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ABSTRACT

Sudden cardiac death (SCD) resulting from ventricular tachyarrhythmia is a major
contributor to mortality. Clinical management of SCD, currently based on clinical
markers of SCD risk, can be improved by integrating genetic information. The
identification of multiple disease-causing gene variants has already improved patient
management and increased our understanding of the rare Mendelian diseases
associated with SCD risk in the young, but marked variability in disease severity
suggests that additional genetic modifiers exist. Next-generation DNA sequencing
could be crucial to the discovery of SCD-associated genes, but large data sets can be
difficult to interpret. SCD usually occurs in patients with an average age of 65 years who
have complex cardiac disease stemming from multiple, common, acquired disorders.
Heritable factors are largely unknown, but are likely to have a role in determining
the risk of SCD in these patients. Numerous genetic loci have been identified that
affect electrocardiogram indices, which are regarded as intermediate phenotypes
for tachyarrhythmia. These loci could help to identify new molecules and pathways
affecting cardiac electrical function. These loci are often located in intergenic regions,
so our evolving understanding of the noncoding regulatory regions of the genome
are likely to aid in the identification of novel genes that are important for cardiac
electrical function and possibly SCD.
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KEY POINTS

Sustained ventricular tachyarrhythmias are the most-common cause of sudden cardiac
death (SCD), and traditional risk stratification methods could be improved with genetic
testing

Multiple genes affecting SCD risk in young patients have been uncovered, but our
understanding of the variability in disease severity is incomplete, and interpreting
genetic test results is difficult

Next-generation sequencing in families that have inherited patterns of SCD, but are
mutation-negative for the known disease genes, is expected to uncover novel genes for
these rare diseases

Genome-wide association studies (GWAS) have identified genomic loci that affect
electrocardiogram indices, SCD risk in the general population, and risk of rare cardiac
diseases such as Brugada syndrome

The unavailability of large, deeply phenotyped SCD cohorts has precluded the
identification of genetic causes of risk for SCD in patients with acquired cardiac disease
The mechanisms underlying loci identified through GWAS could involve functional
regulatory elements in the noncoding region of the genome, and understanding them
is important to understanding SCD
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INTRODUCTION

Sudden cardiac death (SCD) is a major contributor to mortality in the general population,
accounting for almost 20% of all-cause mortality in industrialized countries.? Accordingly,
substantial efforts have been made to develop risk stratification methods aimed at
identifying individuals at increased risk of SCD and finding preventive and therapeutic
interventions. These efforts have been wide-ranging, directed at various types of patients at
increased risk of SCD (both those with common acquired diseases, such as ischaemic heart
disease or heart failure, and those with rare, inherited SCD-associated diseases), and have
examined the appropriate use of drugs and implantable cardioverter-defibrillators (ICDs).
Thus far, risk stratification has mostly revolved around clinical indicators for increased risk.
The basis of SCD is, however, heterogeneous, involving numerous different diseases, and
the indicators used for risk stratification could be disease-specific. For example, reduced
left ventricular ejection fraction is useful to identify risk of SCD in patients with ischemic
heart disease. These efforts have been widely implemented in clinical practice, and have
been clearly successful. For example, the introduction of ICDs into routine clinical care of
individuals at increased risk of SCD in the Netherlands accounted for 33% of the decline
in the incidence of resuscitations for out-of-hospital cardiac arrest.®* However, much can
still be gained by improving risk stratification. For instance, ICD use in routine clinical care
is also hampered by the potential for ICD-associated adverse events. In 2013, our group,
at a referral centre for inherited cardiac diseases, reported the sobering finding that ICDs
implanted for primary prevention in patients with particular diseases carried a 35% adverse
event rate, and delivered virtually no appropriate shocks.* Clearly, risk stratification must be
further refined, and individuals who do not benefit from preventive interventions such as
ICDs should be identified.

SCD most often results from ventricular tachyarrhythmias, notably ventricular fibrillation
(VF). Thus, systematic efforts to improve risk stratification for SCD must be rooted in an
understanding of the molecular mechanisms and pathways underlying the occurrence of
VF. One potential approach to unravel the molecular determinants of VF risk is based on
the identification of the underlying genes. This approach has become possible because
of our current understanding of the genome and the development of new cost-effective
methodologies for genetic testing at the molecular level. Unravelling the molecular
determinants of VF, however, remains a challenging task. VF risk is likely to be governed by
multiple pathophysiological pathways, and the nature of these pathways and their relative
contributions to the determination of risk are likely to vary between different cardiac
pathologies. These efforts could still dramatically improve our understanding of VF, and
this gene-based strategy might complement the clinical indicator strategy currently used
for risk stratification. Moreover, identification of the genetic and molecular determinants of
VF provides new targets that could spur the development of new therapies. In this Review,
we describe the progress made in the genetic studies of VF and associated cardiac electrical
traits. Insights gained from these studies are already starting to change our conceptual
framework for SCD, but their direct applications in routine clinical care do not yet exist. We
also discuss the potential to decipher the molecular mechanisms underlying loci identified
by genome wide association studies (GWAS) using genomic resources that are becoming
increasingly available.
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EPIDEMIOLOGY

The reported incidence of SCD in the general population varies, because different
methodologies are used to identify cases. For instance, in the USA, the incidence estimates
range from 180,000 to >450,000 cases annually.> Given the size of the population of the
USA (313,933,954 in 2012), this figure amounts to a yearly incidence of 0.6 to >1.4 per
1,000 individuals.® This estimate is consistent with the incidence (1.0 per 1,000 individuals)
reported in a prospective community-based study performed in the Netherlands.? Although
SCD is approximately four times more common in men than in women, VF is also the most-
common arrhythmia in women with SCD.”® SCD is estimated to account for approximately
50% of all cardiovascular mortality and is the first clinically identified sign of cardiac disease
in 50% of cases.>®

SCD occurs in a broad range of pathological cardiac settings. SCD in the general population
occurs in individuals with an average age of 65 years!® who have complex disease stemming
from multiple common acquired disorders, especially coronary artery disease (CAD) and
associated conditions such as myocardial infarction (Ml), ischaemia, post-MI myocardial
scarring, and ischaemic cardiomyopathy.'! Some cases of SCD are caused by other disorders,
including acquired infiltrative disorders, valvular and congenital structural heart diseases,
heritable cardiomyopathies and heritable primary electrical disease.'? In young individuals
(aged <35 years), in whom the incidence of SCD (estimated incidence of 0.005-0.2 per 1,000
individuals per year)*® is lower than in the general adult population congenital structural
heart disease, heritable cardiomyopathies, and heritable primary electrical disease have a
prominent role.’**> Nevertheless, even in these young individuals with heritable diseases,
SCD does not always occur, because disease severity is heterogeneous (as discussed below).

