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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.

For some of the rare cardiac disorders, the notion that 
they are Mendelian is now being questioned.40,41 For these 
disorders, a somewhat more complex genetic inheritance 
(oligogenic model) is now suspected; here, in contrast to the 

Figure 2. Schematic representation of a cardiomyocyte exhibiting proteins involved in the pathogenesis of the inherited 
cardiomyopathies, including sarcomeric, cytoskeletal, desmosomal proteins, and nuclear envelope proteins. MLP indicates 
cysteine and glycine-rich protein 3 (also known as muscle LIM [Lin-11, Islet-1, Mec-3] protein) (Illustration credit: Ben Smith).

Figure 3. The likely continuum of complexity of genetic 
architecture in the rare inherited cardiac disorders. Although 
some disorders are Mendelian or near-Mendelian, where a strong 
monogenic component contributes substantially to disease 
susceptibility, genetic susceptibility for others disorders may be 
determined by the cumulative effect of multiple genetic variants. 
BrS indicates Brugada syndrome; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; DCM, dilated 
cardiomyopathy; ERS, early repolarization syndrome; HCM, 
hypertrophic cardiomyopathy; LQTS, long-QT syndrome; SNP, 
single-nucleotide polymorphism; WES, whole exome sequencing; 
and WGS, whole genome sequencing.
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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.

For some of the rare cardiac disorders, the notion that 
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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.
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Locus Ion channel Gene/Protein

BrS 1 3p21 INa SCN5A, Nav1.5 
BrS 2 3p24  INa GPD1L 
BrS 3 12p13.3  ICa CACNA1C, Cav1.2 
BrS 4 10p12.33  ICa CACNB2b, Cavb2b 
BrS 5 19q13.1  INa SCN1B, Navβ1 
BrS 6 11q13-q14 Ito KCNE3, MiRP2 
BrS 7 11q23.3  INa SCN3B, Navβ3

BrS 8 12p11.23 IK.ATP KCNJ8 
BrS 9 7q21-q22  ICa CACNA2D1, Cavα2δ
BrS 10 1p13.3 Ito KCND3
BrS 11 17p13.1  INa MOG1
BrS 12 3p21.2-p14.3  INa SLMAP
BrS 13 12p12.1  IK.ATP ABCC9, SUR2A
BrS 14 11q23  INa SCN2B

1
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Locus Ion channel Gene/Protein

BrS 15 12p11 INa PKP2 
BrS 16 3q28 INa     FGF12 
BrS 17 3q22.2 INa SCN10A 
BrS 18 7p12.1 ITO SEMA3A

2
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Locus Ion channel Gene/Protein

BrS modifying 15q24-25 IF HCN4 
BrS modifying 7q35  IKr KCNH2 
BrS modifying Xq22.3  Ito KCNE5 
BrS modifying 6q22  INa HEY2 
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Does SCN5a play a role?: 
♥  there are no linkage data for SCN5a! 
♥  loss-of-function mutation not mandatory! 
♥  could it be an important modifier? 
 
♥  if this would have been the first family then… 
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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.

For some of the rare cardiac disorders, the notion that 
they are Mendelian is now being questioned.40,41 For these 
disorders, a somewhat more complex genetic inheritance 
(oligogenic model) is now suspected; here, in contrast to the 

Figure 2. Schematic representation of a cardiomyocyte exhibiting proteins involved in the pathogenesis of the inherited 
cardiomyopathies, including sarcomeric, cytoskeletal, desmosomal proteins, and nuclear envelope proteins. MLP indicates 
cysteine and glycine-rich protein 3 (also known as muscle LIM [Lin-11, Islet-1, Mec-3] protein) (Illustration credit: Ben Smith).

Figure 3. The likely continuum of complexity of genetic 
architecture in the rare inherited cardiac disorders. Although 
some disorders are Mendelian or near-Mendelian, where a strong 
monogenic component contributes substantially to disease 
susceptibility, genetic susceptibility for others disorders may be 
determined by the cumulative effect of multiple genetic variants. 
BrS indicates Brugada syndrome; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; DCM, dilated 
cardiomyopathy; ERS, early repolarization syndrome; HCM, 
hypertrophic cardiomyopathy; LQTS, long-QT syndrome; SNP, 
single-nucleotide polymorphism; WES, whole exome sequencing; 
and WGS, whole genome sequencing.
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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.

