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Abstract

Introduction: Cardiomyopathies (DCM, HCM, and ACM) and primary arrhythmogenic
disorders (BrS, LQTS, and CPVT) represent the most common causes of sudden cardiac
death (SCD) in young individuals. Systematic genome-wide single-nucleotide polymor-
phism (SNP) analyses and genome-wide association studies (GWASs) have enabled the
identification of numerous genetic variants associated with cardiovascular diseases. Body:
Genetic testing for cardiomyopathies and inherited channelopathies primarily involves
panel testing of genes with definitive and strong evidence of disease association; genes
supported by moderate evidence may also be considered. Cardiomyocytes express a va-
riety of proteins implicated in the pathogenesis of genetic cardiomyopathies, including
sarcomeric, cytoskeletal, desmosomal, and nuclear envelope proteins. Inherited cardiac
channelopathies result from mutations in genes encoding cellular components that influ-
ence calcium ion availability or affect membrane ion channels, including sodium, potassium,
and calcium channels. Common variants associated with SCD are found in genes encoding
cardiac ion channels (e.g., SCN5A, KCNQ1, and KCNH2), calmodulin (CALM?2), sarcomeric
proteins (MYH7, MYBPC3, TTN, and TNNI3), and desmosomal proteins (RyR2 and DES).
Conclusions: This review demonstrates that specific genetic variants are significantly asso-
ciated with an increased risk of SCD. The evidence underscores the importance of genetic
screening and early intervention in individuals with a family history of SCD or other
risk factors for inherited cardiac disorders predisposing to SCD. Future research should
focus on gene-specific management strategies for familial cardiomyopathies and inherited
channelopathies, with the goal of improving targeted genetic therapies and reducing the
burden of sudden cardiac death.
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1. Introduction

Sudden cardiac death (SCD) is defined as a sudden, natural death of cardiac ori-
gin that occurs within one hour of symptom onset in witnessed cases, or within 24 h
of last being seen alive when unwitnessed. Autopsy findings often confirm SCD as an
unexpected natural death of cardiac or unknown cause [1]. Cardiomyopathies (dilated
cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), and arrhythmogenic car-
diomyopathy (ACM)) represent the most common causes of sudden cardiac death in adults
under 40 years of age. However, in the pediatric and adolescent populations, primary
arrhythmogenic disorders such as Brugada syndrome (BrS), long QT syndrome (LQTS),
and catecholaminergic polymorphic ventricular tachycardia (CPVT) are more prevalent
causes of SCD [2]. The incidence of sudden cardiac death increases with age. In individuals
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in their forties, coronary artery disease becomes the leading cause, while structural heart
disease predominates in older populations [3,4]. Across all age groups, the incidence of
SCD is consistently higher in men than in women [5].

The Atherosclerosis Risk in Communities (ARIC) study investigated racial differences
in the cumulative risk of SCD, which significantly influence susceptibility, with individuals
of African ancestry exhibiting a higher risk than those of European ancestry [6]. In a
prospective study of children and young adults (Australia and New Zealand), 490 cases of
SCD were identified, with an annual incidence which was 1.3 cases per 100,000 persons
(aged 1-35 years; 72% male). The most frequent explained cause of SCD was coronary
artery disease (24% of all SCD under 35 yrs), followed by inherited cardiomyopathies
(16%) [7]. The most common cause of death in individuals younger than 31 years was
unexplained SCD accounting for 40% of cases. Clinically relevant cardiac gene mutation
was identified in 27% of unexplained SCD cases where genetic testing was performed.
Follow-up evaluation revealed a clinical diagnosis of an inherited cardiovascular disease
was identified in 13% of relatives of SCD victims [7].

The Cardiac Arrest Registry to Enhance Survival (CARES) evaluated out-of-hospital
cardiac arrest (OHCA) events of presumed cardiac etiology among individuals who
received resuscitative efforts. The registry included 40,274 OHCA records, of which
31,689 OHCA events were presumed to be of cardiac origin (myocardial infarction or
arrhythmia) that received prehospital resuscitation. The survival rate to hospital admission
was only 26.3%, and the overall survival rate from cardiac arrest to hospital discharge was
9.6% [8].

SCD can have a clear monogenic component (autosomal dominant (AD), autosomal
recessive (AR), and sex-linked inheritance) due to the presence of inherited arrhythmia
syndromes or cardiomyopathies, particularly in young adults. However, it can also result
from polygenic conditions [9]. Mendelian disease variants are typically individually rare
in the population; genetic variants associated with inherited cardiac diseases are found
in approximately 1% of the general adult population [10]. Such variants are often insuf-
ficient on their own to cause a disease phenotype. Common variants may contribute to
disease burden or modulate the effects of Mendelian variants. Disorders such as HCM
and LQTS are largely Mendelian or near-Mendelian, where variants of large effect sizes
can cause or act as protective or regulatory modifiers. In contrast, diseases such as DCM
and BrS have complex etiologies involving both non-Mendelian genetic and environmental
factors [11]. To date, approximately 4000 genes have been identified as contributing to
hereditary cardiomyopathies, arrhythmias, and cardiac conduction disorders [12,13]. Most
of the single-nucleotide polymorphisms (SNPs) are located in intergenic regions of the
human genome, and affect gene expression and gene regulation, as confirmed by the
ENCODE (ENCyclopedia Of DNA Elements) Project [14]. Mutations (MUTs) are very rare,
occurring at a frequency of approximately 1 in 1000 individuals. Non-synonymous amino
acid exchanges that are neither SNPs nor MUTs are classified as variants of unknown
significance (VUS) (0.1-0.5%) as their co-segregation with a particular phenotype has not
been established [10]. Systematic investigations of genome-wide SNPs (genome-wide
association studies (GWASs)) have primarily focused on SNPs and common cardiovascular
diseases (myocardial infarction, arterial hypertension, atrial fibrillation, or quantitative trait
loci (QTL) for distinct ECG parameters) [15-19]. GWASs have enabled the identification
of numerous genetic variants associated with cardiovascular diseases, leading to the de-
velopment of genomic or polygenic risk scores (PRSs) that assess an individual’s genetic
predisposition to hereditary cardiovascular disorders [20-22].
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This systematic review aims to identify genetic variants associated with SCD and to
emphasize the importance of genetic testing in survivors of sudden cardiac arrest, as well
as in the family members of SCD victims for further genetic evaluation.