HERITABILITY AND GENETIC ARCHITECTURE

Mendelian inheritance patterns

Disorders associated with SCD in the young, such as cardiomyopathies and primary electrical
disease are present from birth and typically have a Mendelian pattern of inheritance with
clear transmission from one generation to the next. In Mendelian disease, phenotypes are,
by definition, usually determined by rare variants that have large effects. Thus, in these
disorders, the contribution of genetic factors to the risk of the disease — and consequently
to SCD - is large (Figure 1). Using classic genetic linkage analysis strategies and candidate
gene studies in families affected by these disorders, multiple genes containing rare variants
that confer large effects on risk have been identified (Figure 2).%

Complex inheritance patterns

CAD generally results from atherosclerosis and develops over a long period of time,
typically decades, eventually culminating in myocardial ischaemia and an increased risk
of SCD. Although genetic factors for the development of CAD have been described,” CAD
is generally regarded as an acquired disorder, largely dependent on lifestyle factors such
as smoking and metabolic diseases such as diabetes mellitus and dyslipidaemia. Thus,
the relative contribution of genetic factors to the risk of SCD is weaker for patients with
CAD than for those with Mendelian disease, and transmission patterns within families are
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Figure 1 | SCD in various age groups. The relative contribution of genetic factors to the pathogenesis of
SCD is greatest in young people. In this age group, SCD mainly occurs in the setting of disorders that are
present from birth and display a clear inheritance pattern within families. In patients aged >40 years, SCD
mainly occurs in cardiac diseases that arise as a consequence of coronary artery disease. Coronary artery
disease develops over a prolonged period and is influenced by environmental factors, such as lifestyle.
Abbreviation: SCD, sudden cardiac death.

less clear. Nevertheless, heritable factors have also been demonstrated to have a role in
determining the risk of SCD in the community, where most SCD occurs as sequela of CAD.
Here, similarly to many late-onset, complex, cardiovascular-associated diseases (such as
CAD,*® hypertension,* and diabetes?), family history of SCD is an independent risk factor
for SCD. Evidence of a heritable component for risk of SCD was first found in two population-
based studies published in the late 1990s.2>?* In a case—control study, family history of Ml or
SCD was associated with SCD (relative risk 1.57), independently of classic cardiovascular risk
factors such as diabetes and hypertension. Subsequently, these investigators reanalysed
their data, differentiating between family history of Ml and family history of SCD. After
adjustment for other risk factors and family history of Ml, a positive family history of early-
onset SCD (aged <65 years) was associated with a 2.7-fold increased risk of SCD.? Likewise,
in the Paris Prospective | study, a long-term (>20 years) cohort study of >7000 middle-aged
French men, parental history of SCD was a predisposing factor for SCD.?! The relative risk
of SCD increased 1.8-fold if one parent had SCD (the proportion of one-parental SCD was
10.7% [759/7,079] in the total cohort and 18.6% [22/118] in the SCD cohort), and 9.4-fold
if both parents had SCD (the proportion of two-parental SCD in the total cohort was 0.3%).
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Figure 2 | Unbiased approaches for mapping of genetic variants predisposing to sudden cardiac death. The
expected genetic architecture of the disease and the expected characteristics of the disease-associated
allele, namely its expected frequency in the population and effect size, determine which approach and study
design are most useful for the identification of disease-associated genes. Examples of genes that contribute
to the risk of SCD that have been identified through each of these approaches are indicated. Abbreviations:
LQTS, long QT syndrome; MI, myocardial infarction; SCD, sudden cardiac death; VF, ventricular fibrillation.

These initial studies did not distinguish between the various cardiac pathologies in which
SCD occurred. SCD in the general population most often occurs in patients with CAD, so
we designed the AGNES study specifically to analyse risk factors for VF in patients with a
first acute ST-segment elevation Ml (STEMI). By comparing patients with STEMI who also
had VF with those with STEMI who did not have VF, we identified SCD among first-degree
relatives as an independent risk factor for VF (odds ratio 2.72).2* Family history of CAD,
infarct location, and culprit artery were not different between the two patient groups.
Similar evidence was obtained in a Finnish case—control study published around the same
time, in which patients who experienced SCD during a first acute coronary event were more
likely to have a family history of SCD than acute MI survivors (odds ratio 1.6) and healthy
controls (odds ratio 2.2).%

These findings provide a strong rationale for the search for SCD risk loci in patients with CAD.
Inherited susceptibility for SCD in this setting is expected to be similar to the susceptibility
for other complex traits and is thus likely to be attributable to a spectrum of variants of
different frequencies and effect sizes, ranging from high frequency variants with small
incremental effects on risk to low frequency variants that individually confer high risk.?® In
theory, low frequency variants could exist that would be deleterious in the setting of acute
ischaemia but silent under baseline conditions. The role of common variants has started to
be addressed in the past three years in GWAS,?"?8 as described in detail below.

SCD-ASSOCIATED DISORDERS IN THE YOUNG

Traditionally, rare genetic disorders that predispose young individuals to SCD are categorized
into those associated with a structurally normal heart (primary electrical diseases), and
those associated with structural heart disease (cardiomyopathies). These disorders are
outlined in more detail in the following sections.
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Primary electrical diseases

The primary electrical diseases, which include long QT syndrome (LQTS), short QT syndrome
(SQTS), Brugada syndrome, and catecholaminergic polymorphic ventricular tachycardia
(CPVT), are often characterized by specific electrocardiogram (ECG) abnormalities either
at baseline or during particular conditions such as exercise (CPVT, LQTS), fever (Brugada
syndrome) or pharmacological challenge (Brugada syndrome). To date, most genes
associated with these disorders encode cardiacion channel subunits or proteins that interact
with and regulate ion channels.’® In these disorders, dysfunctional ion channels cause
abnormalities in the electrical properties of the heart, resulting in arrhythmia. For instance,
in LQTS, an increased influx of depolarizing sodium ions or calcium ions, or a decreased
efflux of potassium ions, causes an imbalance between inward and outward currents during
cardiomyocyte repolarization, thereby prolonging the duration of the action potential and
the QT interval on the ECG. Action potential prolongation increases susceptibility to early
afterdepolarizations and ensuing torsades de pointes arrhythmia. Mutations in the gene
encoding sodium channel protein type 5 subunit a (SCN5A) increase sodium ion influx;
mutations in the gene encoding voltage-dependent L-type calcium channel subunit a-1C
(CACNA1IC) increase calcium ion influx; and mutations in the genes encoding potassium
voltage-gated channel subfamily KQT member 1 (KCNQ1), potassium voltage-gated channel
subfamily H member 2 (KCNH2), potassium voltage-gated channel subfamily E member 1 or
2 (KCNE1 and KCNE2), or inward rectifier potassium channel 2 (KCNJ2) increase potassium
efflux.

Inherited cardiomyopathies

The inherited cardiomyopathies are categorized as hypertrophic cardiomyopathy, dilated
cardiomyopathy, or arrhythmogenic right ventricular cardiomyopathy (also known as
arrhythmogenic cardiomyopathy).?*3! Hypertrophic cardiomyopathy is characterized by
left ventricular hypertrophy, myocyte disarray, and fibrosis, and has been linked to genes
encoding sarcomeric proteins. Dilated cardiomyopathy is characterized by left ventricular
dilatation, systolic dysfunction, myocyte death, and fibrosis, and this disease has been
associated with mutations in genes encoding cytoskeletal proteins, nuclear membrane
proteins, or proteins involved in calcium homeostasis. Arrhythmogenic right ventricular
cardiomyopathy, characterized by fibrofatty replacement of the myocardium, has been
mainly associated with genes encoding desmosomal proteins. The abnormal structure
of the heart likely forms the substrate for arrhythmia in patients with cardiomyopathies.
However, the risk of SCD in patients carrying mutations associated with these disorders can
also be elevated in the absence of marked structural abnormalities, suggesting that other
mechanisms also contribute to arrhythmia susceptibility.>> Changes in calcium handling
might confer a predisposition to arrhythmias in troponin T-associated hypertrophic
cardiomyopathy.® Similarly, decreased sodium channel function and conduction slowing
in patients with arrhythmogenic right ventricular cardiomyopathy (as a consequence of
desmosomal gene mutation) can precede the onset of cardiomyopathic changes.?**
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IMPLICATIONS OF GENE DISCOVERY

