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ABSTRACT 
This is the first of 2 review papers on genetics and genomics appearing as part of the series on 
“omics.” Genomics pertains to all components of an organism’s genes, whereas genetics 
involves analysis of a specific gene(s) in the context of heredity. The paper provides introductory 
comments, describes the basis of human genetic diversity, and addresses the phenotypic 
consequences of genetic variants. Rare variants with large effect sizes are responsible for single-
gene disorders, whereas complex polygenic diseases are typically due to multiple genetic 
variants, each exerting a modest effect size. To illustrate the clinical implications of genetic 
variants with large effect sizes, 3 common forms of hereditary cardiomyopathies are discussed as 
prototypic examples of single-gene disorders, including their genetics, clinical manifestations, 
pathogenesis, and treatment. The genetic basis of complex traits is discussed in a separate paper. 
 
KEY WORDS Cardiomyopathy, Mutation, Noncoding RNA  
 
ABBREVIATIONS AND ACRONYMS 
AC = arrhythmogenic cardiomyopathy 
ARVC = arrhythmogenic right ventricular cardiomyopathy 
DCM = dilated cardiomyopathy 
GV = genetic variant 
GWAS = genome-wide association study 
HCM = hypertrophic cardiomyopathy 
lncRNA = long noncoding RNA 
LOF = loss-of-function 
miRNA = microRNA 
SNV = single-nucleotide variant 
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The Human Genome 

The human nuclear genome is composed of 3.2 billion base pairs and 20,576 protein-

coding genes, which are arranged in 22 pairs of somatic and a pair of sex (X and Y) 

chromosomes (NCBI Homo sapiens Annotation Release 107). Chromosome 1 is the largest 

chromosome, containing approximately ~249 million base pairs and about 4,000 genes (UCSC 

Genome Browser, Assembly hg38). Chromosome 21 is the smallest, with about 48 million base 

pairs and 250 protein-coding genes. Over 90% of the genome is transcribed, predominantly into 

noncoding RNAs (ncRNAs), and only ~1% of the genome is translated into protein. 

The nuclear genome also contains about 18,000 genes that are transcribed into ncRNAs. 

The ncRNAs are transcribed from active chromatin, polyadenylated, and capped, but typically 

are not translated into proteins. The ncRNAs are commonly classified into small ncRNAs, which 

are usually <200 nucleotides in length, and long ncRNAs (lncRNAs), which are >200 

nucleotides long. MicroRNAs (miRNAs) are the best-studied noncoding RNAs. They are 

initially transcribed as longer transcripts, and then are cleaved into mature 22-nucleotide-long 

miRNAs. MicroRNAs repress gene expression by binding to a recognition sequence, typically 

within the 3′ untranslated regions (UTRs) of target messenger RNAs (mRNAs). LncRNAs 

regulate gene expression through a broad range of effects, including forming complexes with 

proteins and as sponges for other transcripts. 

The human genome also contains pseudogenes, which no longer code for proteins. In 

addition, repetitive DNA elements occupy more than 50% of the human nuclear genome. 

Functions of the repetitive elements and noncoding regions of the nuclear genome are largely 

unknown. 
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DNA is wrapped around a set of octomeric protein complexes comprising 4 highly 

conserved core (H2A, H2B, H3 and H4) histones, and 2 linker (H1 and H5) histones (Central 

Illustration). This compacted DNA and protein complex is referred to as chromatin. Histones 

pack the DNA into units of approximately 150 base pairs, referred to as nucleosomes. Tightly 

packed nucleosomes are referred to as heterochromatin, and are inaccessible to the transcription 

machinery (inactive transcription). In contrast, loosely packed nucleosomes, referred to as 

euchromatin, are accessible to the transcription machinery, and hence are actively transcribed. 

Histones undergo extensive modifications, including acetylation and methylation, which 

regulate the chromatin open and closed states, and hence access of the transcription machinery to 

DNA. For example, trimethylation of lysine residue 27 on histone H3 (H3K27me3) is a 

chromatin marker for suppression of gene expression. In contrast, acetylation of the same residue 

(H3K27ac) marks the chromatin for active transcription. Given the large number of residues that 

could undergo post-translational modifications and various forms of modification, histones are 

considered major regulators of gene expression. Post-translational histone changes and chemical 

modifications to DNA (not nucleotide changes), such as CpG methylation, are collectively 

considered the epigenome. 

Structure of a Gene 

About 1% of the genome, containing approximately 30 million base pairs, codes for proteins. 

Each protein-coding gene has a 5′ transcriptional regulatory region, protein-coding segments 

referred to as exons, intervening regions between exons, called introns, and a 3′ UTR or 

regulatory region (Central Illustration). Proteins that bind to enhancers, silencers, and 

promoters proximal to the transcription initiation site regulate transcription. The primary 

transcripts of genes are spliced to exclude introns and produce mRNAs. Splicing of each primary 
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transcript is not uniform, and often multiple splice variants are generated, of which 1 is the 

predominant isoform. Each unit of 3 bases, referred to as a codon, encodes a specific amino acid. 

There are 61 amino acid codons and 3 stop codons in the nuclear genome. Thus, each amino acid 

has multiple codons. 

Mitochondrial Genome 

Each cell also contains mitochondrial DNA (mtDNA), a circular DNA composed of 

16,700 nucleotides. The mitochondrial genome contains 37 genes, which code for 13 proteins, 2 

ribosomal RNAs, and 22 transfer RNAs. Each cell contains a large number of mitochondria, and 

each mitochondrion typically contains several copies of mtDNA. The codons are largely 

identical between the nuclear and mitochondrial genomes, except that there are 60 codons for 

amino acids and 4 for stop codons in the mtDNA. In addition, transcription of mtDNA is 

continuous, as opposed to the discontinuous transcription of the nuclear genome. 

Generation Of Genetic Variants 

The replication machinery introduces rare errors during each round of DNA replication, 

which are empirically calculated to occur at a rate of  ~1.1 × 10-8 per base pair per generation (1-

3). Given the size of the human genome, each DNA replication (meiosis) introduces about 40 to 

60 new genetic variants (GVs). Accordingly, each newborn adds 40 to 60 new GVs to the human 

genetic pool as de novo variants (i.e., absent in the parents). The explosive growth of the human 

population during the last thousand years or so has introduced a massive number of GVs into the 

population genetic pool, rendering humans exceedingly diverse at the genetic level (Table 1). 

The mutation rate of the mtDNA is several orders of magnitude higher, likely because of higher 

oxidative stress, and compromised function of the DNA replication and repair system. 
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Each nuclear genome contains approximately 4 million GVs, of which ~3.5 million are 

single-nucleotide variants (SNVs), also referred to as single-nucleotide polymorphisms (SNPs), 

and several thousand small insertions/deletions, referred to as indels (4-7). In addition, the 

nuclear genome contains large insertions, deletions, and rearrangements, which are referred to as 

structural variants (SVs). SVs that increase or decrease the number of chromosome segments or 

genes are referred to as copy number variants (CNVs). The vast majority of variants in each 

genome are rare. In addition, rare variants are typically population-specific and hence, vary 

significantly among people with different ethnic backgrounds. 