2. Materials and Methods

The review is based on the literature retrieved from the PubMed, Scopus, and Web
of Science databases. Searches were conducted using the keywords sudden cardiac death,
genetics, sudden arrhythmic death, and genetic cardiomyopathy. Inclusion criteria comprised
studies published in English that reported data on adults who died from SCD. Exclusion
criteria included letters, case reports, and non-peer-reviewed articles. The literature re-
view covered studies published between April 2004 and May 2025, focusing on clinically
relevant findings.

The structure of this review is as follows: Section 3 Genetic cardiomyopathies
(Section 3.1 Hypertrophic cardiomyopathy, Section 3.2 Dilated cardiomyopathy, and
Section 3.3 Arrhythmogenic cardiomyopathy); Section 4 Inherited channelopathies
(Section 4.1 Brugada syndrome, Section 4.2 Long QT syndrome, Section 4.3 Short QT syn-
drome, and Section 4.4 Catecholaminergic polymorphic ventricular tachycardia).

3. Genetic Cardiomyopathies

The genetic cardiomyopathies are classified based on morphological and functional
features as hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and
arrhythmogenic cardiomyopathy (ACM) [23]. Cardiomyocyte-expressed proteins, involved
in the pathogenesis of the genetic cardiomyopathies, include sarcomeric, cytoskeletal,
desmosomal, and nuclear envelope proteins [24].

3.1. Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is characterized by asymmetric left ventricular
hypertrophy, often with involvement of the interventricular septum. Other variations
include apical or mid-wall left ventricular (LV) involvement, accompanied by myocyte
hypertrophy and fibrosis [25]. The annual mortality due to SCD alone is low (<1%)
in most HCM patients; however, a subset of patients faces a significantly higher risk
(between 4% and 6%). The higher risk groups include patients with >15% LV mass showing
late gadolinium enhancement (LGE) on magnetic resonance imaging, left ventricular
ejection fraction (LVEF) < 50%, LV apical aneurysm, or those with pathogenic sarcomeric
mutations, who are candidates for implantable cardioverter-defibrillator (ICD) therapy [1].
Approximately 50-60% of HCM cases are associated with sarcomeric gene mutations, with
pathogenic variants in the MYBPC3 or MYH7 gene being the most common [26]. Genetic
testing primarily includes panel testing for DNA sequence variants in genes with strong
evidence of direct involvement in familial HCM (see Table 1), followed by testing for genes
with a moderate level of evidence for the development of HCM (see Table 2) (according
to ClinGen).

Table 1. Genes with strong evidence for direct involvement in causing familial HCM [27-32].

Gene Specifics Inheritance Pattern
MYBPC3 locus 11p11.2, myosin-binding protein C3 AD
MYH7 locus 14q11.2-q12, beta myosin heavy chain AD
TNNI3 locus 19q13.49, troponin I, cardiac type AD
TNNC1 locus 3p21.1, troponin C, cardiac type AD
TPM1 locus 15g22.2, alpha tropomyosin AD
ACTC1 locus 15q.14, alpha cardiac actin AD
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Table 1. Cont.

Gene Specifics Inheritance Pattern
MYI2 locus 12q24.11, regulatory myosin light chain AD
MYL3 locus 3p21.31, essential myosin light chain AD
PM1 locus 15g22.2, alpha tropomyosin AD
FHOD3 locus 18q12.2, formin homology 2 domain containing 3 AD
FLNC locus 7q32.1, filamin C AD
ALPK3 locus 15q25.3, alpha kinase 3 AR
PRKAG2 locus 7q36.1, protein kinase AMP-activated non-catalytic subunit y 2 AD
CACNAIC locus 12p13.33, calcium voltage-gated channel subunit alphal C AD
ACTN?2 locus 1g43, actinin alpha 2 AD

CSRP3 locus 11p15.1, cysteine- and glycine-rich protein 3 AD, AR

TNNT2 locus 1g32.1, troponin T, cardiac type AD

Legend: AD (for autosomal dominant); AR (for autosomal recessive).

Table 2. Genes with moderate level of evidence for direct involvement in causing familial HCM.

(according to ClinGen).

Gene Specifics Inheritance Pattern
KLHL24 locus 3g27.1, Kelch-like family member AR
TRIM63 locus 1p36.11, tripartite motif containing AR

JPH2 locus 20q13.12, junctophilin AD

Legend: AD (for autosomal dominant); AR (for autosomal recessive).

