosin light chain 

α-cardiac actin
α-actinin 2 
Filamin C 

Myopalladin
Telethonin

ZASP
Junctophilin-2

Phospholamban

ARVC

PKP2
DSP

DSG2
DSC2
JUP

Plakophilin-2
Desmoplakin
Desmoglein-2
Desmocollin-2

Junction plakoglobin

TABLE 1 Affected genes and corresponding proteins
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sion of excitation in cardiac muscle [46]. Data sug-
gest that DSP expression in cardiomyocytes is es-
sential for maintaining cardiac tissue integrity, and 
abnormalities in DSP function will be responsible 
for ARVC – specifically cardiomyocyte death, chang-
es in lipid metabolism, and defects in heart devel-
opment. DSP mutations leading to ARVC are mainly 
autosomal and dominant [47].

Affected genes and corresponding proteins sum-
marized in table 1.

Left ventricular noncompaction (LVNC)
Left ventricular noncompaction (LVNC) is a car-

diomyopathy characterized by the formation of ab-
normal trabeculations in the left ventricle, typically 
in the apex region. The condition may be associated 
with dilatation or hypertrophy, systolic and diastol-
ic dysfunction, and even various forms of congenital 
heart diseases [48]. From 17%, to as much as 50% of 
LVNC patients have a relative with another primary 
cardiomyopathy. Moreover, the yield of genetic test-
ing ranges from 9% to 41%, depending on patient 
selection and the number of genes tested [49]. The 
American Heart Association classified LVNC in the 
genetic section of primary cardiomyopathies in 2006. 
It is a heterogeneous disease associated with many 
clinical symptoms and can be inherited autosomal-
ly or X-linked or linked to genome in mitochondria. 
LVNC is the third most common cardiomyopathy af-
ter dilated and hypertrophic cardiomyopathy, and its 
prevalence ranges from 0.05% to 0.3% in the popu-
lation. The molecular-level mechanisms involved in 
LVNC are still unknown. Genetic mutations of sar-
comere and chaperone proteins, cell skeleton, ion 
channels and nuclear membranes are present and 
are consisted with this condition. [50].

PRKAG2-associated cardiac syndrome and danon 
disease

PRKAG2-associated cardiac syndrome, specifical-
ly with its catalytically inactive Gamma 2 subunit, 
is characterized by glycogen accumulation in heart 
tissue [51]. This syndrome also presents with left 
ventricular hypertrophy, Wolff-Parkinson-White 
syndrome, atrial tachyarrhythmia, and abnormal 
cardiac conduction [52], and sometimes skeletal 
myopathy [53].

PRKAG2-related gene disease is a disorder involv-
ing abnormal metabolism in the heart [54]. AMPK 
is a serine-threonine kinase, composed of catalytic 
α subunits, regulatory β subunits, and γ subunits. 
It is allosterically activated by increasing levels of 
AMP and by phosphorylation of the α subunit under 
conditions of substrate shortages, hypoxia, physical 
exertion, and heat stroke, where it then modifies 
enzymatic activity in metabolic pathways related 
to both ATP production and consumption and reg-
ulates necessary systems to maintain homeostasis 
[55]. New compelling evidence regarding PRKAG2 

mutations suggests “gain-of-function” in the bas-
al activity of AMPK, at least in the early stages of 
the disease, leading to excessive glucose uptake and 
pathological glycogen storage in the heart. The end 
result is usually a lethal cardiac phenotype [54].

Distinguishing PRKAG2 cardiomyopathy from 
hypertrophic cardiomyopathy is one of the most im-
portant tasks in medicine. It results not only from 
the clinical presentation of diseases but also from 
their long-term outcomes. Sudden death in the case 
of PRKAG2 mutations is more common [52]. So far, 
only a small number of cases have been reported 
and documented, so the biological history of this 
disease is still not fully understood [56].

Danon syndrome (DD) is a rare, dominant, 
X-linked disease characterized by a deficiency of 
lysosome-associated membrane protein-2 (LAMP-
2) [57]. LAMP-2 is needed for correct evolvement 
of autophagosomes by fusion with lysosomes [58]. 
Cardiomyopathy, skeletal myopathy, and intellectual 
disability are the triad of symptoms of this disease 
[57]. Primary deficiency of this protein disrupts the 
process of autophagy, leading to impaired fusion 
of lysosomes and autophagosomes and lysosome 
biogenesis [59]. The inability to remove old mito-
chondria causesenergy deficits and oxidative stress 
[60]. There are three main types of autophagy: 
macroautophagy, chaperone-mediated autophagy, 
and microautophagy. Macroautophagy is the most 
common form of autophagy and the most affected 
in Danon disease [61].