Gene discovery for the rare cardiac disorders associated with SCD has provided insight into
the pathophysiological mechanisms, allowing for more rational use of existing therapies and
an improved understanding of risk factors. The demonstration that genotypic information
could rationalize drug therapy in the primary electrical disorders was made very soon after
the first gene discoveries for these disorders.32® In a clinical study conducted in patients
with LQTS, the sodium channel blocker mexiletine shortened the QT-interval of patients
with a mutation in SCN5A, but not of patients with a mutation in KCNH2.38 The biological
basis for this differential effect on the QT-interval is that sodium channels harbouring
mutations causing LQTS are selectively targeted by mexiletine, which has a high affinity for
the pathological late opening state of these channels.*

Another example of genotype-specific therapy is associated with the use of B-blockers.
B-Blocker therapy is highly effective in patients with mutations in KCNQ1.%° Patients
with missense mutations in the gene regions encoding the cytoplasmic loops of this
potassium channel had a higher risk of ventricular arrhythmias and benefitted more from
B-blocker therapy than patients with missense mutations in other regions of the channel
or nonmissense mutations.** These clinical observations are supported by findings from
in vitro electrophysiological studies conducted on a series of missense mutations located
in various regions of the channel. In these studies, all mutations led to decreased basal
slowly activating delayed rectifier potassium current (I ), but only missense mutations in
the cytoplasmic loop regions had a dramatically impaired response to the protein kinase
A (PKA) activator forskolin. This observation suggests a blunted PKA-mediated activation
of the I current upon B-adrenoceptor stimulation in patients with mutations in the
cytoplasmic domains of the channel,* which could account for the difference in response to
B-blockers.** Notably, disrupted B-adrenoceptor stimulation has also been seen in patients
with a mutation in KCNQ1 that results in a alanine to valine substitution substitution at
residue 341, an amino acid located at the end of the S6 transmembrane segment;*? this
region has been suggested to interact with the S4-S5 cytoplasmic loop.*?

Another example of rationalized, mechanism-based therapy is the use of the sodium channel
blocker flecainide in the arrhythmia-suppression regime of patients with CPVT.**** The
majority of patients with CPVT carry a mutation in the gene encoding ryanodine receptor
2 (RYR2), a calcium channel on the sarcoplasmic reticulum. CPVT-causing mutations in
this channel result in spontaneous diastolic calcium release, which can trigger ventricular
arrhythmias. In initial studies conducted in a mouse model of CPVT, flecainide inhibited
calcium release from the ryanodine receptor 2 channels, reduced spontaneous calcium
release events and triggered beats, and prevented ventricular tachycardia.** Subsequent
implementation of this therapy in patients with CPVT reduced their exercise-induced
arrhythmias.*4°

DNA DIAGNOSTICS AND GENE DISCOVERY
Gene discovery has enabled genetic testing for the rare rhythm disorders. Genetic testing
is, as yet, largely restricted to tertiary referral centres and its use is more relevant for some

disorders than for others.*®%’ Nevertheless, genetic testing has had a major influence on
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Box 1 | Projects and resources for genetic studies

Encyclopedia of DNA Elements (ENCODE): Maps all transcribed and regulatory
functional elements, including RNA transcripted regions, transcription factor binding
sites, chromatin structure, and histone modification sites.**>> Thus far, 80% of the
components of the human genome have been assigned at least one biochemical
function.

Exome Sequencing Project (ESP): A multi-institutional project which aims to discover
novel genes and pathways contributing to heart, lung, and blood disorders by
generating exome sequencing data from diverse, well-phenotyped cohorts. Variants
identified in this project are publically available via the Exome Variant Server.*!

The 1000 Genomes Project: An international collaboration aiming to produce an
extensive public catalogue of human genetic variation. The genomes of about
2,500 individuals from over 25 different human populations with Asian, African, or
European ancestry will be sequenced. Data on combined and population-specific
allele frequencies are publically available.**®

patient care and has affected diagnosis, choice of therapy, and prognosis, and has prompted
presymptomatic cascade testing of relatives of mutation carriers. However, substantial
challenges exist in the interpretation of genetic test results in the setting of DNA diagnostics.
The degree of allelic heterogeneity (multiple variants in the same gene) at the known
disease-associated genes creates a challenge for the interpretation of DNA diagnostic test
results. The degree of heterogeneity has become increasingly clear in the past 2 years, as
exome and genome sequencing projects such as the 1000 Genomes Project®®* and the
NIH Heart, Lung and Blood Institute’s Exome Sequencing Project®>>! have generated nearly
complete maps of genetic variation in thousands of human exomes and genomes (Box
1). The availability of these databases has brought with it the realization that genomes
of ‘control’ individuals could also contain rare or private genetic variants in arrhythmia-
associated genes. Conversely, particular genetic variants, previously deemed pathogenic on
the basis of their absence in a few hundred control individuals, are actually present in the
general population as observed in these large samples.>%>3

TOOLS FOR DIAGNOSTIC TESTING

In most DNA diagnostic laboratories, testing of large, multigene panels (for example those
encompassing all genes known to be mutated in patients with primary electrical disease
or cardiomyopathy) by next-generation sequencing (NGS) is increasingly replacing the
screening of single genes or small panels of genes.>® NGS refers to high-throughput DNA
sequencing technologies that allow for rapid sequencing of large stretches of DNA, the
entire exome, or the entire genome in a highly efficient and cost-effective manner (as
compared with the conventional Sanger sequencing method). This change in procedure
has introduced additional interpretive challenges. Of the tens of variants identified using
multigene panels, most variants are classified as ‘likely benign’ by virtue of their prevalence
in the general population. However, each test can yield several variants that are novel or that
occur at a very low prevalence in the general population. The identification of such variants
of unknown significance in one or more disease genes is not uncommon. In the absence
of genetic datasets encompassing large families for extensive and robust cosegregation
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analysis, which is usually the case, distinguishing deleterious disease-causing variants from
innocuous variants remains a major challenge.

Several computational strategies that estimate the potential deleteriousness of identified
gene variants are available.>®> One category (called ‘sorting tolerant from intolerant’)"®
employs amino acid sequence alignments to determine the degree of evolutionary
conservation. The underlying premise is that the highly evolutionarily conserved amino
acid positions tend to be intolerant to substitution, whereas those with a low degree of
conservation tolerate most substitutions. Some of these programs incorporate additional
features such as structural information and biochemical data, including the accessible surface
area and hydrophobic propensity of an amino acid (for example in the PolyPhen-2 tool).”’
In a somewhat different approach, multiple amino acid sequence alignments of LQTS gene
paralogues have been used to identify important amino acids.>® Paralogues are genes that
are descended from a common ancestral gene and have diverged after a genomic duplication
event. They encode proteins with similar functions; for example KCNQ1, which encodes a
potassium channel expressed in heart and, when mutated, is associated with LQTS, is a
paralogue of KCNQ4, which encodes a potassium channel expressed in the inner ear and,
when mutated, is associated with deafness. The disease-causing amino acid substitutions in
the LQTS paralogues were used to predict functionally important residues encoded in LQTS-
associated genes, substitutions of which are potentially disease-causing.*® Computational
strategies based on nucleotide sequence alignments and evolutionary conservation have
also been developed.>® Such in silico methods are used by some diagnostics laboratories
to assess the deleteriousness of the variants of unknown significance that they identify
in patients. These laboratories sometimes suggest the significance of these variants, as
determined through in silico analyses, in the report of the DNA test result. However, the
interpretation of the output of such analyses must be viewed in light of their limitations and
caveats. Unfortunately, functional studies, which can sometimes shed light on the causality
of amino acid-changing variants, cannot usually be done in the clinical setting, as these
studies require a specialized research setting and are labour-intensive and expensive.
Interpreting the importance of DNA variants in the diagnostic setting is difficult. The
cardiac community must, therefore, standardize genetic testing platforms and the depth
of clinical phenotyping. Standardization is required to support the exchange of genotype
and phenotype data across centres, which is necessary to further our understanding of the
contribution of such variants to these rare diseases. Though indispensable, such an effort in
variant annotation in extended patient sets is likely to take years of careful studies before
information on these variants can be used in routine clinical care. This effort will also benefit
from the systematic study of control populations wherein genomic data are annotated with
detailed clinical information and physiologically relevant assays.®