Genetic testing for HCM is also recommended when there is clinical suspicion of
syndromic presentations, such as LAMP2 (Danon disease as phenocopy; genetype car-
acteristics with environmental impact), GLA (Fabry disease), PRKAG2 (glycogen storage
disease), TTR (Transthyretin amyloidosis), GAA (Pompe disease), and others, as these
results can influence therapeutic decisions, for example, aggressive management for Danon
disease or enzyme replacement therapy for Fabry disease [33-37]. A likely pathogenic or
pathogenic (LP/P) result in a proband warrants cascade genetic testing for first-degree
relatives [14]. Carriers of LP/P sarcomere variants (highlighted genes in Table 1) have a
poorer prognosis compared to sarcomere variant-negative patients, such as earlier onset
of disease, higher incidence of atrial fibrillation and ventricular arrhythmias, heart failure,
and higher incidence of SCD [31,37-39].

3.2. Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is defined by left ventricular or biventricular di-
latation and systolic dysfunction in the absence of coronary artery disease, sufficient to
cause global systolic impairment, or abnormal loading conditions (hypertension; valve dis-
ease) [23]. Familial DCM is most often inherited as an autosomal dominant trait, although
autosomal recessive, mitochondrial (maternal transmission), or X-linked inheritance can
also occur [40,41]. Among patients with newly diagnosed cardiomyopathy, idiopathic
DCM is confirmed in approximately 20% to 35% of cases [42]. Genetic testing typically
involves panel testing for genes with strong evidence of causing familial DCM (see in
Table 3) and, when indicated, genes with moderate evidence (see in Table 4) (according
to ClinGen).

LMNA, RBM20, and FLNC gene mutations are associated with an increased risk of
ventricular arrhythmias and SCD [43-45]. Desmosomal and LMNA variants show a partic-
ularly strong association with SCD and ventricular arrhythmias, independent of LVEF (left
ventricular ejection fraction) [46]. Truncating variants in the titin gene (TTN) are the most
frequent, occurring in approximately 20% of DCM cases [47]. Some DCM-mutated genes,
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e.g., genes coding desmosomal proteins and ion flux, overlap with other cardiomyopathy
subtypes, such as ACM, but also with channelopathies [13]. Pathogenic variants can be
identified in up to 50% of DCM patients [13]. A complex polygenic inheritance pattern
with environmental influences may contribute to disease manifestation [48,49].

Table 3. Genes with strong evidence of involvement in familial DCM (ClinGen).

Gene Specifics Inheritance Pattern
BAG3 locus 10g26.11, myopathy BAG family molecular chaperone regulator 3 AD
DES locus 235, desmin AD
FLNC locus 7g32.1, filamin-C AD
LMNA locus 1g22, lamin A/C AD
MYH7 locus 14q11.2, 3 myosin heavy chain AD
RBM20 locus 10g25.2 RNA-binding motif protein 20 AD
SCNbA locus 3p22.2, sodium channel protein type 5 subunit alpha AD
TNNC1 locus 3p21.1, cardiac troponin C AD
TTN locus 2¢g31.2, titin AD
TNNT2 locus 1g32.1, troponin T AD
JPH2 locus 20q13.12, junctophilin 2 AR
TNNI3 locus 19q13.4, cardiac troponin I AD
VCL locus 10q22.2, metavinculin AD
LDB3 AR
NRAP AR
PPA2 AR
Legend: AD (for autosomal dominant); AR (for autosomal recessive).
Table 4. Genes with moderate evidence for involvement in familial DCM. (ClinGen).
Gene Specifics Inheritance Pattern
ACTC1 locus 15q11q14, cardiac alpha-actin AD
BAGS5 myopathy BAG family molecular chaperone regulator 3 AR
RPL3L ribosomal protein L3-like AR
FLII AR
MYLK3 AD
MYZAP AR

Legend: AD (for autosomal dominant); AR (for autosomal recessive).

Genetic testing is recommended for DCM patients with the highest yield of pathogenic
variant screening and should be considered even in the absence of familial context or
associated clinical features (<60 years of age). The most common genes associated with
DCM (TTN, LMNA, and FLNC) should be included in the panel [14]. An LP/P result in the
proband warrants cascade genetic testing of first-degree relatives [14]. Early ICD implanta-
tion should be considered in LMNA carriers with truncating mutations, while those with
missense variants have lower arrhythmic risk. A higher risk of SCD is also associated with
pathogenic variants (truncated variants) in FLNC, DES, RBM20, and PLN genes [14,50,51].
According to the 2022 ESC guidelines, ICD implantation should be considered in DCM
patients with a pathogenic LMNA variant when the estimated 5-year risk of life-threatening
ventricular arrhythmia (VA) is >10% or in those with LVEF < 50%, non-sustained (NSVT),
or atrioventricular (AV) conduction delay. ICD therapy is also recommended in patients
with a LVEF < 50% and >2 risk factors (syncope, LGE on cardiac MR, inducible SMVT at
PES, or pathogenic variants in LMNA, PLN, FLNC, and RBM20 genes) [1]. In 2019, the “Risk
Prediction Score for Life-Threatening Ventricular Tachyarrhythmias in Laminopathies” was
introduced. This model was developed to estimate the 5-year risk of life-threatening ven-
tricular tachyarrhythmias (VTAs) in individuals carrying LMNA mutations. In this study,
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the main predictors of LTVAs, defined as either SCD or ICD-treated hemodynamically
unstable ventricular tachycardia, included the following:

(1) Male sex;

(2) Presence of non-missense LMNA mutations;

(3) First-degree or higher atrioventricular block;

(4) Episodes of non-sustained ventricular tachycardia;
(5) Reduced left ventricular ejection fraction [52].