Approximately 12,000 SNVs change the amino acid sequence and are referred to as 

nonsynonymous single-nucleotide variants (nsSNVs). Computational programs that incorporate 

population frequencies of the variants and evolutionary conservation of the involved codons, 

among others, predict the presence of several thousands of functional nsSNVs in each genome. A 

subgroup of GVs that result in gain or loss of a stop codon, aberrant splicing, or frameshift are 

considered loss-of-function (LOF) variants. They are expected to impart biological effects, albeit 

not all cause clinically discernible diseases. Each genome contains a couple hundred 

heterozygous and a few homozygous LOF variants. 

Effect Size of DNA Genetic Variants 

The effect of a GV on the phenotype (effect size) follows a gradient ranging from none or 

indiscernible to large and clinically consequential (Figure 1). The vast majority of the 4 million 

GVs do not seem to exert biologically or clinically discernible effects. A small fraction of the 

GVs, typically rare in the population genome, exerts clinically detectable effects. They account 

for the rare, single-gene diseases. GVs on the extreme end of large phenotypic effects are 

responsible for the single-gene disorders that exhibit Mendelian patterns of inheritance. Complex 
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and polygenic disorders are primarily due to a large number of common GVs, each exerting 

small and often indiscernible effects, but collectively, and through interactions with nongenetic 

factors, influence the risk of the complex phenotype. 

Categorization of Genetic Variants for Clinical Use 

To enhance the clinical utility of GVs, various algorithms, typically on the basis of the predicted 

effects of the GVs on protein structure and function, are utilized. It is important to note that none 

of the existing algorithms can accurately predict the pathogenicity of GVs, and it is best to utilize 

multiple in silico programs. It is also important to recognize that the biological and clinical 

significance of the GVs are context-dependent, could vary among different genetic backgrounds, 

and are influenced by other GVs, as well as by environmental factors. This complexity poses 

significant challenges to clinical application of GVs.  

As a general guide, LOF variants, which are defined as GVs resulting in gain or loss of a 

stop codon, aberrant splicing of transcripts, or frameshifts in the protein sequence, are considered 

more pathogenic. This category of GVs has the highest risk of exerting biologically and 

clinically discernible phenotypes. In general, a rare variant, typically defined as a variant with a 

frequency of <1% in the population, is more likely to be pathogenic than a common variant. 

Missense variants could also result in gain- or loss-of-function, and are expected to be less 

pathogenic than stop codon, splice, or frameshift variants. Synonymous variants, as well as 

variants in introns, are considered generally nonpathogenic. There are, however, a number of 

exceptions. A notable one is a synonymous variant in the LMNA gene that results in aberrant 

splicing of lamin A/C and is responsible for Hutchinson-Gilford progeria syndrome (8). Finally, 

variants in intergenic regions are generally considered clinically inconsequential, albeit those 
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affecting ncRNAs might impart biological functions. A subset of functional variants that result in 

survival and reproduction disadvantages is considered deleterious. 

GVs are classified functionally as pathogenic, likely pathogenic, of uncertain 

significance, likely benign, and benign. In the context of single-gene disorders and from a 

clinical point of view, GVs can be categorized as disease-causing, probably disease-causing, 

disease-associated, functional variants not associated with disease, and variants with unknown 

function or clinical significance (Table 2). Human molecular genetic studies offer the most 

robust evidence of disease causality of the GVs (9-11). Functional and mechanistic studies in 

models organisms provide supportive evidence (9-11). 

Genetic Variants In Noncoding RNA 

Most of the GVs associated with complex diseases through genome-wide association 

studies (GWAS) map to noncoding regions. Variants mapped by GWAS might interfere with 

expression of a neighboring, causative protein-coding gene. Such variants might reside in 

ncRNAs and affect expression by disrupting pairing of the ncRNAs with the target RNAs. 

Recent data suggest that functional elements in lncRNAs have a much lower variation frequency, 

almost comparable to protein-coding exons, indicating their potential biological significance 

(12). 

Genetic and Genomic Basis of Selected Single-Gene Disorders 

Single-gene disorders constitute a group of genetic diseases caused by rare mutations 

(<1% of the population). Accordingly, a single mutation is sufficient to cause the phenotype, 

typically with an age-dependent penetrance. Thus, this group of genetic disorders represents the 

extreme of the effect size of the GVs, as opposed to the complex diseases, which are often due to 

a very large number of common variants with very small effect sizes (Figure 1). Given the large 
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effect sizes of the causal mutations, single-gene disorders typically exhibit Mendelian patterns of 

inheritance, namely dominant, recessive, or X-linked. The phenotype in single-gene disorders is 

also influenced by a large number of noncausal GVs, which are referred to as modifier variants, 

as well as by nongenetic environmental factors. Hereditary cardiomyopathies represent 

prototypic forms of single-gene disorders. 

Genetic Basis of Hereditary Cardiomyopathies 

Hereditary cardiomyopathies comprise a group of single-gene disorders wherein the 

primary defect is in cardiac myocytes. The common forms of cardiomyopathies, classified 

according to their phenotypic expression, include hypertrophic cardiomyopathy (HCM), dilated 

cardiomyopathy (DCM), arrhythmogenic right ventricular cardiomyopathy (ARVC), and 

restrictive cardiomyopathy (RCM) (Figure 2). The cardinal manifestation in a subset of primary 

DCM is ventricular arrhythmias occurring early, disproportionately, and even prior to cardiac 

dysfunction. This subset is referred to as arrhythmogenic DCM. Arrhythmogenic DCM together 

with classic ARVC comprise the broader category of arrhythmogenic cardiomyopathy (AC). The 

genetic basis of 3 common forms of hereditary cardiomyopathies is discussed. 

Genetic Basis of HCM 

HCM is defined by the presence of cardiac and typically left ventricular hypertrophy 

(LVH), occurring in the absence of a known secondary cause, such as hypertension or aortic 

stenosis, in conjunction with normal global cardiac systolic function (13). A left ventricular wall 

thickness of 13 mm or greater in adults and a z-score >2 in children are used to define LVH. A 

wall thickness of 15 mm or greater offers a higher specificity, but reduces sensitivity of 

detection. AS defined above, HCM is a relatively common disease with an estimated prevalence 
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of approximately 1 in 500 in young adults (14). Given the age-dependent phenotypic expression 

of LVH, the population frequency of HCM might be higher in an older population. 

LVH is commonly concentric, involving the interventricular septum, and left ventricular 

posterior and lateral walls. In about one-third of the patients, hypertrophy predominantly 

involves the interventricular septum, leading to asymmetric septal hypertrophy. Less commonly, 

hypertrophy also involves the right ventricle. Phenotypic expression of cardiac hypertrophy is 

age-dependent, and accelerates during puberty and adolescence. Cardiac hypertrophy typically 

manifests by the third and fourth decades of life. De novo cardiac hypertrophy rarely develops in 

individuals older than 60 years. The cardiac apex is the predominant site of involvement in a 

minority of cases, resulting in apical HCM. Involvement of cardiac apex, whether isolated or an 

extension of septal and lateral wall hypertrophy, leads to deep T-wave inversion in the precordial 

leads, which is characteristic of apical HCM. Myocardial tissue Doppler velocities are typically 

reduced in patients with HCM and also in mutation carriers, sometimes referred to as genotype 

positive-phenotype negative individuals (15-17). In the familial setting, tissue Doppler imaging 

might help in identification of the mutation carrier (16,17). 