EXOME AND WHOLE-GENOME SEQUENCING

NGS could also be used to identify novel disease-associated genes in patients with rare
cardiac disease in whom no mutations in the known disease-associated genes are identified.
Exome sequencing (and possibly genome sequencing, as this becomes increasingly available)
is likely to have a crucial role in discovering new disease-associated genes.®! Around 20,000
variants are found in comparisons of exome sequence data from one individual with
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the reference genome, amplifying the issue of variant interpretation as discussed in the
previous section. This large number of variants is subsequently reduced to a few hundred by
filtering against catalogues of already-identified variants***! to find variants that are novel
or rare. The ensuing analysis to determine the causal mutation or mutations depends on
the suspected mode of inheritance.

Employing the de novo mutation paradigm, exome sequencing was performed in trios
consisting of an affected child and unaffected parents.®> Mutations in two genes encoding
calmodulin (CALM1 and CALMZ2) were identified in infants affected by severe QT-interval
prolongation and recurrent cardiac arrest (the mutation in each child was not present in the
unaffected parents).®? These genetic defects would have been impossible to discover before
the introduction of NGS. Each individual carries only a limited number of variants that are
not also found in their parents (around 50-100 de novo mutations, approximately one of
which could be amino acid-altering).®® Thus, the analysis of a few unrelated parent—child
trios with sporadic presentation of the same presumed autosomal dominant disorder can
be sufficient to identify de novo mutations in disease-associated genes.

In the search for genes involved in rare diseases, exome sequencing has been most
successful in the identification of de novo mutations and of genes for recessive disorders
(which involves a search for compound heterozygous mutations or homozygous mutations
in consanguineous individuals, which also substantially reduces the number of remaining
candidate variants). By contrast, genes responsible for autosomal dominant disorders
are difficult to identify by exome sequencing.®’ To identify these genes, heterozygous
gene variants shared among affected relatives are compared, which typically still leaves
a considerable number of variants, particularly in small families in whom cosegregation
analysis cannot be effectively performed. Two exome sequencing studies of autosomal
dominant disorders with reduced penetrance published in 2013 - one from our group in
which a mutation in CALM1 was found in patients with idiopathic ventricular fibrillation,
and one in which a mutation in CACNAIC was discovered in patients with autosomal
dominant LQTS® - employed additional downstream strategies for variant prioritization,
such as the cardiovascular gene ontology annotation,®® to home in on disease-associated
mutations. Interestingly, in both studies, distinct phenotypes were observed for mutations
in known arrhythmia-causing genes. The detection of mutations in the same gene in
unrelated individuals or families is an important means of gene validation. In the absence
of this observational evidence, support for causality needs to come from functional studies.
The increasing accessibility of whole-genome sequencing and our increasing knowledge of
regulatory elements in the noncoding region of the genome, discussed in detail below, will
ultimately encourage the search for causal variants in the noncoding region of the genome.
The noncoding region is an unchartered territory in rare disease genetics in general.

GENETIC FEATURES OF THE RARE DISORDERS

Incomplete penetrance

Clinical management of patients with rare cardiac Mendelian disorders is complicated by
the variability in disease severity among mutation carriers, as is the case for most Mendelian
disorders (Figure 3). In 1980, even before the identification of genes associated with LQTS,
the disease spectrum of LQTS was proposed to be larger than expected, and was thought
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Figure 3 | Family with primary electrical disease displaying reduced penetrance and variable disease
expression. (A) Pedigree of a family harboring a mutation in SCN5A. This mutation resulted in loss of
sodium channel function (shown by electrophysiological studies) consistent with the phenotype. The index
patient (Ill:6, male, aged 37 years) presented with palpitations. Notably, one individual (ll:1) presented
with Brugada syndrome and sinus node dysfunction despite testing negative for the familial mutation. Age
and sex likely modulate disease manifestations in this family, but additional genetic factors could also have
a role. The mode of inheritance for these disorders is likely more complex then previously suspected. (B)
An ECG diagnostic of Brugada syndrome was observed in the index patient after sodium channel blocker
challenge with flecainide. (C) Holter monitoring strip results of the index pateint showing sinus node
dysfunction and conduction abnormalities.

likely to include individuals with a normal QT interval.® Variable disease severity is probably
best appreciated in large pedigrees or in multiple families harbouring founder mutations,
as phenotype variability is most easily observed among a large number of carriers of the
same primary genetic defect (excluding effects on clinical severity stemming from different
genetic defects).®”% Certain mutation carriers might not display clinical signs of the disease
(such as ECG abnormalities in patients with primary electrical disease), even though they
carry the familial mutation (commonly referred to as reduced penetrance), whereas others
who are affected have variable disease severity (variable expressivity).**”® Crucially, only a
fraction of mutation carriers develops a life-threatening arrhythmia.”*

In the primary electrical disorders, additional genetic factors are suspected to contribute
to clinical disease variability together with established modulators such as sex,’? age,”
heart rate,”* and drug use.” The occurrence of compound mutations’”’ (>1 mutation
in 21 gene; a scenario that occurs in as many as 9% of patients with LQTS’®7°) and the
particular type and location of the amino acid alteration in the resulting protein®#! can
explain disease severity in some cases. However, additional genetic factors, known as
genetic modifiers, are also suspected to contribute to variability in disease severity. The
identification of genetic modifiers is of considerable interest, and is expected to lead to
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improved risk stratification.®®82% The rare cardiac disorders associated with SCD have been
widely assumed to be Mendelian, monogenic disorders to date, caused by the inheritance
of a single, large-effect, penetrant or nearly penetrant variant that is very rare in the
general population. However, in addition to the large variability in disease severity, several
other observations, including the occurrence of sporadic cases and our inability to identify
new disease-associated genes by classic linkage analysis, suggest an oligogenic mode of
inheritance for at least some of these rare disorders. Such a model would involve the
inheritance of multiple variants, possibly of different effect size, in different genes.

Genetic modifiers

For the primary electrical diseases in particular, the obvious candidate modulatory variants
for ECG manifestations or the occurrence of arrhythmia are the common single nucleotide
polymorphisms (SNPs) that have been identified by GWAS as modulators of ECG indices in
the general population (Table 1). Common variants in the genes encoding carboxyl-terminal
PDZ ligand of neuronal nitric oxide synthase protein NOSIAP%#2 and KCNQ1,%* identified as
QT-interval modifiers by GWAS on the basis of ECG indices (ECG-GWAS),%>%” modify the QT-
interval and risk of arrhythmias in patients with LQTS. The use of these variants for routine
clinical management is probably not imminent owing to the small effect size that is typical
of such common genetic variants. Future studies in which additional variants identified by
ECG-GWAS are investigated will likely inform us of the usefulness of genotyping multiple
small-effect variants that might collectively explain a larger part of the interindividual
variability than individual SNPs do.