In the REDLAMINA registry cohort, which included 140 carriers of pathogenic
LMNA variants, the only independent predictors of major arrhythmic events were non-
sustained ventricular tachycardia (NSVT) and a left ventricular ejection fraction (LVEF)
below 45% [46].

3.3. Arrhythmogenic Cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM), also referred to as arrhythmogenic right
ventricular cardiomyopathy (ARVC), is an inherited heart muscle disorder characterized
by progressive fibro and fibro-fatty myocardial replacement, which serves as a substrate for
ventricular arrhythmias and SCD. The classic ARVC phenotype primarily affects the right
ventricle (RV), but biventricular (BiVACM), right-dominant (ARVC), and left-dominant
(ALVC) forms also occur [53]. ACM is most commonly inherited as an autosomal dom-
inant trait; however, syndromic forms such as Naxos disease and Carvajal syndrome
follow an autosomal recessive pattern [54]. Mutations in five genes encoding desmoso-
mal proteins, desmoplakin (DSP), plakophillin (PKP2), plakoglobin (JUP), desmoglein-2
(DSG2), and desmocollin-2 (DSC2), are identified in up to 50% of patients. Several non-
desmosomal genes have also been implicated, though their pathogenic roles are less well
established [55,56] (Tables 5 and 6).

Table 5. Genes most strongly associated with ACM (ClinGen).

Gene Specifics Phenotype of ACM Inheritance Pattern
DSC2 locus 18q12.1, desmocollin 2 (desmosome) ARVC, less frequent BIVACM and ALVC AD
DSG2 locus 18q12.1, desmoglein 2 (desmosome) BiVACM and ALVC AD
DSP locus 6p24.3, desmoplakin (desmosome) BiVACM and ALVC AD
PKP2 locus 12p11.21, plakophilin 2 (desmosome) ~ ARVC, less frequent BIVACM and ALVC AD
TMEM43 locus 3p25.1, transmembrane protein 43 ARVC and BiVACM AD
(nuclear envelope)
Legend: AD (for autosomal dominant); AR (for autosomal recessive).
Table 6. Genes with moderate evidence for ACM (ClinGen).
Gene Specifics Phenotype of ACM Inheritance Pattern
PLN locus .6q22..31, phosphqlamban ' ALVC/DCM AD
(sarcoplasmic reticulum; calcium handling)
DES locus 235, desmin (cytoskeleton) ALVC with conduction system AD

abnormalities

Legend: AD (for autosomal dominant); AR (for autosomal recessive).

Cohort studies have reported that 4-16% of ACM patients carry multiple desmoso-
mal gene mutations. Individuals with >1 desmosomal variant have an increased risk of
arrhythmias and SCD [57,58].

Genetic testing identifies pathogenic variants in approximately two-thirds of ACM
cases [58]. Disease penetrance among first-degree relatives ranges from 28 to 58% [59,60].
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The incidence and predictors of ICD therapy in patients with ARVD were investigated
in a cohort on 86 patients after receiving ICDs for primary prevention. Appropriate ICD
therapy was delivered in 48% of patients during follow-up [61]. ICD implantation should
therefore be considered in primary prevention patients with definite ARVC and an arrhyth-
mic syncope, or severe RV or LV systolic dysfunction, moderate right or left ventricular
dysfunction, or previously documented NSVT [1]. Genetic testing is recommended for all
patients with phenotypic features of ACM, with reference to definitive disease-associated
genes (currently PKP2, DSP, DSG2, DSC2, TMEM43, PLN, FLNC, DES, and LMNA), and
variant-specific genetic testing is recommended for family members [14].

The 2019 ARVC risk calculator estimates the 5-year risk of ventricular arrhythmias
(VAs) in patients with a definite diagnosis of arrhythmogenic cardiomyopathy (ACM).
The calculator incorporates several clinical criteria, including age at diagnosis, sex, recent
cardiac syncope (<6 months), number of inverted T waves on a 12-lead ECG, maximum
number of premature ventricular contractions (PVCs) on 24 h Holter monitoring, history
of non-sustained ventricular tachycardia (NSVT), and right ventricular ejection fraction
(RVEF). A cohort study of 544 patients applied the ARVC risk model to compare four
genetic groups: PKP2, desmoplakin, other desmosomal genes, and gene-elusive cases. The
study found that the model performed best in carriers of PKP2 variants compared with
gene-negative individuals [62].

The desmoplakin (DSP) risk score is a clinical model designed to individualize the
assessment of VA risk in patients carrying pathogenic DSP variants. Independent predictors
of VA included in the score are female sex, history of NSVT, the natural logarithm of PVCs
burden on 24 h Holter monitoring, left ventricular ejection fraction (LVEF) below 50%,
and moderate to severe right ventricular systolic dysfunction. Based on these parameters,
patients are stratified into three risk categories: low (0-5% risk at 5 years), intermediate
(5-20%), and high (>20%) [63].

4. Inherited Channelopathies

Inherited cardiac channelopathies arise from mutations in genes encoding cellular
components that regulate calcium ion availability or membrane ion channels, including
those for sodium, potassium, or calcium [64]. The coordinated transmembrane transport of
these ions in cardiac myocytes is critical for maintaining normal cardiac electrophysiology
and rhythm. Pathogenic variants in genes encoding these ion channels disrupt ionic
conduction, predisposing to channelopathies and ventricular arrhythmias, which may
culminate in sudden cardiac death (SCD) [64]. The principal hereditary channelopathies
comprise long QT syndrome (LQTS), short QT syndrome (SQTS), Brugada syndrome (BrS),
and catecholaminergic polymorphic ventricular tachycardia (CPVT), all of which are often
characterized by distinct ECG abnormalities that may manifest at baseline or under specific
conditions such as physical exertion (CPVT and LQTS), fever (BrS), or pharmacological
provocation (BrS) [64—66].