For some of the rare cardiac disorders, the notion that 
they are Mendelian is now being questioned.40,41 For these 
disorders, a somewhat more complex genetic inheritance 
(oligogenic model) is now suspected; here, in contrast to the 

Figure 2. Schematic representation of a cardiomyocyte exhibiting proteins involved in the pathogenesis of the inherited 
cardiomyopathies, including sarcomeric, cytoskeletal, desmosomal proteins, and nuclear envelope proteins. MLP indicates 
cysteine and glycine-rich protein 3 (also known as muscle LIM [Lin-11, Islet-1, Mec-3] protein) (Illustration credit: Ben Smith).

Figure 3. The likely continuum of complexity of genetic 
architecture in the rare inherited cardiac disorders. Although 
some disorders are Mendelian or near-Mendelian, where a strong 
monogenic component contributes substantially to disease 
susceptibility, genetic susceptibility for others disorders may be 
determined by the cumulative effect of multiple genetic variants. 
BrS indicates Brugada syndrome; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; DCM, dilated 
cardiomyopathy; ERS, early repolarization syndrome; HCM, 
hypertrophic cardiomyopathy; LQTS, long-QT syndrome; SNP, 
single-nucleotide polymorphism; WES, whole exome sequencing; 
and WGS, whole genome sequencing.
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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.

For some of the rare cardiac disorders, the notion that 
they are Mendelian is now being questioned.40,41 For these 
disorders, a somewhat more complex genetic inheritance 
(oligogenic model) is now suspected; here, in contrast to the 

Figure 2. Schematic representation of a cardiomyocyte exhibiting proteins involved in the pathogenesis of the inherited 
cardiomyopathies, including sarcomeric, cytoskeletal, desmosomal proteins, and nuclear envelope proteins. MLP indicates 
cysteine and glycine-rich protein 3 (also known as muscle LIM [Lin-11, Islet-1, Mec-3] protein) (Illustration credit: Ben Smith).

Figure 3. The likely continuum of complexity of genetic 
architecture in the rare inherited cardiac disorders. Although 
some disorders are Mendelian or near-Mendelian, where a strong 
monogenic component contributes substantially to disease 
susceptibility, genetic susceptibility for others disorders may be 
determined by the cumulative effect of multiple genetic variants. 
BrS indicates Brugada syndrome; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; DCM, dilated 
cardiomyopathy; ERS, early repolarization syndrome; HCM, 
hypertrophic cardiomyopathy; LQTS, long-QT syndrome; SNP, 
single-nucleotide polymorphism; WES, whole exome sequencing; 
and WGS, whole genome sequencing.
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Bezzina et al., Nature Genetics 2013 
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Brugada Syndrome patients ascertained  
at 13 clinical centers in Europe, U.S., Japan 



SCN5A / SCN10A HEY2 

Chromosome 

Genome Wide Association Study in Brugada Syndrome 
‘GWAS #1’ 

Bezzina et al., Nat Genet 2013 
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Conclusions: 
♥  Genetically heterogeneous 
♥  SCN5a 15-30% of patients 
♥  likely oligogenetic 
♥  no major impact on prognosis 

________________________________________________
Brugada syndrome, genetics 
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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.

For some of the rare cardiac disorders, the notion that 
they are Mendelian is now being questioned.40,41 For these 
disorders, a somewhat more complex genetic inheritance 
(oligogenic model) is now suspected; here, in contrast to the 

Figure 2. Schematic representation of a cardiomyocyte exhibiting proteins involved in the pathogenesis of the inherited 
cardiomyopathies, including sarcomeric, cytoskeletal, desmosomal proteins, and nuclear envelope proteins. MLP indicates 
cysteine and glycine-rich protein 3 (also known as muscle LIM [Lin-11, Islet-1, Mec-3] protein) (Illustration credit: Ben Smith).

Figure 3. The likely continuum of complexity of genetic 
architecture in the rare inherited cardiac disorders. Although 
some disorders are Mendelian or near-Mendelian, where a strong 
monogenic component contributes substantially to disease 
susceptibility, genetic susceptibility for others disorders may be 
determined by the cumulative effect of multiple genetic variants. 
BrS indicates Brugada syndrome; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; DCM, dilated 
cardiomyopathy; ERS, early repolarization syndrome; HCM, 
hypertrophic cardiomyopathy; LQTS, long-QT syndrome; SNP, 
single-nucleotide polymorphism; WES, whole exome sequencing; 
and WGS, whole genome sequencing.
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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.