Cardiac myocyte disarray is the pathological characteristic of HCM and typically occurs 

in conjunction with myocyte hypertrophy and interstitial fibrosis (18) The extent of myocyte 

disarray in HCM varies, but typically involves more than 20% of the myocardium and often is 

more prominent in the septum (19,20) Interstitial fibrosis, typically detected by delayed 

gadolinium enhancement in the myocardium, is relatively common in HCM, and is associated 

with the increased risk of sudden cardiac death (SCD), mortality, and morbidity (21,22). 

Individuals with HCM are typically asymptomatic or minimally symptomatic. Exercise 

intolerance and reduced cardiopulmonary capacity are often present. The cardinal symptoms are 
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palpitations, pre-syncope, and syncope due to cardiac arrhythmias. Syncope is often a harbinger 

of SCD, and requires detailed evaluation and management. The second set of symptoms relates 

to diastolic dysfunction and heart failure with preserved ejection fraction (HFpEF). These 

symptoms include dyspnea, orthopnea, and peripheral edema, which are often responsive to 

diuretic agents, but could be refractory to medical therapy, as in other forms of HFpEF. Patients 

with HCM often experience chest pain that does not have the typical features of chest pain of 

coronary origin. Chest pain and related symptoms are commonly managed with medical therapy, 

including the use of beta-blockers and non-dihydropyridine calcium-channel blockers. 

HCM may infrequently evolve into dilated cardiomyopathy (DCM), leading to global 

systolic dysfunction and heart failure symptoms. Left ventricular outflow obstruction, which is 

present in approximately 25% of patients, is a risk factor for heart failure (23). Atrial fibrillation 

is relatively common, and is associated with heart failure and adverse clinical outcomes (24). 

HCM is among the most common causes of SCD in the young, particularly in 

competitive athletes (25,26). Table 3 lists major predictors of the risk of SCD in HCM. Syncope 

is commonly due to ventricular arrhythmias, and less commonly due to orthostatic hypotension. 

It is a major risk factor for SCD (27-30). Sustained or repetitive nonsustained ventricular 

tachycardia is also a major risk factor for SCD, requiring implantation of a defibrillator. 

Moreover, severe cardiac hypertrophy, commonly defined as a wall thickness of 30 mm or 

greater, and severe interstitial fibrosis, involving multiple segments in cardiac magnetic 

resonance (CMR), are associated with an increased risk of SCD. Despite the concern about the 

risk of SCD, HCM is a relatively benign disease, with an estimated annual mortality of about 1% 

in the adult population (31-33). The focus in clinical practice is to identify those who are at an 

increased risk of SCD and intervene accordingly. This is a challenging task, as none of the 
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clinical or genetic predictors reliably predicts the risk of SCD. Thus, a comprehensive approach 

tailored to the characteristics of each individual and his/her family is required. 

Causal genes for HCM 

HCM, a prototypic single-gene disorder, is commonly familial, exhibiting an autosomal 

dominant mode of inheritance. It is sporadic in about one-third of cases. The genetic basis of 

HCM has been partially elucidated and causal mutations in over a dozen genes encoding 

sarcomere proteins have been identified (Table 4). MYH7 and MYBPC3 are the 2 most common 

causal genes, and together are responsible for approximately half of HCM, particularly familial 

HCM (13,34-37). They encode myosin heavy chain 7 or β-myosin heavy chain and myosin 

binding protein C, 2 major components of the sarcomeres, respectively. Insertion/deletion and 

frameshift mutations are more common in the MYBPC3 than in the MYH7 gene (34,36-38). 

TNNT2, TNNI3, and TPM1, encoding the thin filament proteins cardiac troponin T, cardiac 

troponin I, and α-tropomyosin, respectively, are relatively uncommon causes of HCM, 

accounting for <10% of cases/families (37). Mutations in genes coding for several other 

sarcomere and sarcomere-associated proteins also have been identified as likely causes of HCM, 

including titin (TTN), cardiac α-actin (ACTC), telethonin (TCAP), myosin light chain 2 (MYL2), 

myosin light chain 3 (MYL3), myozenin 2 (MYOZ2), and ubiquitin E3 ligase tripartite motif 

protein 63 (TRIM63) (13,39-42). Overall, the causal genes for approximately 60% of HCM have 

been identified. Thus, the remainder, which are typically responsible for sporadic HCM or HCM 

occurring in small families, have yet to be identified (43). 

Mutations in genes other than those coding for sarcomere proteins also could cause 

primary cardiac hypertrophy that clinically resembles HCM caused by mutations in sarcomere 

proteins. The pathophysiology of LVH in such conditions typically differs from that of HCM 
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caused by mutations in genes encoding sarcomere proteins; hence, these conditions are 

considered to phenocopy HCM. There are several notable examples, including Fabry (Anderson-

Fabry) disease, and glycogen storage diseases. A partial list of HCM phenocopy conditions is 

presented in Table 5. 

Fabry disease is an X-linked lysosomal storage disease with pleiotropic phenotypic 

manifestations, including HCM, angiokeratoma, corneal deposits, renal insufficiency, 

proteinuria, peripheral neuropathy, coronary artery disease, and cerebrovascular events (44-46). 

Often the phenotype is restricted to the heart, rending it indistinguishable from HCM caused by 

sarcomere protein mutations (47,48). Findings, such as severe hypertrophy, particularly in a male 

patient, high QRS voltage, conduction defects, and the presence of Δ-wave mimicking pre-

excitation on a 12-lead electrocardiogram suggest screening for Fabry disease. 

Fabry disease is caused by LOF mutations in GLA, encoding α-galactosidase (GLA). The 

enzyme is responsible for hydrolysis of α-D-galactose residues in glycosphingolipids (49). 

Mutations result in the accumulation of globotriaosylceramide (GB3), the main GLA substrate, 

in lysosomes in multiple organs. Because it is an X-linked disease, it predominantly affects male 

patients but female mutation carriers might show a mild phenotype. Despite the availability of 

genetic testing and α-galactosidase A activity assays in whole blood or leukocytes, the diagnosis 

could be challenging (50,51). Enzyme replacement therapy has shown some success in slowing 

progression and attenuating the phenotype (52-55). 

Mutations in the PRKAG2 gene, which encodes the noncatalytic γ2 regulatory subunit of 

adenosine monophosphate (AMP)-activated protein kinase (AMPK), also cause HCM 

phenocopy (56-60). Cardiac hypertrophy results predominantly from storage of glycogen in 

myocytes and, to a lesser degree, from the cardiac response to altered myocyte function (61). The 
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cardiac hypertrophy phenotype is often associated with conduction defects and a pattern 

mimicking pre-excitation (56,59,60). 

Genotype-phenotype association 

Patients with HCM exhibit considerable variability in the severity of cardiac hypertrophy 

and risk of SCD (62,63). Phenotypic variability (expressivity), variable penetrance, and 

pleiotropy (multiple phenotypes associated with a single gene or GV) compound genotype-

phenotype correlation and impede the predictive utility of genetic testing in HCM. Phenotypic 

variability is in part because of the multiplicity of phenotypic determinants, involving genetic 

and nongenetic factors. The causal mutation imparts the largest effect size on the phenotype. 