4.1. Brugada Syndrome

Brugada syndrome is an inherited arrhythmogenic disorder characterized by dis-
tinctive electrocardiographic pattern (ST-segment elevation in the right precordial leads)
associated with malignant ventricular arrhythmias (ventricular fibrillation) and an in-
creased risk of SCD, infrequently with conduction disorders and atrial arrhythmias [1,14].
Brugada syndrome (BrS) type I electrocardiographic morphology is defined by ST-segment
elevation > 2mm in at least one lead of the right precordial leads (V1-V3) positioned in the
4th intercostal space, occurring either spontaneously or following pharmacological provo-
cation with a class I antiarrhythmic agent [14]. Multiple isoforms of the cardiac sodium
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channel have been identified (INa 1.1-1.9); among these, isoform NaV1.5 has been isolated
in the human heart and consists of an « and an auxiliary $-subunit [63]. The x-subunit
encoded by the SCN5A gene is sufficient to form a functional sodium channel, whereas
the 3-subunits modulate channel expression levels and influence voltage-dependent in-
activation. Pathogenic variants in sodium channel genes may reduce channel expression,
accelerate inactivation, or cause incomplete inactivation during sustained depolarization.
These alterations promote a proarrhythmic substrate and are implicated in the pathogenesis
of long QT syndrome (LQTS), Brugada syndrome (BrS), and various cardiac conduction
disorders [67,68]. Rare pathogenic variants in SCN5A (locus 3p22.2; loss of INal.5 channel
function) are identified in approximately 15-30% of Brugada syndrome (BrS) cases and
are the only definite genetic variants causing the disease. (ClinGen.) In a study involv-
ing 13 large families comprising 115 mutation carriers, the role of an SCN5A mutation in
causing a BrS phenotype was investigated and proved that there was incomplete pene-
trance; asymptomatic carriers of the SCN5A variant can show a positive provocative drug
challenge [69].

Tadros et al. investigated genetic determinants of ajmaline-induced PR and QRS
interval changes and their association with type I BrS. The study demonstrated that genetic
factors that affect sodium channel function, in combination with polygenic risk scores
for Brugada syndrome (PRSBrS) derived from genome-wide association studies, family
history, and baseline electrocardiographic parameters, can predict the development of a
diagnostic, drug-induced type I BrS pattern [70]. Implantable cardioverter-defibrillator
(ICD) implantation is recommended in patients with BrS who have survived cardiac arrest
or experienced documented malignant ventricular arrhythmias or arrhythmic syncope,
with strict avoidance of precipitating factors [1]. The presence of an LP/P SCN5A variant
supports the diagnosis of BrS in patients with a type I BrS electrocardiogram (ECG) pattern;
however, its absence does not exclude the diagnosis [14]. Genetic testing of all first-degree
relatives of affected individuals is recommended to facilitate cascade screening and early
risk stratification [71].

4.2. Long QT Syndrome

Congenital long QT syndrome (LQTS) is a hereditary channelopathy characterized by
dysfunction in cardiac repolarization. It is typically identified on baseline electrocardio-
gram (ECG) by QT interval prolongation (QTc > 480 ms or an LQTS risk score > 3), often
accompanied by T-wave abnormalities, such as biphasic or notched T waves [1,72-74]. Ge-
netic testing for LQTS primarily involves panel testing for genes with strong and definitive
evidence of causality in familial LQTS (see Table 7) and a gene with a moderate level of
evidence for the development of the disease, CACNAIC (locus 12p13.3; L-type calcium
channel) (ClinGen).

Table 7. Genes with definitive and strong evidence of causing familial LQTS.

Gene Specifics Inheritance Pattern
CALM1 locus 14q32.11, L-type calcium channel AD
CALM?2 locus 2p21, L-type calcium channel AD
CALM3 locus 19q13.32, L-type calcium channel AD
KCNQ1 locus 11p15.5, loss-of-IKs channel function 40-55% AD
KCNH2 locus 7q35-36, loss-of-IKr channel function 30-45% AD
SCN5A locus 3p21-p24, increase in INal.5 channel function 5-10% AD

TRDN locus 6q22.31, L-type calcium channel AR

Legend: AD (for autosomal dominant); AR (for autosomal recessive).

https:/ /doi.org/10.3390/ diseases14010007


https://doi.org/10.3390/diseases14010007

Diseases 2026, 14,7

90f19

Genetic testing can identify mutations in approximately 75% of patients with long
QT syndrome (LQTS), with 90% of positive genotypes involving genes with definitive
evidence of causality for the disease [55]. LQTS subtypes are categorized based on the
mode of inheritance:

(1) Autosomal-dominant LQTS without extra-cardiac manifestation.

(2) Autosomal-dominant LQTS with extra-cardiac manifestation, including Andersen—
Tawil syndrome (LQT7), characterized by frequent ventricular arrhythmias, facial
dysmorphology, and periodic paralysis, and Timothy Syndrome (LQT8), character-
ized by prolonged QT, cardiac malformations, syndactyly, autism spectrum disorder,
and dysmorphism.

