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Abstract

Important human phenotypes like height or facial appearance run in families—that has been
known for millennia. Systematic studies of the way in which crossing pea plants resulted in
changes in important pea plant phenotypes such as flower color or leaf number were defined in the
mid-nineteenth century by Mendel [1] and the chemical basis for “inherited inborn errors of
metabolism” by Garrod [2] at the turn of the twentieth century. Thus, some of the fundamental and
familiar rules that we accept in a contemporary understanding of human genetics were laid down
decades ago. However, an understanding of the mechanisms whereby genetic information is
transmitted from generation to generation and how this information modulates important
physiologic or disease susceptibility traits has been more recent. The fundamental discovery was
the double-helix structure of DNA, which immediately led to the inference that DNA replication
might replicate itself [3]. The last 50 years has seen the development of increasingly robust
techniques for sequencing DNA and for using DNA as a laboratory reagent.
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1 A gene-centered view of human physiology

These advances have led to the identification of genes in which mutations cause rare and
well-recognized human genetic diseases, such as the congenital arrhythmia syndromes and
many others. The identification of these disease genes and the elucidation of underlying
disease mechanisms in these relatively rare conditions have truly revolutionized our
understanding of normal and abnormal human physiology. Our understanding of the normal
cardiac cycle is now commonly cast in terms of now familiar concepts such as opening and
closing of ion channels, propagation through gap junctions, calcium-induced calcium release
and actin—-myosin cross-bridging, and repolarization and pacemaker activity. These are all
now viewed, by basic scientists and clinicians alike, as molecular events, and we are all now
familiar with the concept that mutations disrupting individual components of this molecular
ballet can alter any one of its components with a resultant highly arrhythmogenic substrate.
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2 The genotype—phenotype dilemma

The vast majority of disease-associated mutations identified to date are in the small
proportion of DNA that actually encodes protein sequences. When the congenital long QT
syndrome, the prototypical familial ion channel disease, was first described, it was very rare
and highly lethal in families [4-6]. With increasing recognition of the entity and, in
particular, with widespread availability of genetic testing have come the recognition that
many individuals, almost certainly the majority of mutation carriers in fact, will never have
symptoms, and many of these will not have abnormally long QT intervals [7]. This is the
phenomenon of incomplete penetrance [8]; the commonly invoked explanations are the
presence of other common or rare genetic variants, environmental factors (that may
themselves act through genetic pathways), or interactions between genes or between genes
and the environment.

This progression from recognition of a familial rare disease with an obvious and often
highly lethal clinical phenotype to recognition that these diseases are commoner, with
phenotypes that may vary from nothing (despite the presence of a disease-associated
mutation) to severe, has now repeated itself in many other arrhythmia and other diseases
such as the Brugada syndrome and arrhythmogenic right ventricular dysplasia (ARVD). We
are in the increasingly awkward position of identifying individuals who carry genetic
variants that, in some patients (perhaps their own family members), may confer
susceptibility to a severe disease and yet in the affected individual have no clinical
phenotypes. This is the genotype—phenotype dilemma. This review will discuss tools to
identify genetic variation and our current understanding of how this variation modulates
physiologic traits, disease susceptibility, and drug responses, with a focus on clinical
electrophysiologic phenotypes.

3 Finding mutations that cause rare familial syndromes

The conventional approach to identification of disease genes in familial syndromes of any
type is to identify a large kindred with many affected and unaffected individuals.
Assignment of phenotype as affected or unaffected allows investigators to then identify
polymorphic sites or regions associated with phenotype status. With enough affected
individuals (hence the need for large kindreds in initial studies), the genomic region isolated
can be quite small. The usual next step is to examine the linked region to determine if it
contains any logical candidates (e.g., ion channels for an arrhythmia syndrome); such
candidates are then sequenced in affected and unaffected subjects to identify specific
mutations that associate with (the formal term is segregate with) the phenotype. If no logical
candidates are identified, sequencing all coding regions or the entire region may be required.
Early studies of this type [9, 10] were hampered by very crude maps of polymorphic sites
across the genome and the absence of a fully annotated genome.

4 Common genetic variation

Diseases like long QT syndrome, hypertrophic cardiomyopathy, or cystic fibrosis are caused
by rare, function-altering variants, termed mutations, in disease genes. Patients who carry
causative mutations and who have manifest clinical phenotypes (like marked QT
prolongation or marked ventricular hypertrophy) are at high risk for clinical events (Fig. 1).
However, cloning studies have long recognized that human genetic sequences also include
common variants, termed polymorphisms. The cloning of the first draft of the human
genome was followed by an initial map (the “HapMap”) of common genetic variants that
characterized each individual human genome [11, 12]. The commonest such variant is a
single nucleotide polymorphism (SNP), a substitution of a single DNA base pair for a
different base pair. Other genetic variants include insertions or deletions, which may be as
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small as two nucleotides and as large as thousands, copy number variations, and regions
with highly variable number of tandem repeats.

Polymorphisms are by definition common, often defined as occurring in greater than 1% of
a given population. We do know that some variations occur across all racial groups (these
are termed “cosmopolitan™) and others may be common in one specific racial group but rare
or absent in others. Common polymorphisms do not occur independently, that is, the
presence of a variant at a specific location in a gene may be highly predictive of a
polymorphism at a nearby site. Polymorphisms that display such associations are said to be
in “linkage disequilibrium.” We now know that there are large regions of the human genome
in which hundreds or thousands of variant sites are in tight linkage disequilibrium. In these
regions, genotyping even a single SNP or a handful of SNPs then defines the common
sequence variation of the entire region. Moreover, common genetic variants are scattered
across the entire genome. Since coding regions account for only a small fraction of the entire
genomic sequence, most genetic variants do not affect the sequences of the proteins encoded
by specific genes. Rather, non-coding genetic variation is thought to modulate variability in
human traits by regulating the timing or amount of protein or specific splice isoforms
generated by the coding sequences. Such transcriptional regulation is commonly invoked as
a mechanism underlying variability in common human traits.