For some of the rare cardiac disorders, the notion that 
they are Mendelian is now being questioned.40,41 For these 
disorders, a somewhat more complex genetic inheritance 
(oligogenic model) is now suspected; here, in contrast to the 

Figure 2. Schematic representation of a cardiomyocyte exhibiting proteins involved in the pathogenesis of the inherited 
cardiomyopathies, including sarcomeric, cytoskeletal, desmosomal proteins, and nuclear envelope proteins. MLP indicates 
cysteine and glycine-rich protein 3 (also known as muscle LIM [Lin-11, Islet-1, Mec-3] protein) (Illustration credit: Ben Smith).

Figure 3. The likely continuum of complexity of genetic 
architecture in the rare inherited cardiac disorders. Although 
some disorders are Mendelian or near-Mendelian, where a strong 
monogenic component contributes substantially to disease 
susceptibility, genetic susceptibility for others disorders may be 
determined by the cumulative effect of multiple genetic variants. 
BrS indicates Brugada syndrome; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; DCM, dilated 
cardiomyopathy; ERS, early repolarization syndrome; HCM, 
hypertrophic cardiomyopathy; LQTS, long-QT syndrome; SNP, 
single-nucleotide polymorphism; WES, whole exome sequencing; 
and WGS, whole genome sequencing.
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the disorders, but it is generally higher in familial cases than 
in isolated patients.15 Although in this review we have tried 
to be as comprehensive as possible in mentioning all genes 
that have been implicated in these disorders to date, one must 
keep in mind, however, that the evidence of causality for the 
different genes in the respective disorders varies widely. For 
some genes strong evidence has been provided through dem-
onstration of linkage, the consistent involvement of a given 
gene in multiple cases with the same disease, or through ro-
bust functional studies. However, for other genes, which have 
largely been identified in candidate gene studies, evidence is 
not always robust.

The observation of variable disease severity (reduced pen-
etrance and variable expressivity) among carriers of the same 
causal mutation within families has brought with it the realiza-
tion that ultimate disease severity, including SCD risk, in the 
individual patient also depends on other unknown factors.16–18 
Although factors such as age (age-dependent penetrance),19 
sex,20 environment (eg, medication use21), and possibly exer-
cise22 are known to contribute to disease variability in certain 
disorders, the inheritance of additional modulatory genetic 
factors is also thought to play a role. The inheritance of >1 
mutation in ≥1 genes has in some cases been shown to account 
for the greater disease severity.23,24 In the past years, a flurry of 
genome-wide association studies (GWAS) conducted in large 
samples of the general population have uncovered robust as-
sociations between single-nucleotide polymorphisms (SNPs; 
that tag common haplotypes) and several cardiac electric,25–31 
structural, and functional traits.32–34 Because these traits are 
thought to represent relevant intermediate phenotypes for 
cardiac disease and SCD,35,36 although they likely carry mod-
est effects, these SNPs are prime candidates as modulators 
of clinical disease manifestations in the rare cardiac dis-
orders. Although progress is still slow, this is starting to be 

explored.37–39 Low-frequency variants that are presumed to be 
associated with intermediate effect sizes are also expected to 
contribute. However, these are more challenging to study be-
cause of their low prevalence.

For some of the rare cardiac disorders, the notion that 
they are Mendelian is now being questioned.40,41 For these 
disorders, a somewhat more complex genetic inheritance 
(oligogenic model) is now suspected; here, in contrast to the 
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cardiomyopathies, including sarcomeric, cytoskeletal, desmosomal proteins, and nuclear envelope proteins. MLP indicates 
cysteine and glycine-rich protein 3 (also known as muscle LIM [Lin-11, Islet-1, Mec-3] protein) (Illustration credit: Ben Smith).
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some disorders are Mendelian or near-Mendelian, where a strong 
monogenic component contributes substantially to disease 
susceptibility, genetic susceptibility for others disorders may be 
determined by the cumulative effect of multiple genetic variants. 
BrS indicates Brugada syndrome; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; DCM, dilated 
cardiomyopathy; ERS, early repolarization syndrome; HCM, 
hypertrophic cardiomyopathy; LQTS, long-QT syndrome; SNP, 
single-nucleotide polymorphism; WES, whole exome sequencing; 
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♥  Brugada syndrome is an oligogenetic dis.
♥ 	SCN5a is the most important gene
♥  In children most often conduction disease
♥  Genetic Risk Sc. relates to the phenotype
♥ 	GRS cannot be used as riskfactor (yet) 		

________________________________________________
Conclusions
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♥  If anything only ‘act’ on SCN5a mutations
♥ 	‘act’ = life style measurements/drugs
♥ 	Also investigate gene negative individuals
     in SCN5a positive families  

		

________________________________________________
Conclusions & consequences
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