In a search for genetic modifiers in patients with mutations in KCNQ1, we and others
hypothesized that SNPs in the 3" untranslated region (3"UTR) of KCNQ1 modify the relative
expression of the normal and mutation-containing alleles and thereby contribute to
disease variability.® In our analysis, patients carrying specific KCNQ1 3’UTR variants (SNPs
rs2519184, rs8234 and rs10798) on the same allele as the LQTS-associated KCNQI mutation
had a less severe phenotype than those who carried these variants on the other allele.
These allele-specific effects are presumably caused by differences in microRNA binding at
the 3’UTR of the respective transcript. In support of an allele-specific effect of these variants,
genetic variation at one of the SNPs implicated in this study (rs10798) was associated with
differential allelic expression in lymphoblastoid cell lines.® This work highlights another level
of complexity in the interpretation of data from genetic modifier studies—the necessity to
consider allele-specific, disease-modifying effects of genetic variation. This consideration is
particularly important for ion channel disorders that are caused by mutations in channels
made up of multimers from subunits encoded by both alleles.

Brugada syndrome

An oligogenic model of inheritance is strongly suspected in Brugada syndrome,*® which
is causally associated with mutations in SCN5A in approximately 20% of cases.* In 2013,
we published the results of a GWAS in which we examined the contributions of common
genetic variants to risk of Brugada syndrome, and identified three independent SNPs
associated with an increased risk (rs10428132 and rs11708996, both at the SCN5A/SCN10A
locus, and rs9388451 near HEY2, which encodes hairy/enhancer-of-split related with YRPW
motif protein 2).2 Of note, we found that disease risk increased consistently with increasing
numbers of risk alleles carried at these three loci, with an estimated odds ratio of 21.5 with
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more than four risk alleles compared with fewer than two. Although further validation is
required in additional independent sets of patients with Brugada syndrome, these findings
suggest, for the first time, that the genetic architecture of at least some of the rare rhythm
disorders could be different to that assumed thus far. Furthermore, the associations at
the SCN5A/SCN10A locus demonstrate that genetic polymorphisms previously shown to
modulate cardiac conduction in ECG-GWAS in the general population® (Table 1) can
also influence susceptibility to a rare primary electrical disorder. Mechanistically, because
HEY2 encodes a transcriptional repressor, altered transcriptional programming during
cardiac development could also contribute to the pathogenesis of Brugada syndrome.®® The
hypothesis that changes in HEY2 expression at SNP rs9388451 increase the risk of Brugada
syndrome is supported by evidence in mice that Hey2 regulates cardiac ion channel gene
expression and electrical activity.®

RISK VARIANTS FOR SCD IN THE COMMUNITY

Candidate gene studies

In contrast to the genetic discoveries made for the rare cardiac disorders associated with
SCD, very little progress has been made in identifying genetic risk factors for complex
arrhythmias occurring in the setting of acquired cardiac diseases in the general population.
In a few candidate gene studies, common®% and rare®%1% variants in genes encoding
ion channel subunits already implicated in the primary electrical disorders (SCN5A, KCNQ1,
and KCNH2) were found to contribute to SCD risk in this setting, although independent
replication of these findings is lacking for most studies.

Some studies have also addressed the possible role of common variants at loci with predicted
biological relevance for SCD, including genes implicated in the sympathetic nervous
system (such as the B2-adrenergic receptor, encoded by ADRB2)1%+1% platelet activity and
coagulation (such as glycoprotein 1ba and integrin B3, encoded by GP1BA, and ITGB3,
respectively)’®1%, the renin—angiotensin—aldosterone system (such as type | and type I
angiotensin |l receptors, encoded by AGTR1I and AGTR2, respectively),’® loci implicated
in schizophrenia and epilepsy,'’® and the myocardial infarction locus on chromosome
9p21.1*! The MetaboChip!'? custom array was used in a 2012 publication to compare the
frequency of almost 120,000 SNPs that were previously found to be nominally associated
with a variety of metabolic, cardiovascular, and anthropometric traits in large-scale meta-
analyses of several GWAS.'*® In this analysis, two SNPs (rs6730157 on chromosome 2q21,
and, rs2077316 on chromosome 10g21) were associated with SCD in the context of CAD at
genome-wide statistical significance; however, similar to most SNPs identified in candidate
genes studies, these SNPs currently await validation in additional patient sets.

Genome-wide association studies

Since 2010, systematic analysis of variants for associations with SCD has been performed at a
genome-wide level. To date, four GWAS studies on VF and SCD have been published;?”-2114115
associations at the stringent P-value threshold of <5x107%, corresponding to genome-wide
statistical significance, were reported in two of these studies (Table 2).2?® The first of
these two studies was conducted by our group in the AGNES case—control set, in which
we compared individuals with or without VF in the setting of a first STEMI.?” The most-
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Table 1 | GWAS loci containing genes associated with cardiac electrical function and/or

arrhythmia

SNP? Chromosome Candidate gene Other associated cardiac traits

Heart rate

rs6882776'%° 5934 NKX2.5 PR interval,*?® QRS interval,'?® QT interval, 1#
AF129*

rs11154022,1% 6g21-g23.2 GJA1 QRS interval,'® QT interval,'?® AF?®

rs9398652 or

rs101545112-131

rs281868,%3! 6422 PLN QRS interval,®>'?** QT interval, 827129* PR

rs11153730'%° interval,*?° AF'?®

rs223116* 14q11.2 MYH7 None

rs36599(0%3129,131 14q11.2 MYH6, miRNA 208a PR interval,®>*>* QT interval,*>*

rs44899681%° 15¢g24.1 HCN4 AF129%

PR interval

rs3922844,'3 3p22.2 SCN5A, SCN10A QT interval 2% QRS interval,®*°>!3* p-wave

rs11708996,* duration,®? AF,*#13 pacemaker implantation,®

rs6599222,133 Brugada syndrome,® Ml-induced VF,*2 cardiac

rs6795970 or arrhythmias?*®

rs6801957°>%133

rs251253% 5¢g35.1 NKX2.5 AF%

rs3807989%°4 7931.1 CAV1, CAV2 AF?394

rs1896312,* 12qg24.21 TBX3, TBX5 QRS interval,®>*>* AF,** advanced atrioven-

rs7312625,'3 tricular block,®® QT interval®®

rs3825214°

QRS interval

rs4074536°° 1p13.3-pl1 CASQ2 None

rs4687718°% 3p14.3 CACNA1D QT interval,® SCD*

rs6795970 or 3p22.2 SCN5A, SCN10A PR interval,®>>133* p-wave duration,®? AF,%138

rs6801957,%:9>:138 pacemaker implantation,®® Brugada syn-

rs2051211,% drome,® Ml-induced VF*? cardiac arrhyth-

rs10865879,°>138 mias,**® QT interval 8687.95%

rs11710077,%

rs11708996,°%

rs9851724°%

rs11153730°% 6022 PLN Altered heart rate,'?>13'* QT interval,887129*
and PR interval,'?® AF'?®

rs1362212% 7p14.3 TBX20 None

rs883079,%:133 12g24.21 TBX3, TBX5 PR interval,'*** AF,°® advanced atrioventricular

rs10850409,% block®® QT interval®®

rs3825214%

rs9912468°% 17922-g23.2 PRKCA QT interval®
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QTc interval

rs109190718¢ 1924.2 ATP1B1 None

rs11129795887 3p22.2 SCN5A QRS interval®138*
rs11970286,% 6422 PLN Heart rate,'?2131* QRS interval,®2* PR inter-
rs117564388%¢ val,*?® QT interval,'?°* AF1®
rs2968863,%° 7936.1 KCNH2 None

rs4725982°%

rs12296050,%¢ 11p15.5 KCNQ1 None

rs12576239,%

rs2074238,%

rs177797478 17924.3 KCNJ2 None

rs1805128% 21qg22.12 KCNE1 None

SOnly association signals that were identified at P<5x107 are listed. *Association at genome-wide statistical
significance (P <5x10%). Abbreviations: AF, atrial fibrillation; GWAS, genome-wide association studies; MI, myocardial
infarction; SCD, sudden cardiac death; SNP, single nucleotide polymorphism; QTc, corrected QT interval; VF, ventricular
fibrillation.