In women, both HCM and DCM were present. In 
this sex, isolated heart disease was present, where-
as in men, DD typically presented as HCM and often 
was a multi-level disease [62].

Mitochondrial cardiomyopathies
According to estimates, cardiomyopathies affect 

20-40% of the youngest individuals diagnosed with 
mitochondrial disorders and are simultaneously 
the most common cardiac manifestation associat-
ed with them. Typically, hypertrophic cardiomyop-
athies are observed, but dilated cardiomyopathies, 
restrictive cardiomyopathies, LVNC, or histiocytoid 
cardiomyopathy associated with this mechanism 
are also encountered. Mitochondrial mutations con-
tributing to the development of cardiomyopathies 
may affect genes related to, among others, complex 
I (e.g., MTND1, MTND2), II (e.g., SDHA, SDHD), III 
(e.g., MTCYB), IV (e.g., MTCO1, MTCO2) electron 
transport, mtRNA, mrRNA, mtDNA, factors neces-
sary in translation, and Q10 synthesis [63,64].

Ion channelopathies and conduction disorders
Ion channelopathies are diseases caused by dys-

function of ion channels, which can have a genetic 
basis or result from acquired pathological factors 
[65]. Channelopathies often manifest as harmful 
arrhythmias resulting from dysfunction of ion chan-
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nels or proteins associated with them. Studies have 
shown that about 30% of autopsies of young indi-
viduals that did not reveal a precise cause of death 
could be explained by pathological variations in 
genes related to channelopathies [66].

Each channelopathy has its own electrocardio-
graphic pattern, typical symptom model, and the 
most common gene associated with this condition. 
For long QT syndrome type 1, it is the KCNQ1 gene; 
for catecholaminergic polymorphic ventricular 
tachycardia, which usually presents as sudden car-
diac arrest during physical activity in young males, 
it is the RYR2 gene; for long QT syndrome type 2, 
most commonly occurring in adult females shortly 
after childbirth, it is the KCNH2 gene; while for long 
QT syndrome type 3 and Brugada syndrome, which 
most commonly manifest at night in young adult 
males, it is the SCN5A gene [67].

KCNQ1 encodes voltage-gated potassium chan-
nel subunit alpha [68]. The most major roles of 
KCNQ1 channels are providing a repolarization 
wave after an action potential and also managing 
water and salt transportation in epithelial tissues 
[69]. KCNH2 gene encodes a different alpha subunit 
of voltage-gated channel protein [70].

RyR2 gene encodes ryanodine receptor which 
plays a major role in regulating Ca2+ release from 
sarcoplasmic reticulum. This protein has multitudi-
nous functional domains, all of which have specified 
roles [71].

Interestingly, it turns out that abnormalities in ion 
channels can lead to dilated cardiomyopathy (DCM). 
There are cases of DCM associated with mutations in 
the SCN5A gene [72], which encodes a component of 
the heart sodium channel responsible for ion con-
duction and hence the excitability of heart tissue. 
Mutations within SCN5A causing DCM may increase 
sodium ion flow and limit channel function [73].

Mutations in ABCC9, encoding SUR2A, which is 
responsible for regulating ATP-sensitive K+ chan-
nels, are associated with susceptibility to DCM. In 
these cases, rhythm disturbances were observed. 
Dysfunction of channels caused by ABCC9 mutation 
involves impaired signal flow due to abnormal ATP 
hydrolysis [74].

Conclusions
A review of numerous studies suggests the ex-

istence of various mutations causing cardiomy-
opathies, which inherit in different ways, such as 
autosomal dominant inheritance observed in HCM 
and ARVC. Depending on the expression of alleles 
of certain genes, changes may be limited to the mi-
croscopic level or may condition serious cardiac 
performance disorders [14, 16, 38]. The American 
Heart Association has also classified LVNC in the 
genetic section of cardiomyopathies. Besides mu-
tations typically conditioning cardiomyopathies, 
there are also those contributing to their develop-

ment within the spectrum of other diseases, such 
as PRKAG2-associated cardiac syndrome, Danon 
disease, ion channelopathies, and mitochondrial 
disorders. With the contemporary advancement of 
genetic research techniques, we hope for the possi-
bility to identify new genes responsible for the con-
ditions described, which may bring future benefits 
in the form of targeted patient care and determi-
nation of the most favorable clinical procedures in 
specific mutation cases.
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