(38) Autosomal recessive LQTS, including Jervell and Lange—Nielsen Syndrome, which
combines extreme QT prolongation with congenital deafness [75-77].

Based on their mechanisms of action, LQTS-associated genes can be classified into the
following groups:

(1) Genes that reduce the outward potassium current: KCNQ1 and KCNH2 account
for approximately 80% of genetically confirmed LQTS cases, as well as KCNE1 and
KCNE? are associated with milder phenotypes.

(2) Genes that increase inward sodium current: SCN5A, which can cause overlapping
syndromes such as LQTS, Brugada syndrome, and cardiac conduction abnormalities.

(3) Genes that increase inward calcium current: CALM1, CALM2, and CALM3 [78-80].

Mutations in CALM genes are associated with a high incidence of malignant ar-
rhythmias. According to the International Calmodulinopathy Registry, life-threatening
arrhythmias were observed in 78% of cases, with a mean QTc interval of nearly 600 ms [81].
Genotype—phenotype studies have shown that, in most cases, LQTS results from loss-of-
function mutations in KCNQ1 (LQTS Type 1—LQT1) and KCNH2 (LQTS Type 2—LQT2)
or gain of function in SCN5A mutations (LQTS Type 3—LQT3), all of which predispose
young, otherwise healthy individuals to life-threatening arrhythmias [82-86].

Mazzanti et al. present the 1-2-3-LQTS-Risk model, a validated 5-year risk score for
patients with long QT syndrome (LQTS), and recommend ICD implantation for those with
a 5-year risk > 5% (number needed to treat [NNT] = 9) [86]. The electrocardiographic
(ECG) characteristics of LQTS subtypes include the following:

(1) LQT1: Broad-based T waves, with cardiac events typically triggered by exercise.

(2) LQT2: Low-amplitude or notched T waves, with arrhythmias often triggered by
auditory stimuli.

(3) LQT3: A long isoelectric ST-segment, with cardiac events commonly occurring
during sleep.

LQT1 patients have a better response to (3 blockers; LQT2 and LQT3 are associated
with a more malignant form of the disease [1,87]. Cascade screening of family members of
patients with LQTS is recommended, even if they do not meet ECG criteria [87].

Molecular genetic testing for disease-associated genes is recommended for all patients
who meet one of the following criteria: acquired long QT syndrome (LQTS) with a history
of drug-induced torsades de pointes (TdP), or individuals under 40 years of age with a
QTc > 440 ms in men or >450 ms in women [14]. Gene-specific management of LQTS has
become increasingly feasible in clinical practice. For example, patients with the KCNQ1
variant are at higher risk during sympathetic stimulation and can benefit from antiadrener-
gic intervention, such as betablockers and left cardiac sympathetic denervation (LCSD). In
patients with KCNH2-associated LQTS, maintaining adequate potassium levels is crucial.
Additionally, mexiletine treatment has been shown to be effective in patients with SCN5A
and KCNH? variants [78,88-93].
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4.3. Short QT Syndrome

Short QT syndrome (SQTS) is a channelopathy characterized by a short QT interval
on the baseline electrocardiogram (ECG), which increases the risk of atrial fibrillation and
ventricular arrhythmias. The diagnostic criteria for SQTS include a QTc < 320 ms alone, or
a QTc < 360 ms in combination with a family history of SQTS, or aborted cardiac arrest
in the absence of structural heart disease, or the presence of a pathogenic mutation [1].
Genetic testing for SQTS primarily involves panel testing for genes with definitive and
strong evidence of causality, including KCNH2 (locus 7q35-36; increase in IKr channel
function) and KCNQ1 (locus 11p15.5; increase in IKs channel function). Genes with mod-
erate evidence for SQTS include KCNJ2 (locus 17q23; increase in IK1 channel function)
and SLC4A3 (locus 2q35) (according to ClinGen). Autosomal recessive primary systemic
carnitine deficiency syndrome is characterized by progressive cardiomyopathy, skeletal
myopathy, hypoglycemia and hyperammonemia and is caused by variants in SLC22A5. It
is also associated with SQTS and SCD and studies have shown that the QT interval in this
condition is responsive to carnitine supplementation [92]. Quinidine currently provides the
best results in treating SQTS and QT interval prolongation [1]. ICD implantation should
also be considered for SQTS patients who have experienced a cardiac arrest event or have
documented spontaneous sustained ventricular tachycardia (VT). ICD implantation should
be considered in SQTS patients with arrhythmic syncope [1]. Variant-specific genetic testing
for family members of patients with SQTS is recommended [14].

4.4. Catecholaminergic Polymorphic Ventricular Tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare, malignant
heritable arrhythmia syndrome characterized by polymorphic or bidirectional ventricular
tachycardia in young individuals, typically triggered by physical or emotional stress. Af-
fected individuals may have a normal baseline electrocardiogram (ECG), and diagnosis is
based on the occurrence of arrhythmia during exercise stress test or Holter ECG record-
ing [1,14,94,95]. Genetic testing primarily includes panel testing for genes with definitive
and strong evidence for CPVT (see Table 8) as well as genes with moderate evidence, such
as CALM 1-3 (locus 14g32.11, 2p21, and 19q13.32), which affect RyR2 binding affinity and
lead to inappropriate Ca2* release from the sarcoplasmic reticulum (SR).

Table 8. Genes with definitive and strong evidence of causing CPVT.