significant association with VF was found at chromosome 21921 (SNP rs2824292). This
association signal occurred in a gene-poor region; however, of the two genes located within
1 Mb of the signal, CXADR, which encodes coxsackievirus and adenovirus receptor (CAR),
is a plausible candidate for the observed effect (the other potential candidate in the region
is BTG3). CAR is a cell adhesion molecule predominantly located at the intercalated disc.!!®
The protein has been long-recognized for its involvement in virus-mediated myocarditis, but
mice deficient for cxadr also have defects in atrioventricular conduction through aberrant
gap junction y-1 (also known as Cx45) protein localization at the intercalated disk.!*’:1®
Interestingly, the expression level of gap junction a-1 protein (also known as Cx43), the
predominant gap junction molecule in the ventricular myocardium, was decreased in hearts
of car-deficient mice.'*® This finding highlights the intriguing possibility that CAR also has a
role in ventricular conduction and susceptibility to ventricular arrhythmia.

An association with SCD at genome-wide statistical significance was also reported in a meta-
analysis of GWAS data on individuals with SCD and controls from the general population
from five community-based cohort studies, with follow-up genotyping of selected SNPs in
additional SCD patients and controls. In this study, an association signal was identified at
chromosome 2¢24.2 (SNP rs4665058).%2 The lead SNP at this locus maps to an intron within
the BAZ2B gene, which encodes bromodomain adjacent zinc finger domain 2B, and the
haplotype tagged by this SNP extends to the WDSUB1 and TANC1 genes (encoding WD
repeat, SAM and U-box domain-containing protein 1 and protein TANC1, respectively). All
three genes are expressed in heart; however, their possible involvement in cardiac electrical
function and susceptibility to SCD remains unknown. Furthermore, other genes are located
in the proximity of the associated haplotype. Interestingly, the risk allele at rs4665058
has a low frequency in European ancestry populations (minor allele frequency 1.4%),
underscoring the possibility that relatively rare variants have a role in determining SCD risk.
Although the above studies have discovered association signals for VF and SCD, replication
efforts have been very limited, both in the original studies and in the few studies that have
followed. Furthermore, consistent associations across studies are difficult to find, including
those from GWAS. For example, although the association between VF and the 21921
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Table 2 | Genetic loci associated with SCD through GWAS

SNP Locus Nucleotide in Risk allele Oddsratio Pvalue Nearest Study
risk allele frequency* (%) (95% Cl) gene(s)
rs2824292 21921 G 46 1.78 (1.47- 3.36 x 10"*® CXADR, BTG3, Bezzina et al.
2.13) C210rf91 (2010)7
rs4665058 2q24.2 A 1 1.92 (1.57- 1.8x10'° BAZ2B Arking et al.
2.34) (2011)*®

* Individuals of European descent. Abbreviations: GWAS, genome-wise association studies; SCD, sudden cardiac
death; SNP, single nucleotide polymorphism, SSS, sick sinus node disease.

(rs2824292) locus detected in the AGNES GWAS was replicated in a small case—control set
in the original study,? it was not detected in another small case—control set.!® Similarly,
the BAZ2B locus was not found to affect VF risk in the AGNES case—control set.”® These
inconsistencies could be caused by several factors, most of which are likely associated with
fundamental difficulties and limitations of genetic studies on the VF or SCD phenotype (Box
2). Of note, the SNPs associated with VF or SCD in these studies had small effect sizes on risk
and are not currently useful for risk stratification or to direct clinical management. Common
genetic variants generally have small effect sizes, as has been observed in most GWAS
conducted thus far across various traits.' We hope, however, that these studies indicate
as-yet-unknown arrhythmia mechanisms that could be targeted in intervention strategies.
Moreover, although rare genetic variants with large effects, which could be useful in risk
prediction, are suspected to be involved in SCD and VF, the identification of such variants by
NGS is hampered by the small size of the SCD populations currently available for study. This
limitation could be solved by ongoing efforts to expand such data sets.

GWAS OF ECG INDICES

Arrhythmia is a complex phenotype and is likely governed by multiple interacting biological
and environmental factors. Among the biological factors, intrinsic cardiac electrical function
is likely to have a crucial role. Thus, ECG indices are regarded as intermediate phenotypes
of arrhythmia.?! In support of this concept, prolongation of particular ECG intervals (such
as QT and QRS duration) could be a risk factor for SCD, both among individuals from the
general population and in patients with specific cardiac diseases.?22¢ Many researchers
have, therefore, focused on the identification of genetic factors that govern interindividual
variability in cardiac electrical function as measured by surface ECG. ECG indices are
very useful in genetic studies because they display marked heritability®*!?"12¢ and can be
accurately measured in large groups of individuals.

Large international consortia have, over the past 7 years, successfully employed the GWAS
approachinlarge samples of the general population to identify common genetic variants that
modulate heart rate and ECG indices of conduction (PR and QRS duration) and repolarization
(QT duration) (Table 1).8587:92-95129-134 Ag expected, these studies identified genetic variation
within or close to genes already linked to these traits: for example HCN4 and NKX2-5 (which
encode potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel
4 and homeobox protein Nkx-2.5, respectively), were associated with heart rate; TBX3,
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TBX5 (which encode T-box transcription factor TBX3 and TBX5, respectively), and SCN5A
were associated with PR and QRS duration; and KCNH2, KCNQ1, KCNJ2, and KCNE1 were
associated with QT duration. However, loci that do not harbour genes previously known
to have a role in determining ECG parameters were also identified (Table 3). Thus, despite
the small effect size in these GWAS signals, many untapped avenues for research have been
identified in these studies and are likely to provide us with a broader understanding of the
biology of these traits.

Although the effect of common variants on ECG indices is highly reproducible, and the
role of these variants as mediators of risk is plausible, studies that have directly assessed
the effect of these variants on SCD risk have been generally disappointing. Most reports
have not detected an association with SCD or have yielded inconsistent findings.?®!35-1%
Perhaps one exception is rs6795970 (in high linkage disequilibrium with rs10428132 and
rs6801957 at the SCN5A/SCN10A locus, see below), associated with PR and QRS duration
in GWAS, which has been associated with atrial fibrillation in two studies,**!*® and with VF
in another.” Of note, the PR-prolonging and QRS-prolonging allele was associated with a
protective effect in all three studies.

The difficulty in detecting effects of ECG-GWAS SNPs on SCD risk could have multiple causes.
First, the studies designed to attempt to link these genetic variants to SCD risk have the same
limitations as studies designed to try to link variants to the SCD phenotype directly (Box 2).

BOX 2 | Challenges in conducting genetic studies on VF or SCD in the community

Cases

One difficulty in conducting genetic studies on patients with VF or SCD is the paucity
of patients from whom DNA and deep phenotyping data have been collected. The
statistical power for genetic discovery and the potential to replicate findings are,
therefore, limited. SCD occurs suddenly (by definition) and usually unexpectedly, and
VFis lethal within minutes if left untreated. The few DNA biobanks of such patients that
exist are still small. The varying extent of the phenotypic and clinical characterization
of SCD cases in the existing biobanks, particularly the VF/SCD phenotype itself, and
the lack of definition of the underlying cardiac pathology in which it occurs could
also render findings inconsistent. Attribution of the death to SCD often relies solely
on the suddenness of the death, as few studies include ECG documentation of
VE.2417 Some cases of sudden death, such as stroke or aneurysm could be incorrectly
classified as SCD. VF occurs in a broad spectrum of cardiac pathologies, so VF might
stem from different mechanisms in different groups of patients, each with different
genetic underpinnings, rendering deep phenotyping crucial to distinguish the various
mechanisms underlying VF. Additional information from autopsies or the patients’
medical history would provide information about the underlying cardiac substrate,
but entails considerable effort.