However, a large number of genetic and nongenetic determinants also contribute to expression of 

the phenotype in each individual, diluting the overall effect of a single determinant. Several 

candidate genes and loci are implicated in affecting the severity of cardiac hypertrophy and risk 

of SCD (64-70). By and large, however, GVs and epigenetic factors that influence the 

phenotypic variability of HCM, as well as other forms of hereditary cardiomyopathies, are 

largely unknown. 

Pathogenesis of hypertrophic cardiomyopathy 

Several mechanisms are implicated in the pathogenesis of HCM, including altered 

actomyosin cross-bridging, ATPase activity, and the calcium sensitivity of the myofilaments 

(Figure 3). Most HCM-causing mutations are missense mutations and the mutant proteins 

incorporate into the myofibrils, although the efficiency of transcription, translation, and 

incorporation into myofibrils might be reduced. Premature truncation mutations often lead to 

unstable transcripts and proteins, resulting in their degradation and hence haploinsufficiency 

(34,36,37,71). Mutations in thick filament proteins typically affect ATPase activity, whereas 
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those in the thin filament proteins alter the calcium sensitivity of the myofilaments (71), These 

defects instigate a cascade of molecular changes such as altered transcriptomics, including 

expression of ncRNAs, activation of signaling pathways, and expression of trophic and mitotic 

factors, which collectively lead to cardiac hypertrophy and fibrosis (69,72-76). Regardless of the 

primary defect, cardiac hypertrophy and fibrosis are considered secondary, and therefore are 

potentially preventable and reversible (77). 

Potential new therapeutic interventions 

Current pharmacological treatment of patients with HCM is primarily on the basis of 

relieving symptoms, and is not directed toward reversing, attenuating, and preventing the 

phenotype. A number of new therapeutic approaches are designed to target the underpinning 

mechanisms involved in the pathogenesis of HCM. Among the notable clinical trials is the 

LIBERTY-HCM study of eleclazine, which targets the late sodium channel in cardiac myocytes. 

The study is designed to test the safety and tolerability of eleclazine, as well as its effects on 

exercise capacity and quality of life. The HALT-HCM study is a pilot double-blinded 

randomized clinical trial, designed to target oxidative stress in HCM. The study tests whether 

treatment with N-acetylcysteine imparts a beneficial effect on established cardiac hypertrophy 

and fibrosis. In addition, several pilot studies have tested the potential utility of angiotensin II 

receptor blockers, beta-hydroxy-beta-methylglutaryl-coenzyme A (HMG-CoA) reductase 

inhibitors, and antioxidants in prevention, attenuation, and reversal of cardiac phenotypes in 

humans and in animal models of HCM (78-83). The data in human patients are considered 

preliminary and have shown, at best, a modest (if any) effect (84-90). In addition, diltiazem, an 

L-type calcium-channel blocker, has been used in preclinical mutation carriers to test the effects 
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on echocardiographic indexes of cardiac size and function (91). Finally, gene therapy approaches 

also have been applied in experimental models, with some success (92). 

Genetic Basis of Primary DCM 

Primary DCM is defined by the presence of left ventricular dilation and dysfunction in the 

absence of any discernible secondary cause, such as coronary artery disease. The left ventricular 

ejection fraction (LVEF) is typically <0.45 and the end-diastolic diameter is >2.7 cm/m2. 

Primary DCM is an uncommon disease with a prevalence of approximately 1 per 2,500 

individuals, and an incidence of 5 to 8 cases per 100,000 persons (93-95). Primary DCM is 

familial in about one-third to one-half of cases, and sporadic in the remainder (96-98). The mode 

of inheritance is typically autosomal dominant, but X-linked inheritance, such as in Duchenne 

and Becker muscular dystrophies, and autosomal recessive forms also have been reported 

(50,99,100). 

Clinical manifestations of DCM are those of heart failure and, less often, of cardiac 

arrhythmias. Cardiac arrhythmias typically occur late in the course of the disease, in contrast to 

AC, wherein cardiac arrhythmias are the cardinal manifestations. A notable feature of DCM is 

the absence of symptoms in the early stages of the disease (99). In familial cases, routine clinical 

screening leads to the diagnosis of DCM in approximately 10% of asymptomatic family 

members (97,98). 

Causal genes for DCM 

DCM is genetically a very heterogeneous disease. TTN, encoding the giant protein titin, is 

the most common causal gene (Table 6). TTN mutations are responsible for about 25% of 

familial DCM (101,102). An accurate estimate of the prevalence of TTN mutations in DCM is 

somewhat challenging because of its large size (>30,000 amino acids in length) and the 
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abundance of GVs in TTN. Thus, GVs that affect the length of TTN proteins, including 

nonsense, frameshift, and splice site variants, are considered pathogenic. TTN truncating variants 

are also present in about 1.5% of the general population. In addition, a subset of missense 

mutations might also be pathogenic. GVs in the A band, N2BA, and N2B transcripts are more 

likely to be pathogenic (102). Overall, the clinical significance of GVs in TTN seems to relate to 

the location of the variants and exon usage (whether and how commonly the involved exons are 

included in the transcript during splicing) (102). 

Mutations in genes encoding sarcomere proteins, such as MYH7 and TNNT2, are also 

established causes of DCM (Table 6). In this respect, HCM and DCM partially share genetic 

etiology. The findings also point to the phenotypic plasticity (pleiotropic effects) of GVs in 

sarcomere genes, which hampers a reliable prediction of the phenotype. The contrasting 

phenotypes of HCM and DCM likely result from the topography of the mutations, divergence of 

the initial defects, differential interactomes, and the genetic backgrounds in which the mutations 

operate (103,104). 

ACTC, which encodes cardiac α-actin was the first causal gene identified for autosomal 

dominant DCM (105). Likewise, mutations in cytoskeletal proteins delta sarcoglycan, beta-

sarcoglycan, and dystrophin were subsequently identified in families with DCM (94). Mutations 

in genes encoding cysteine- and glycine rich protein 4 (CSRP3) and LIM domain binding protein 

3 (LDB3) are also known to cause DCM. More recently, the gene coding for the RNA-binding 

motif protein 20 (RBM20), which regulates splicing of multiple cardiac transcripts, has emerged 

as an important causal gene for DCM (106,107). 

LMNA encoding the nuclear membrane protein lamin A/C is among the most intriguing 

causal genes for DCM. LMNA mutations exhibit extreme phenotypic diversity, encompassing 
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over a dozen distinct phenotypes, including Hutchinson-Gilford progeria syndrome, muscular 

dystrophy, and lipodystrophy, among others, which are collectively referred to as laminopathies 

(108). DCM caused by mutations in LMNA is typically associated with conduction defects, such 

as atrial bradyarrhythmias and left bundle branch block (LBBB) (108). 

Another notable feature of the genetics of DCM pertains to overlap conditions with 

cardiac arrhythmias, resulting from mutations in genes encoding ion channels. Notable examples 

are mutations in SCN5A, which encodes sodium voltage-gated channel alpha subunit 5, and 

ABCC9, which encodes the regulatory SUR2A subunit of the cardiac KATP channels (109,110). 