Gene Specifics Inheritance Pattern
RyR2 locus 1g43, inappropriate Ca®* release from the SR AD
CASQ2 locus 1p13.1, inappropriate Ca?* release from the SR AR
TECRLa locus 4q13.1, altered Ca?* homeostasis, possibly linked to fatty acid/lipid metabolism AR
TRDNa locus 6g22.31, expression leading to remodeling of the cardiac dyad/calcium release unit AR
KCNJ2 locus 17q24.3, loss-of-IK1 channel function AD

Legend: AD (for autosomal dominant); AR (for autosomal recessive).

The RyR2 gene, which encodes the sarcoplasmic reticulum (SR) Ca* channel known
as RyR, is associated with an autosomal dominant inheritance pattern and is found in
nearly 60% of patients with CPVT [96-99]. Mutations in the CASQ2 gene, which encodes
calsequestrin-2 (a protein that binds free calcium in the SR), are less common and are
typically inherited in an autosomal recessive manner [99]. Mutations in the KCNJ2 gene,
which are also implicated in Andersen-Tawil syndrome have been described in a few CPVT
patients with a normal QTc interval but a CPVT phenotype [100]. For phenotype-positive
CPVT patients who test negative for known CPVT associated genes, genetic testing may be
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considered for CPVT phenocopies caused by pathogenic variants in the KCNJ2, SCN5A, and
PKP2 genes [101,102]. Variant-specific genetic testing is recommended for family members
of CPVT patients to identify the disease-causative variant [14]. While ICD implantation
is certainly indicated for secondary prevention of sudden cardiac death, some studies,
including a systematic review of 53 studies, have raised concerns about potential harmful
consequences of ICD implantation for primary prevention. For example, a fatal ICD-related
electrical storm (4/1429 patients) and several other complications unrelated to frequent
device activation have also been reported [103].

5. Discussion

Genetic cardiomyopathies represent a spectrum of inherited myocardial disorders
in which pathogenic variants drive disease mechanisms, influence prognosis, and enable
timely interventions. In individuals with HCM, DCM, or ACM, family genotype screening
not only identifies at-risk relatives early but also guides targeted ICD therapy [23,24]
(Table 9).

Table 9. Inheritance patterns of genetically associated cardiac conditions.

Genetically Associated Cardiac Condition Inheritance Pattern
hypertrophic cardiomyopathy (HCM) AD, AR, and X-linked
dilated cardiomyopathy (DCM) AD, AR, X-linked, and mitochondrial

arrhythmogenic cardiomyopathy (ACM) AD, AR
long QT syndrome (LQTS) AD, AR

short QT syndrome (SQTS) AD, AR, and sporadic cases

Brugada syndrome (BrS) AD, AR, X-linked, de novo mutations, and polygenic pattern

catecholaminergic polymorphic ventricular tachycardia (CPVT) AD, AR

Legend: AD (for autosomal dominant); AR (for autosomal recessive). Bold letters indicate the most common
inheritance pattern; non-bold letters indicate rarer forms.

A total of 50-60% of familial HCM cases harbor sarcomeric mutations (most commonly
MYBPC3 and MYH?) [26]. Carriers of P/LP variants have a more severe clinical course,
earlier disease onset, higher arrhythmic burden, progression to heart failure, and increased
risk of SCD [37-39]. Significant risk markers include left ventricular ejection fraction
(LVEF) < 50%, apical aneurysm, or extensive LGE, with the presence of sarcomeric muta-
tions, which identify patients most likely to benefit from prophylactic ICD implantation [1].

In approximately 50% of DCM patients, pathogenic gene variants (TTN, LMNA, and
FLNC) are identified [46,47]. Autosomal dominant inheritance is the most common, al-
though recessive, X-linked, and mitochondrial patterns have also been reported [40,41].
LMNA and FLNC mutations are strongly associated with an increased risk of malignant
VA and SCD [14,51,52]. Clinical tools, e.g., LMNA Risk Prediction Score, enable individual
estimation of malignant arrhytmias. Current guidelines recommend early ICD considera-
tion in LMNA mutation carriers with an estimated 5-year risk of life-threatening VA > 10%
or in those with an LVEF < 50%, NSVT, or AV conduction delay [1]. These data highlight
the critical role of genotype-informed frameworks in guiding prognosis and individualized
management strategies for DCM.

Mutations in desmosomal genes—including PKP2, DSP, DSG2, DSC2, and TMEM43—cause
up to half of cases of ACM, while non-desmosomal genes such as PLN, FLNC, DES, and
LMNA contribute additional etiologic pathways [57,58]. Individuals with multiple desmo-
somal gene mutations exhibit a phenotype characterized by higher VA burden and in-
creased SCD risk [57,58]. Approximately half of patients with definite ACM diagnosis
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receiving ICDs (primary prevention) will experience appropriate therapy during follow-
up [62]. Risk estimation tools, e.g., 2019 ARVC Risk Calculator and the DSP-specific
arrhythmic risk score, offer gene and phenotype-associated prediction of VA, enabling
more precise indication for ICD implantation [62].

Inherited channelopathies represent a group of genetically mediated arrhythmogenic
disorders in which pathogenic variants alter transmembrane transport of sodium, potas-
sium, and calcium ions, predisposing VA and SCD. The major phenotypes demonstrate
genotype—phenotype correlations that are critical for risk stratification and management.