Controls

Some studies have employed population-based controls, whereas other studies have
sought to employ similarly exposed controls (same cardiac pathology but no VF or
SCD) such as patients with a first acute Ml but without VF,?” or with Ml and CAD.** The
rationale is that Ml or CAD controls would enable the discovery of genetic associations
related to VF and SCD, but independent of CAD, thus avoiding confounding and
increasing the statistical power for detection of VF-associated SCD variants.

Abbreviations: CAD, coronary artery disease; MI, myocardial infarction; SCD, sudden
cardiac death; VF, ventricular fibrillation.
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Table 3 | Loci without genes previously associated with electrical function

SNP? Chromosome Nearest gene(s) Association with other
cardiac traits

Heart rate

rs2745967%3 1932 CD34 None

rs12731740%29130 1932.2 CD46, CD34, PLXNA2 None

rs11576175%° 1921.2 CTSS None

rs17362588'%° 2931 CCDC141 QRS interval'®

rs4140885'%° 2932 TFPI None

rs13030174**° 2937 B3GNT7 None

rs7612445» 3026 GNB4 None

rs9647379'% 3026 FNDC3B None

rs12110693%° 6g22.31 LOC644502 None

rs180242'* 7qg21 GNG11 None

rs314370%% 7922 EPHB4, SLC12A9, SRRT, None

rs13245899'%° UFSP1, ACHE

rs2350782'%° 7933 CHRM2 None

rs174549129,131 11q13 FADS1 QRS interval,? QT interval*?°*

rs79807991% 12p12 SYT10 None

rs17287293129131 12p12 SOX5, BCAT1 PR interval,®** AF**

rs8268381*° 12q12 CPNES8 None

rs2067615'% 12923 RFX4 None

rs885389134 12q24.33 GPR133 None

rs17796783%° 14931 FLRT2 None

rs6127471% 20q11 KIAA1755 None

PR interval

rs10865355%4133 2pl4 MEIS1 None

rs7660702°%%%4 4922.1 ARHGAP24 None

rs4944092°% 11913.5 WNT11 None

rs11047543%412° 12p12.1 SOX5, BCAT1 Heart rate,3'* AF*
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QRS interval

rs17391905°% 1p32 Clorf185, RNF11, CDKN2c, PR interval®
FAF1

rs9436640% 1p31 NFIA None

rs7562790% 2p21 CRIM1 None

rs17020136% 2p22.2 HEATR5B, STRN None

rs2242285% 3pl4.1 LRIG, SLC25A26 None

rs13165478% 5933 HAND1, SAP30L None

rs1321311,%%% 6p21.2 PI16, CDKN1A None

rs9470361%%

rs7784776% 7p12.3 IGFBP3 None

rs1733724°%% 10911.2 DKK1 None

rs7342028% 10925.2 VTI1A None

rs1886512% 13922 KLF12 None

rs11848785% 14924.2 SIPA1L1 None

rs17608766° 17921 GOSR2 None

rs991014% 18qg21.1 SETBP1 None

QTc interval

rs121438428687 1923.3 NOS1AP QRS interval,® SCD,*> QTc??

rs2880058,°%134 and arrhythmia®®®2in long QT

rs104943668%134 syndrome

rs12029454,%

rs16857031,%

rs4657178%

rs24783331% 13913 SUCLA2 None

rs80496072¢%7 16p13.13 LITAF, CLEC16A, SNN, None
ZC3H7A, TNFRSF17

rs7188697%% or 16921 CNOT1, GINS3, NDRG4, None

rs370628%%7 SLC38A7, GOT2

rs2074518% 17911.2-q12 LIG3, RFFL None

*Only association signals that were identified at P<5x107® are listed. *Association at genome-wide statistical

significance (P <5x10-8). Abbreviations: AF, atrial fibrillation; GWAS, genome-wide association studies; SCD, sudden

cardiac death; SNP, single nucleotide polymorphism; QTc, corrected QT interval.
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Figure 4 | GWAS and post-GWAS strategies.

GWAS
8 . . .
g 8IC =c—control stit Genetic regions that could affect .cardlac E.CG
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Identification of the causal gene(s)

Association between the causal variant and the
expression level of a putatively causal gene(s)

= Expression quantitative trait locus analysis

= |dentify chromatin conformation at the locus of interest
= Gene network analysis

Functional studies

The mechanism by which the causal gene, regulated
by the causal variant(s), affects the phenotype

= Electrophysiological and molecular studies in
heterologous cellular expression systems or human
stem cell-derived cardiomyocytes

= Electrophysiological and molecular studies in animal
models at baseline or under perturbed conditions
(e.g. myocardial ischaemia)

Functional/follow-up studies

In addition, the effect of ECG-GWAS SNPs is generally in the order of a few milliseconds or
even a fraction of a millisecond (that is, allele effect sizes of 0.4-0.9 ms for QRS duration,
and 1-4 ms for QT duration). This effect size might not be important relative to the large
effects on cardiac electrophysiological properties that are induced by common acquired
disorders, such as acute ischaemia or remodelling induced in the setting of heart failure.3%14°
In addition, although testing of the effect of variants in aggregate seems attractive, the
process is complicated by the possibility that ECG-SNPs have pleiotropic effects, and that
these multiple effects have opposing directions. For instance, index SNPs at the SCN5A-
SCN10A and PRKCA loci seem to affect both QT duration and QRS duration, but in opposite
directions —they shorten the QT interval and prolong the QRS interval.*®

IDENTIFYING DISEASE MECHANISMS VIA GWAS

The effect size of the common SNPs identified by the GWAS studies on ECG indices, VF and
SCD discussed above is small, and mapping these SNPs is thus unlikely to provide useful
information for clinical decision-making in the short term. However, their identification in
these studies has provided the scientific community with numerous leads (Tables 1 and 3)
to initiate basic studies aimed at identifying novel molecular mechanisms and pathways
underlying cardiac electrical function. In particular, the large number of association signals
identified by ECG-GWAS might suggest novel biological pathways involved in arrhythmia.
These pathways could be tested in animal models, and could eventually be used for
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pharmacological intervention. Genomic loci discovered by GWAS are important to follow
up functionally since, beyond the knowledge of the molecular counterparts of the cardiac
ionic currents (the ion channels themselves), little knowledge of the higher-order regulators
of cardiac electrical function (such as the regulators of ion channels) exists.

In our continued attempts to discover the biological underpinnings of SNP associations,
however, we are inevitably confronted with the inherent limitation of GWAS: it illuminates a
region in the genome that is associated with a trait, but does not inform us about the exact
genetic variant and gene mediating that effect. Firstly, SNPs are highly correlated (in high
linkage disequilibrium) with neighbouring SNPs, thereby forming haplotypes. Therefore, any
SNP on a given haplotype could be responsible for the effect observed in GWAS. Similarly
to the majority (~88%) of SNPs identified in GWAS in general,*** SNPs associated with ECG
parameters, VF, or SCD are usually located within the noncoding regions of the genome
and thus likely exert their effect through changes in gene expression. Accordingly, with the
exception of those rare cases where a candidate amino-acid-changing variant is located
on the risk haplotype (and could be directly tested in functional or electrophysiological
studies), linking a GWAS signal to a functional mechanism ideally involves three components
(Figure 4). Firstly, the causal variant within the susceptibility haplotype should be identified.
Secondly, the association between the causal variant and the expression level of a cognate

Box 3 | Definitions of biological concepts and methodologies

Enhancer: A regulatory DNA element that promotes gene expression distally
from both the transcription start site and promoter elements directly upstream
of a gene. Enhancers often function in a cell-type-specific or tissue-type-specific
manner. Enhancer sequences are composed of clusters of transcription factor
binding sites to which activating and repressive factors can bind. These elements
can be located in introns and intergenic regions, and can be kilobases apart from
their target genes.'*®

Linkage disequilibrium: Alleles at two or more neighbouring loci that do not
segregate independently. Linkage disequilibrium is highest within short distances
(5-20 kilobases), but can occur at distances of >100 kilobases. The pattern of
linkage disequilibrium varies among human populations.