Mutations in SCN5A are known to cause long QT syndrome type 3, Brugada syndrome, and 

familial heart block (111). Similarly, mutations in ABCC9 have been associated with DCM and 

atrial fibrillation (112). 

DCM could be a phenotypic consequence of protein aggregation in the myocardium, 

referred to as proteotoxic cardiomyopathy (113,114). Mutations in the genes encoding desmin 

and alpha/B-crystallin cause proteotoxic DCM (114). Phenotypes caused by DES mutations are 

also referred to as desminopathies, and often involve skeletal muscle as well. 

Mutations in gene encoding alpha-sarcoglycan (adhalin) cause autosomal recessive 

DCM, which typically occurs in conjunction with limb-girdle muscular dystrophy (115). Cardiac 

involvement, manifesting as DCM, is a common feature of several forms of limb-girdle muscular 

dystrophy (115). 

Genotype–phenotype association 

Extreme genetic heterogeneity, variable penetrance, and pleotropic effects of the GVs prohibit 

robust genotype-phenotype correlation studies. However, a notable finding is the presence of 

concomitant phenotypes in a significant number of patients with DCM, such as conduction 
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defects or skeletal myopathy, which offers clues to its genetic etiology. The presence of LBBB 

hints at LMNA, and skeletal myopathy hints at DMD (dystrophin) (108,116). Likewise, DCM 

observed in conjunction with the expansion of triplet repeats, such as in myotonic dystrophy, is 

typically associated with skeletal myopathy, conduction defects, and cardiac arrhythmia (117). 

Nevertheless, given the considerable phenotypic variability of the causal genes, accurate clinical 

prediction is unreliable. Moreover, availability of genetic testing on a routine basis has abrogated 

the need for etiological speculation on the basis of the clinical manifestations of DCM. 

Pathogenesis of DCM 

Considering the genetic heterogeneity of DCM, affecting proteins with a diverse array of 

functions, no unifying mechanism is responsible for its pathogenesis. The causal mutations 

impart a diverse set of primary defects, including changes in cytoskeletal integrity, mechanical 

force generation and transmission, and myofilament sensitivity to calcium. Mutations in 

sarcomere proteins, particularly those in the thin filaments, reduce calcium sensitivity of the 

myofilaments, those in actin and cytoskeletal proteins affect force transmission, and those in 

thick filaments affect ATPase activity (94,118). Mutations in RBM20 affect splicing of 

transcripts of cardiac genes, and those in DES and CRYAB lead to accumulation of protein 

aggregates and proteotoxicity in the heart (107,113). The molecular pathogenesis of DCM 

caused by mutations in various genes, including the most common gene, TTN, remains largely 

unknown. 

Novel therapeutic approaches 

Current pharmacological and nonpharmacological treatment of DCM is similar to that of 

heart failure with reduced LVEF. The list includes β-blockers and inhibitors of the renin-

angiotensin-aldosterone system. Gene therapy approaches are not quite successful in suppressing 
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expression of the mutant allele. Recently, the clustered regularly interspaced short palindromic 

repeats (CRISPR)-Cas9 system has been used to delete the mutant exon through an exon-

skipping mechanism, which leads to stable dystrophin expression levels, and improvement in 

skeletal muscle and cardiac function (119-122). 

Genetic Basis of AC 

Arrhythmogenic cardiomyopathy (AC) is a new term coined to define a set of primary 

cardiomyopathies whose cardinal manifestation is ventricular arrhythmias occurring in the 

presence of, but disproportionate to ventricular dysfunction. AC is distinct from conventionally 

defined DCM, whose primary manifestation is cardiac dysfunction and heart failure, whereas 

ventricular arrhythmias are often late manifestations occurring in the presence of severe left 

ventricular dysfunction. Thus, AC, in a sense, encompasses a subgroup of DCM and classic 

ARVC, formerly known as arrhythmogenic right ventricular dysplasia (Figure 2). AC is a global 

ventricular disease involving both the right and left ventricles, whereas ARVC predominantly 

and classically (but not exclusively) involves the right ventricle. In advanced stages of ARVC, 

the left ventricle is commonly involved (123). The characteristic pathological feature of ARVC 

is excess fibro-adipocytes in the ventricle replacing cardiac myocytes (Figure 4) (124-127). 

The clinical phenotype of AC includes ventricular arrhythmias, SCD, and heart failure, 

the latter in advanced cases. The left ventricle is commonly involved, and its involvement in the 

ARVC subset portends a poor prognosis (127). Initial presentation of patients with AC is 

ventricular arrhythmias and, less commonly, cardiac arrest, particularly during exercise 

(126,128,129). In the young, AC is an important cause of SCD, being responsible for 3% to 5% 

of all SCD (25). AC accounts for up to 25% of SCD cases in young athletes in certain parts of 

Italy (130-132). A subset of AC occurs in conjunction with skin abnormalities, namely keratosis, 
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wooly hair, and sometimes baldness. The subset is referred to as cardiocutaneous syndrome 

(133,134) 

Electrocardiographic features include the characteristic, (and yet uncommon) epsilon-

wave, depolarization and repolarization abnormalities in the right precordial leads, and 

ventricular arrhythmias originating from the right ventricle. (135,136). Echocardiographic 

findings in classic ARVC are notable for right ventricular dilation and dysfunction, as well as 

aneurysm formation, but these findings are uncommon and typically observed in the advanced 

stages. Likewise, CMR is a valuable diagnostic test in a limited number of patients and might 

show evidence of fibro-fatty involvement of the right ventricle, as well as structural and 

functional abnormalities. 

A pathological hallmark of AC is fibro-adipocytes replacing cardiac myocytes, 

predominantly in the right ventricle, and in both ventricles in advanced cases (Figure 5). This 

phenotype is typically associated with atrophic myocytes, myocardial wall thinning, dilation, and 

aneurysm formation (137). However, none of the clinical or histological findings are sufficiently 

sensitive or specific for an accurate diagnosis of AC. Typically, the presence of 2 major, or 1 

major and 2 minor, or 4 minor criteria are required for the diagnosis of AC (138). 

Causal genes for AC 

The discovery of a 2-base-pair deletion mutation in the JUP gene, which encodes the 

junction protein plakoglobin, provided the first clue to the genetic causes of AC (133). The 

discovery was made in a family with an autosomal recessive disease characterized by woolly 

hair, keratosis, and ARVC, who resided in the island of Naxos, off the coast of mainland Greece. 

The discovery had a watershed effect, as it led to identification of causal mutations in PKP2, 

DSP, DSG2, and DSC2, coding for the desmosome or intercalated disc proteins plakophilin 2, 
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desmoplakin, desmoglein 2, and desmoscollin 2, respectively (139-144). The PKP2 gene is the 

most common causal gene for ARVC, accounting for up to one-quarter of the ARVC cases 

(140). Overall, genes coding for intercalated disc proteins account for about one-half of the 

ARVC cases, and the remaining causal genes are unknown (Table 7). 

The TMEM43 gene, encoding transmembrane protein 43, has been identified as a causal 

gene for ARVC through linkage analysis and positional cloning, and subsequently through 

screening in additional families (145,146). Biological functions of TMEM43 and the 

mechanisms responsible for AC have remained largely unexplored. 