Brugada syndrome is predominantly associated with loss-of-function variants in
SCN5A, although penetrance is incomplete and additional polygenic modifiers influence
phenotypic expression. Electrocardiographic manifestations may be spontaneous or phar-
macologically provoked, with ICD implantation reserved for survivors of cardiac arrest,
documented malignant arrhythmias, or arrhythmic syncope. Family cascade screening and
genotype-informed risk assessment remain central to early detection of at-risk relatives.

Long QT syndrome is primarly associated with KCNQ1, KCNH2, and SCN5A gene
mutations [79-81]. Mechanistic classification based on altered potassium, sodium, or
calcium current alterations enables individualized therapy (3-blockade, mexiletine, left
cardiac sympathetic denervation, and ICD implantation in high-risk patients) [93-99].
Gene-specific management, e.g., LQTS caused by KCNQ1 mutation, illustrates the potential
for precision medicine to mitigate arrhythmic risk [83-87].

SQTS and CPVT demonstrate the heterogeneity and phenotypic complexity of chan-
nelopathies [92,96]. SQTS is caused by gain-of-function potassium channel mutations,
predisposing patients to VA, whereas CPVT is associated with dysregulated sarcoplasmic
reticulum calcium handling (RyR2 and CASQ?2 variants) [92]. Genetic testing facilitates
identification of patients with both conditions and adequate pharmacologic therapy and
ICD implantation.

6. Future Directions

Further research is necessary to clarify genotype—-phenotype correlations, particularly
for genes with moderate evidence of pathogenicity. Clinical risk models for genetically
determined cardiac disorders with a high incidence of malignant arrhythmias are valuable
in guiding timely therapeutic interventions, including antiarrhythmic medications and
ICD implantation. As genetic testing becomes more widely accessible, incorporating
genetic analyses into the evaluation of patients with hereditary cardiomyopathies and
channelopathies is expected to optimize therapy, enhance quality of life, and improve
long-term outcomes in these patients.

7. Conclusions

This review consolidates evidence linking specific genetic variants to an elevated risk
of sudden cardiac death (SCD). The findings underscore the pivotal role of comprehensive
genetic screening and early clinical intervention in individuals with a family history of SCD
or with risk factors for inherited cardiac disorders predisposing to SCD. Systematic imple-
mentation of genetic cascade testing within affected families remains essential to identify
at-risk relatives. Furthermore, gene-specific management of familial cardiomyopathies
and inherited cardiac channelopathies should be prioritized to facilitate proactive family
screening, enable timely preventive strategies, and inform precision-based therapeutic
approaches. Continued research in this field is critical to advance targeted treatments and
improve clinical outcomes for individuals with these heritable cardiac disorders.
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Abbreviations

The following abbreviations are used in this manuscript:

ACM arrhythmogenic cardiomyopathy

ACTC1 alpha cardiac actin

ACTN2 actinin alpha 2

AD autosomal dominant

ALPK3 alpha kinase 3

ALVC dominant-left arrhythmogenic cardiomyopathy
ARIC Atherosclerosis Risk in Communities Study
ARVC arrhythmogenic right ventricular cardiomyopathy
ARVC dominant-right arrhythmogenic cardiomyopathy
AR autosomal recessive

BrS Brugada syndrome

Bi-VACM biventricular disease variants

CACNAIC calcium voltage-gated channel subunit alphal C
CALM1, CALM2, CALM3 calmodulin 1-3

CARES Cardiac Arrest Registry to Enhance Survival
CPVT catecholaminergic polymorphic ventricular tachycardia
CSRP3 cysteine- and glycine-rich protein 3

DCM dilated cardiomyopathy

DES desmin

DsC2 desmocollin-2

DSG2 desmoglein-2

Dsp desmoplakin

ECG electrocardiogram

ENCODE ENCyclopedia Of DNA Elements

FHOD3 formin homology 2 domain containing 3

FLNC filamin C

GWASs genome-wide association studies

HCM hypertrophic cardiomyopathy

ICD cardioverter defibrillator

JPH2 junctophilin

JUP plakoglobin

KLHL24 Kelch-like family member

LCSD left cardiac sympathetic denervation

LGE late gadolinium enhancement

LMNA lamin A/C

LP/P likely pathogenic or pathogenic

LV left ventricular

LVEF left ventricular ejection fraction

LQTS long QT syndrome
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MR magnetic resonance

MUT mutations

MYBPC3 myosin-binding protein C3

MYH?7 beta myosin heavy chain

MYL2 regulatory myosin light chain

MYL3 essential myosin light chain

NSVT non-sustained ventricular tachycardia
OHCA out-of-hospital cardiac arrest

PKP2 plakophillin

PLN phospholamban

PM1 alpha tropomyosin

PRSBrS polygenic risk scores for Brugada syndrome
PES Programmed Electrical Stimulation
PRKAG2 protein kinase AMP-activated non-catalytic subunit gamma 2
PRS polygenic risk scores

PVCs premature ventricular contractions

QTL quantitative trait loci

RBM20 RNA-binding motif protein 20

RPL3L ribosomal protein L3-like

RV right ventricular

RyR Ryanodine

RVEF right ventricular ejection fraction

SCD sudden cardiac death

SCN5A sodium channel protein type 5 subunit alpha
SNP single-nucleotide polymorphism

SQTS short QT syndrome

SMVT sustained monomorphic ventricular tachycardia
TdP Torsades de Pointes

TMEM43 transmembrane protein 43

TNNC1 troponin C, cardiac type

TNNI3 troponin I, cardiac type

TPM1 alpha tropomyosin

TRIM63 tripartite motif containing

VCL metavinculin
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