MicroRNA: Short, noncoding RNA molecules implicated in gene regulation by
posttranscriptional repression of mRNA translation.

Promoter: A regulatory DNA element that promotes and initiates gene expression
proximal to a gene. Promoter sequences are composed of RNA polymerase and
transcription factor binding sites and are generally located at the 5’end of the
transcription initiation site of a gene.

Chromatin immunoprecipitation-sequencing (ChiP-seq): A technique to identify
enhancers and histone modifications. Protein—-DNA complexes are isolated using
antibodies that recognize specific DNA-binding proteins, followed by massive
parallel sequencing, thereby scanning the entire genome for potential transcription
factor binding sites and histone modification sites.**

Exome sequencing: A targeted approach to selectively sequence the approximately
1% of the genome that codes for proteins (the exome) in order to identify protein-
altering genetic variants.

Expression quantitative trait locus (eQTL): Genomic locus that controls transcript
abundance. Systematic eQTL mapping involves combining quantitative assays of
gene expression (e.g. microarrays or RNA sequencing) with genetic variation (e.g.
SNPs) on a genome-wide basis.

Genome sequencing: High-throughput sequencing of the entire genome (~3.2
billion nucleotides).
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gene should be investigated by means of expression quantitative trait locus (eQTL) analysis
to identify a candidate gene for functional studies (Box 3). Finally, functional studies will
provide the potential mechanism through which the candidate gene, under the control of
the causal variant, affects the phenotype (Figure 4).242143

The ENCODE project!** and individual laboratories are rapidly providing insight into the
functional regulatory elements (such as enhancers and promoters) in the noncoding part
of the genome. These developments are crucial to furthering our understanding of the
genetic mechanisms associated with GWAS loci in noncoding regions, because they provide
a means to prioritize the potentially causal variants in haplotypes for further studies. The
identification of such regulatory regions has been made possible by new technologies
that have become available in the past decade that locate the DNA sites where specific
proteins, including transcription factors and transcriptional coactivators, are bound (Box 3).
Pioneering work using in vivo chromatin immunoprecipitation sequencing (ChIP-seq) for the
enhancer-associated coactivator p300 in mouse embryonic heart identified >3,000 potential
cardiac enhancers.'® A subsequent study from the same laboratory using an antibody
that recognizes both p300 and the closely related CBP coactivator protein mapped >6,000
potential human cardiac enhancer sequences in foetal and adult human cardiac tissue.#®
Strictly defined patterns of transcriptional activity, such as those involved in tissue-specific
gene expression, are thought to be achieved, at least in part, by co-occupancy of distinct
enhancer elements by multiple transcription factors. Chromatin co-occupancy by the
transcription factors GATA4, NKX-2.5, TBX5, serum response factor (SRF), and myocyte-
specific enhancer factor 2A (MEF2A), for example, has been used to identify transcriptional
enhancers active in heart.’*” A clear example of how such endeavours can help understand
the mechanisms underlying GWAS signals came from a study?*® which overlaid the binding
sites for TBX3, NKX-2.5, GATA4, and p300 that were identified by ChIP-seq in cardiac tissue.
A G>A nucleotide change in SNP rs6801957 (at the SCN5A/SCN10A locus), was found to
reside in a consensus T-box transcription factor binding site within a cardiac enhancer.'*®
This G>A change reduced T-box transcription factor binding to the enhancer, affected the
stimulation and repression, by TBX5 and TBX3, respectively, of a reporter in in vitro assays,
and reduced the activity of the enhancer in vivo, thereby providing strong evidence that it
is the causal variant within the rs6795970/rs10428132-tagged haplotype.* This haplotype
is implicated in the regulation of PR duration24 and QRS duration,®® susceptibility to atrial
fibrillation®**3® and ischaemia-induced VF,°? and risk of Brugada syndrome.®® However,
although this nucleotide change is expected to affect the regulation of SCN5A or SCN10A
expression by TBX3 and TBX5 in human heart, data on variations in these transcripts as a
function of genotype at the rs6801957 SNP site (the eQTL effect) are lacking.'*®%° Although
eQTL resources are available for a variety of tissues, they are not yet available for the human
heart, hindering our ability to correlate GWAS SNPs with the expression of genes as a means
of deducing candidate causal genes.

Despite the strong evidence for rs6801957 in mediating the pathophysiological effect of
the haplotype on which it occurs, through differences in transcription factor binding, SNP
rs6795970 is also on this haplotype (r?*=0.93 with rs6801957) and encodes a nonsynonymous
substitution (Ala1073Val) in the SCN10A-encoded sodium channel protein type 10 subunit
a (also known as Na 1.8). This protein was originally reported to be highly expressed in
the nociceptive sensory neurons of the dorsal root ganglia and cranial sensory ganglia.**°
However, subsequent studies in mice have shown that this sodium channel subunit
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is expressed in cardiac neurons,’! the working myocardium,®**>? and the specialized
conduction system.>*** These data indicate a possible role for Na 1.8 in cardiac electrical
function. Therefore, at least some of the effect of the rs6801957/rs6795970/rs10428132-
tagged haplotype at the SCN5A/SCN10A region could occur through alteration of sodium
channel protein type 10 subunit a function (through the Ala1073Val amino acid change) or
level of expression. However, the relative amounts of SCN5A and SCN10A mRNA and the
proteins they encode in human heart, and the relative contributions of these two channels
to the total sodium current in human cardiomyocytes, are currently completely unknown.

CONCLUSIONS

Much has been learned about the genetic underpinnings of the rare Mendelian diseases
associated with SCD. These insights have been useful for clinical management. Nevertheless,
the observations that some individuals do not carry mutations in the known genes, and that
marked variability in clinical disease expression among mutation carriers exists, highlight
the necessity to search for additional genetic factors that contribute to risk. Discovery
of additional genetic factors might also help us understand the genetic basis of SCD in
patients without Mendelian inheritance patterns for the disease, where progress has been
very limited. In this situation, the absence of large and comprehensively-phenotyped SCD
cohorts (caused by the difficulties associated with studying SCD) present a challenge for
gene discovery. SCD occurs suddenly (by definition), usually unexpectedly, and VF is rapidly
fatal, precluding DNA collection and phenotyping. Although GWAS have discovered many
genetic loci associated with ECG traits as intermediate phenotypes of arrhythmias, these loci
have yet to be linked to SCD. These issues must be addressed by the research community
if we are to identify genetic risk factors for SCD. Genomic loci identified by ECG-GWAS can
help to increase our understanding of the molecular underpinnings of these traits, and
might also identify new pathways, the relevance of which could be tested in animal models
of arrhythmia. New technologies, such as NGS and the generation of genome-wide maps
of functional elements in the noncoding region of the genome, are likely to help to identify
new loci and mechanisms for cardiac electrical function and SCD risk.
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