Mutations in LMNA, PLN, and TTN are also implicated as causes of AC (147-149). 

Moreover, noncoding variants in the TGFB3 gene have been associated with ARVC (150). 

Likewise, a missense mutation in KCNQ1, encoding a potassium channel, has been reported in a 

patient with AC (151). Mutations in RYR2, encoding ryanodine receptor 2, cause the phenotype 

of catecholaminergic (stress-induced) polymorphic ventricular tachycardia, which is a 

phenocopy of AC. 

Mutations in JUP and DSP are known to cause cardiocutaneous subforms of ARVC 

(133,134,152,153). A recessive 2-base pair deletion in JUP, which leads to premature truncation 

of JUP protein, is a cause of Naxos disease (133,134). A left ventricular dominant form of 

cardiocutaneous syndrome, referred to as Carvajal syndrome, is cause by mutations in the DSP 

gene (124,134,153). 

Pathogenesis of AC 

The pathogenesis of AC has been enigmatic. Identification of causal mutations in the 

intercalated disc proteins provided the first clue. Intercalated discs are conventionally recognized 

as mechanical structures responsible for cell-cell attachment, predominantly in epithelial cells 
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and myocytes. Consequently, part of the underlying mechanism in the pathogenesis of AC is 

impaired mechanical integrity of cardiac myocytes. In accord with these functions, a number of 

protein constituents of the intercalated discs, particularly the junction protein JUP, are dislocated, 

redistributed, or degraded in AC (154-156). Dislocation of JUP from the junction might serve as 

a molecular marker for AC, albeit with limited utility (155,157). Molecular remodeling and 

impaired assembly of the intercalated discs not only affects global cardiac function, but also 

instigates mechanosensitive signaling pathways, including the Hippo pathway, which is activated 

in AC (154) (Figure 5). Activation of the upstream molecules of the Hippo pathway leads to a 

cascade of phosphorylation of a number of intermediary molecules and the downstream effector 

molecule YAP, and to cytoplasmic sequestration of YAP and its binding partner β-catenin of the 

canonical Wnt signaling pathway. The net effect is suppression of gene expression through the 

YAP-TEAD and β-catenin-TCF7L2 transcriptional complexes (154,156). These molecular 

events could explain the atrophic nature of cardiac myocytes in AC, as the Hippo pathway is a 

major regulator of cell and organ size, a process that is regulated through cell-cell contact (158). 

Perturbation of the Hippo and the canonical Wnt signaling pathways in AC results in 

differentiation of a subset of cardiac cells to fibro-adipocytes, explaining the mechanistic basis of 

this enigmatic phenotype (154,156,159-161). In addition, members of the intercalated disc 

proteins, such as JUP and PKP2, also possess functions beyond serving as structural proteins. 

JUP is known to partially translocate from the cell membrane to the nucleus and regulate gene 

expression, in part through competition with β-catenin for binding to the TCF7L2 transcription 

factor (156,159). Similarly, PKP2 is also known to translocate into the nucleus and interact with 

RNA polymerase III, influencing gene expression (162). Collectively, the data indicate a major 
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role for intercalated discs as signaling hubs regulating various mechanotransduction-activated 

pathways. 

Recently, a subset of cardiac mesenchymal progenitor cells, referred to as cardiac fibro-

adipocyte progenitors (FAPs), has been identified as a cell source of excess adipocytes in AC 

(161). Accordingly, FAPs are bipotential cells with a capacity to differentiate to adipocytes or 

fibroblasts, depending on the expression of desmosome proteins and the external stimulus. The 

majority of FAPs express fibroblast markers and they have a natural tendency to differentiate 

into fibroblasts in culture. However, a subset of FAPs expresses desmosome proteins and 

differentiates to adipocytes (159,161,163). The responsible mechanisms involve activation of the 

Hippo and suppression of the canonical Wnt signaling pathways (161). In addition, a minority of 

the excess adipocytes in AC might originate from second heart field and kit+ cardiac progenitor 

cells (159,160). Moreover, inhibition of Rho-kinase during cardiac development is also 

implicated in the pathogenesis of excess adipocytes in AC (164). 

Finally, miR-184, which is predominantly expressed in embryonic myocytes and cardiac 

mesenchymal progenitor cells, is down-regulated in AC models (165). Down-regulation of miR-

184 is implicated in cellular proliferation and differentiation of a subset of cardiac progenitor 

cells to adipocytes (165). 

Novel therapies 

There is no effective pharmacological therapy for AC. Treatment is typically targeted to 

the clinical manifestations of the disease, such as ablation of cardiac arrhythmias. Recently, 

pharmacological inhibition of GSK3B has been shown to exert beneficial effects in experimental 

models of AC (166,167). 

Perspective on Single-Gene Diseases 
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Breakthroughs during the last 3 decades have ushered in the next phase of genetic 

discoveries, and their application to diagnosis and management of patients with single-gene 

disorders. The field is transitioning from initial genetic discoveries to the next phase of 

discovery, applications, and genetic-based interventions. A few challenges are briefly discussed.     

The “Missing” Causal Genes 

Despite enormous progress in elucidation of the molecular genetic basis of single-gene 

disorders during the last 3 decades, and despite recent technological advances, such as whole-

exome sequencing, the causal genes in approximately one-third to one-half of single-gene 

disorders have remained elusive. There are a number of obstacles in identification of the 

“missing” causal genes for single-gene disorders, including hereditary cardiomyopathies. The 

difficulty is, in part, inherent to the complexity of the GVs in the human genome and the 

sporadic nature of a significant proportion of single-gene diseases or the small size of the 

families. These inherent complexities render unambiguous ascertainment of causality in a single 

individual or in small families with single-gene disorders almost impossible. Consequently, to 

fully utilize the genetic information and advance the yield of genetic screening, novel approaches 

are needed to identify the causal variant among myriad potentially pathogenic variants. 

Clinical Applications Of Genetic Discoveries 

Genetic testing has emerged at the forefront of the clinical management of patients with 

single-gene disorders. Genetic testing is commercially available for a large number of single-

gene disorders, including cardiomyopathies. The common approach is whole-exome sequencing, 

followed by identification of pathogenic GVs in genes previously implicated in 

cardiomyopathies, which currently encompasses about 100 genes. Genetic testing should be 

pursued in all patients with hereditary cardiomyopathies and, whenever applicable, extended to 
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all related family members. This is the key point in genetic testing, as unambiguous 

ascertainment of causality in a single case is almost impossible. Extending the studies to 

phenotypically affected and unaffected family members empowers detection of the causal 

variants. The approach also often leads to identification of mutation carriers, referred to as 

genotype positive–phenotype negative individuals. Early identification of mutation carriers could 

lead to close monitoring through exquisite phenotyping, and early interventions, which might 

prove to be beneficial in prevention and attenuation of the phenotype, and reducing the risk of 

SCD. 

Despite the utility of cascade genetic screening of family members, the “missing” causal 

genes have substantially hampered its widespread clinical utility. Moreover, as indicated, 

ascertaining causality in small families and probands is quite challenging, if not impossible. In 

addition, the extreme phenotypic variability of the GVs has limited a straightforward genotype-

phenotype correlation. Considering these challenges, the most important application of the 

genetic discoveries might be in elucidation of novel therapeutic approaches to treatment of 

single-gene disorders. Although large-scale sequencing and population-based genotype-

phenotype correlation studies would offer valuable information at the population level, the next 

phase of discoveries would mandate focusing on the individual. Comprehensive cataloging of 

GVs, genomic determinants, and nongenetic factors would be required, along with detailed 

phenotypic characterization, in order to garner meaningful information in a single individual.  

Role of Noncoding RNA 

The role of lncRNAs in the pathogenesis of hereditary cardiomyopathies has been 

difficult to decipher for various reasons, including poor annotation and the lack of cross-species 

conservation. Additionally, the interactions of lncRNAs with other biomolecules are not well 
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defined. Moreover, effects of the GVs on structure and function of lncRNAs, as well as their 

interactions with other molecules, are difficult to predict. 

Despite the scant available data, the relevance of lncRNAs in biology and disease is 

indubitable. Larger alterations, such as chromosomal rearrangements (translocations, 

amplifications, or deletions), that affect the expression of lncRNAs would be expected to 

influence the pathogenesis of hereditary cardiomyopathies. 

Correction of the Underlying Genetic Defects 

The ultimate application of the genetic discoveries in single-gene disorders is to correct 

the underlying causal mutation. The convergence of 2 major sets of discoveries, namely 

elucidation of the molecular genetic basis of single-gene cardiovascular diseases and 

development of gene-editing techniques, such as the CRISPR-Cas9 system, has ushered in the 

possibility of effective correction of the underlying causal mutations (168). Cas9 is a bacterial 

nuclease that is guided by an RNA molecule to the desired sites on the genome, where it induces 

a double-strand break (DSB). This property enables selection of the specific guide RNA to target 

Cas9 to the desired specific nucleotide, albeit restrained by the requirement of a specific 

sequence referred to as a protospacer adjacent motif (PAM) sequence, and the location of the 

mutation site. In conjunction with these advances, the advent of adeno-associated virus 9 

(AAV9) vectors has enabled efficient gene transfer into cardiac myocytes (169,170). Thus, a 

combination of AAV9 constructs and the CRISPR-Cas9 system has the potential for specific 

targeting of selected mutations in single-gene disorders. A prototypic clinical application of these 

powerful tools is the recent data showing attenuation of cardiac and skeletal muscle phenotypes 

in mouse models of muscular dystrophy using the RNA-guided CRISPR-Cas9–based gene 

editing (120,122,171). 



28 

Precise correction of the underlying genetic defect in cardiomyopathies, however, would 

require enhancing the homology-directed repair (HDR) following CRISPR-Cas9-mediated DSBs 

(172). However, HDR does not occur in terminally differentiated, nondividing, mature cardiac 

myocytes, thus rendering specific mutation correction untenable in the foreseeable future. Thus, 

one has to rely on the alternative approach of DNA repair, namely nonhomologous end-joining 

(NHEJ), which is the canonical homology-independent pathway for repair of DSBs. NHEJ is 

highly effective in gene silencing (knockdown), but is ineffective for gene editing with specific 

nucleotide precision. Therefore, the NHEJ repair mechanism is potentially desirable for specific 

silencing of a limited number of mutations in single-gene disorders. These approaches are in 

early stages of development, and the pace of discoveries is astounding. In addition, new 

nucleases are being discovered and applied for targeted editing of desired sequences, such as 

Cpf1, a single RNA-guided endonuclease with potential for precise targeting of the genome in 

nondividing cells (173). 
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Figure Legends 

Central Illustration: Basic Structure of the Genome. The nuclear genome is organized into 

chromosomes and wrapped in histone proteins, condensed into chromatin, and arranged in 

segments referred to nucleosomes. Histone modifications affect the chromatin state and gene 

expression. Each gene contains a 5′ regulatory or untranslated region (5′ UTR) where the 

transcription factors bind and initiate transcription of the primary transcript. Each gene also 

contains exons and the intervening regions referred to as introns. Splicing machinery binds to 

exon-intron boundaries and splices out introns from the coding transcript, referred to as 

messenger RNA (mRNA). The first coding exon contains the signal for initiation of translation, 

namely ATG, and the last coding exon contains a translation termination codon, such as TAG 

(UAG in the mRNA). The 3′ regulatory region or 3′ UTR contains 1 or more polyadenylation 

signals, which signal for adding a poly-A tail to the mRNA. It is also the binding site for 

microRNAs (miRNAs). MicroRNAs and long noncoding RNAs (lncRNAs) are transcribed from 

introns or intergenic regions. SNP = single-nucleotide polymorphism  

Figure 1: Effect Size of GVs and Clinical Phenotype. The population frequency of GVs is 

depicted against their effect sizes. Rare variants are more likely to impart larger effect sizes than 

common variants, which typically impart small or clinically negligible effect sizes. Rare variants 

with very large effect sizes cause single-gene diseases, multiple uncommon variants with 

moderate effect sizes cause oligogenic diseases, and a very large number of common variants are 

responsible for complex phenotypes. 

Figure 2: Common Forms of Primary Cardiomyopathies. The diagram illustrates common 

forms of primary cardiomyopathies, including hypertrophic cardiomyopathy (HCM), dilated 

cardiomyopathy (DCM), arrhythmogenic right ventricular cardiomyopathy (ARVC), and 
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restricted cardiomyopathy (RCM). A subset of DCM predominantly manifests with ventricular 

arrhythmias and is referred to as arrhythmogenic DCM. The latter category, along with classic 

ARVC, encompasses arrhythmogenic cardiomyopathy (AC). 

Figure 3: Schematic Illustration of Pathogenesis of HCM. Mutations in genes encoding 

sarcomere proteins impart a diverse array of initial defects, such as altered myofibrillar 

mechanical or biochemical functions, leading to expression and activation of trophic and mitotic 

pathways, including cardiac hypertrophy and interstitial fibrosis. HCM = hypoertrophic 

cardiomyopathy. 

Figure 4: Fibro-Adipocytes Replacing Cardiac Myocytes in ARVC. The photomicrograph 

illustrates thin myocardial sections stained with Masson trichrome, showing excess adipocytes 

and fibrosis (blue). The pathognomonic feature of classic ARVC is excess fibro-adipocytes 

replacing cardiac myocytes predominantly in the right ventricle. ARVC = arrhythmogenic right 

ventricular cardiomyopathy. 

Figure 5: Pathogenesis of AC. The diagram illustrates the mechanisms involved in the 

pathogenesis of cardiac dysfunction, arrhythmias, and excess fibro-adipocytes in AC. Mutations 

impair the mechanical integrity of the intercalated discs and lead to cardiac dysfunction. 

Mechanical dysfunction also activates mechanosensitive signal transduction pathways, leading to 

suppression of gene expression through the YAP-TEAD and CTNNB1 (β-catenin)-TCF7L2 

pathways. A transcriptional switch in a subset of fibro-adipocyte progenitor cells results in their 

differentiation to fibro-adipocytes, and also contributes to cardiac dysfunction. AC = 

arrhythmogenic cardiomyopathy; MAPK = mitogen-activated protein kinase. 
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Table 1 Genetic Variations in the Human Genome 
 
DNA sequence variants      4 × 106  
 
Single nucleotide variants (SNVs)     3.5 × 106 
 
Nonsynonymous SNVs     12,000 
 
Loss-of-function (LOF) variants    500 
 
Stop codon variants      100 
 
Functional variants       Several thousands 
 
Pathogenic variants       Few thousands 
Structural variants (SVs)/copy-number variants (CNVs)  104–105 
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Table 2: Clinical Classification of GVs 

GV = genetic variant

 
Category Definition 
Disease-causing variants  LOF and pathogenic variants conclusively shown to cause the 

disease through cosegregation and linkage analysis in large 
families.  

Probably (likely) disease-
causing variants  

Evidence for the causal role is on the basis of statistical enrichment 
in small families and trios with the disease. Robust linkage is 
hindered by the small size of families or sporadic nature of the 
disease. To reduce the possibility of random cosegregation in 
small families, findings require testing for replication in 
independent populations.  

Disease-associated 
variants  

Case–control studies show an association between GVs and the 
phenotype. Replication in an independent study population is 
necessary. Disease-associated variants might be in linkage 
disequilibrium with the actual pathogenic variants, requiring 
additional studies to identify the actual pathogenic variants.  

Functional variants not 
associated with a disease 

This class of functional variants might affect expression levels, 
structure, and function of the respective proteins, but they have not 
been associated with a disease.  

Variants with no known 
biological or clinical 
significance 

This category comprises the vast majority of the 4 million GVs in 
each genome.  
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Table 3 Clinical Risk Factors for SCD in Patients with HCM 

History of sudden cardiac arrest (aborted SCD) 

History of (arrhythmic) syncope 

Sustained VT and repetitive NSVT 

Family history of SCD (more than 1 victim of SCD) 

Severe cardiac hypertrophy 

Left ventricular outflow tract obstructionInterstitial fibrosis and myocyte disarray 

HCM = hypertrophic cardiomyopathy; NSVT = nonsustained ventricular tachycardia; SCD = 

sudden cardiac death; VT = ventricular tachycardia;  
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Table 4 Genetic Basis for HCM 

Protein    Gene   Locus   Frequency 

Established Causal Genes 

β-Myosin heavy chain   MYH7   14q1   ~ 25% 

Myosin binding protein C   MYBPC3  11q1   ~ 25% 

Cardiac troponin T   TNNT2   1q3   <5% 

Cardiac troponin I    TNNI3   19p13.2  <5% 

α-Tropomyosin   TPM1   15q1   <5% 

Likely Causal Genes 

Cardiac alpha-actin   ACTC1  15q11   <5% 

Myozenin 2    MYOZ2  4q25-26  Rare 

Tripartite motif containing 63  TRIM63  1p34-33  Rare 

Myosin light chain 3   MYL3   3p   Rare 

Myosin light chain 2   MYL2   12q   Rare 

Titin     TTN   2q13-33  Rare 

Telethonin     TCAP   17q12   Rare 

Myosin light chain kinase 2   MYLK2  20q13.3  Rare 

α-Myosin heavy chain alpha   MYH6   14q12   Rare 

Troponin C     TNNC1  3p21   Rare 

Caveolin 3     CAV3   3p25   Rare 

Phospholamban   PLN   6p22.1   Rare 

Lamin A/C    LMNA   21.2-q21.3  Rare 

Calsequestrin    CASQ2  1p13.1   Rare  
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Junctophilin 2    JPH2   20q13.12  Rare  

HCM = hypertrophic cardiomyopathy.  
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Table 5: HCM Phenocopy Conditions 

Gene Protein Phenotype 

PRKAG2 AMP-activated protein kinase, γ2 

subunit 

Glycogen storage disease 

PTPN11 Protein-tyrosine phosphatase, 

nonreceptor type II  

Noonan and Leopold syndromes 

SOS1 Son of Sevenless-1 Noonan syndrome 

GLA α-galactosidase A Fabry disease 

GAA Glucosidase, α, acid Glycogen storage disease, type II 

LAMP2 Lysosome-associated membrane 

protein 2 

Danon disease 

FRDA Frataxin Friedreich ataxia 1 

DMPK Dystrophia myotonica protein kinase Myotonic dystrophy 

mtDNA Mitochondrial DNA Compound metabolic phenotype 

AMP = adenosine monophosphate; HCM = hypertrophic cardiomyopathy. 
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Table 6 Causal Genes for Primary DCM 

Gene Protein Comments/Phenotypic plasticity 

TTN Titin Giant sarcomere protein, responsible for 

~25% of primary DCM, also causes HCM 

MYH7 Myosin heavy chain 7 (β) HCM 

TNNT2 Cardiac troponin T HCM 

TNNI3 Cardiac troponin I HCM 

TNNC1 Cardiac troponin C HCM 

TPM1 α-Tropomyosin HCM 

ACTC Cardiac α-actin HCM 

TNNI3K Troponin I interacting kinase Conduction defect, atrial fibrillation 

LMNA Lamin A/C Nuclear envelope protein responsible for 

over a dozen phenotype 

EMD Emerin Emery-Dreifuss syndrome 

RBM20 RNA-binding motif protein 

20 

Targets splicing of several cardiac genes 

SGCA α-Sarcoglycan Involves skeletal muscle 

SGCB β-Sarcoglycan  

SGCD δ-Sarcoglycan  

DMD Dystrophin Duchenne muscular dystrophy 

CSRP3 Cysteine and glycine rich 

protein 3 

 

ANKRD1 Ankyrin repeat domain 1  
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DES Desmin Desminopathy 

CRYAB αB-crystallin Protein aggregation myopathy 

ACTN2 Alpha-actinin 2  

TCAP Telethonin (T-cap)  

LDB3 LIM domain binding 3 (Z-

band alternatively spliced 

PDZ motif) 

 

VCL Vinculin  

BAG3 BCL2-associated athanogene 

3 

Cochaperone 

SCN5A Sodium voltage-gated channel Also causes Brugada syndrome and 

conduction defects 

ABCC9 SUR2 subunit of potassium 

channels 

 

   

PLN Phospholamban Inhibits SERCA2 

KCNQ1 Potassium channel  

 

DCM = dilated cardiomyopathy; HCM = hypertrophic cardiomyopathy; SERCA = 

sarco/endoplasmic reticulum calcium ATPase.  
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TABLE 7 Causal Genes for Arrhythmogenic Cardiomyopathy 

Locus   Gene  Protein    Prevalence 

Intercalated Disc Proteins 

12p11   PKP2  Plakophilin 2    ~20% 

18q12   DSG2  Desmoglein 2    ~10% 

18q12   DSC2  Desmocollin 2    ~10% 

6p24   DSP1  Desmoplakin    10% 

17q21   JUP  Plakoglobin    Uncommon 

Others 

3p23   TMEM43 Transmembrane protein 43  Rare 

1q21.2   LMNA  Lamin A/C    Rare 

14q24   TGFB3? Transforming growth factor β3 Rare 

6p22.1   PLN?  Phospholamban   Rare 

11p15.5  KCNQ1? Iks channels    Rare 

 
 