5 Genome-wide association studies

One of the most exciting uses of HapMap data has been our ability to conduct “genome-
wide association” studies (GWAS). We have known for decades that common human
diseases like atherosclerosis or diabetes “run in families.” In a GWAS experiment, hundreds
of thousands of common SNPs are genotyped in thousands of subjects with and without the
target phenotype (early myocardial infarction, atrial fibrillation (AF), diabetes, etc.) [13].
This experiment allows the identification of regions of the genome that are associated with
the trait of interest. The GWAS paradigm has been amazingly successful in identifying new
genetic pathways that define mechanisms underlying variability in common human
physiology as well as disease susceptibility. The approach has been criticized because it has
not resulted in identification of a clean series of genes for atherosclerosis, diabetes, or AF. In
addition, the nature of the experiment does not allow identification of the specific genetic
variants that confer very high risk for the traits under study, but only the region. The major
challenge to and opportunity for biologists is to understand the way in which SNPs in a
particular region cause susceptibility to these diseases.

The risks associated with GWAS “hits” tend to carry only very modest effects so at this
point they do not carry any therapeutic implication (Fig. 1). Evolutionary considerations are
thought to dictate why most common genetic variants do not produce large changes in
disease susceptibility. In general, a common genetic variation that confers a major survival
disadvantage will not propagate over generations and thus will become rare. There are
exceptions. For example, variants that modulate risk for diseases in the post-reproductive
years (age-related macular degeneration or Alzheimer’s disease) can be common.

6 GWAS for common arrhythmia-related phenotypes

GWAS approaches have been used to analyze variability in both normal ECG intervals (PR,
QRS, QT, RR) and arrhythmia susceptibility itself [14]. Initial GWAS studies in this area
examined variability in the QT interval across a normal population, and the locus that has
the statistically greatest effect is near the NOS1AP gene, which encodes an accessory protein
for the nitric oxide synthase type 1 gene [15-17]. The mechanisms whereby NOS1AP
variants modulate QT interval are not completely understood, but it has also been reported
that variants may predict susceptibility to sudden cardiac death in a broad population [18]. In
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addition, more recently, NOS1AP variants have been shown to modulate the risk for events
in patients with the congenital long QT syndromes [19, 20]. Other genetic variants identified
in QT variability include ion channel genes as well as genes with as yet undetermined
influences on normal repolarization. Interestingly, one of the latter, GINS3, was also
identified in a study examining the role of genetic variation in modulating changes in
zebrafish heart action potential duration in response to challenge with the potent QT-
prolonging, Ik-blocking agent dofetilide [21]. In addition, as a result of QT GWAS studies,
we know that variation in common ion channel genes, such as KCNQ1, KCNH2, and
SCN5A, not only determines diseases like congenital long QT syndrome or Brugada
syndrome but also modulates common human traits like the duration of the QT interval
across a large population [16, 17]. Further, the finding that variation in NOS1AP or GINS3
exerts an important effect on human traits would not have been discovered without the
GWAS paradigm.

GWAS approaches to AF have consistently identified a locus at chromosome 425 [22, 23],
and the nearest gene, PITX2, is known to be important in left/right differentiation during
cardiac development [24, 25]. Other GWAS have identified a potassium channel and a
transcription factor that may be important in lone AF [26, 27], again through mechanisms
that remain to be fully elucidated. 4925 AF-associated variants predict the likelihood of
atrial fibrillation developing after cardiac surgery [28] and the likelihood of successful
pharmacologic or ablation therapy for AF [29, 30]. In addition, 4925 variants also are
associated with an increased risk of cryptogenic stroke, suggesting that AF may play a more
important role than heretofore appreciated in this disease [31]. The mechanism underlying
this susceptibility is now being worked out and might result in better biomarkers or even
better drugs. However, an individual patient who carries a variant SNP at the 4925 locus
carries an approximately 50% increase risk for AF. Thus, beyond conventional treatment
that might alter AF risk, such as managing hypertension, individuals carrying such risk
alleles do not yet earn special interventions or counseling. More recent studies have
identified small sets of subjects with combinations of SNPs that may increase risk up to 6-
fold [32]. Eventually identification of such marker sets could lead to trials of primary
prevention in high-risk subjects.

GWAS has been used to study the risk of ventricular fibrillation early during myocardial
infarction. This study uncovered a locus at chromosome 2121, and the nearest gene is a
Coxsackie virus receptor [33]. The mechanisms remain to be elucidated. GWAS analysis of
the PR interval consistently identifies variation at a sodium channel gene, SCN10A,
heretofore unassociated with cardiac physiology [34-37]. Similarly, analysis of the normal
QRS duration pointed to multiple regions, notably the SCN10A-SCN5A locus [38].
Although the mechanisms remain to be worked out, these results again demonstrate the
power of the GWAS approach to identify new pathways modulating physiology and disease.

7 Heritability

Another way of looking at the GWAS result is to ask to what extent genetic variants explain
known heritability of a trait. This is not often assessed, but when it is, the individual loci
identified by GWAS generally account for well under 5% of the heritability of diseases that
are recognized to be familial, like diabetes or lone AF; this has been termed the problem of
“missing heritability.” It is thought that the remainder of the heritability of such traits lies in
interactions among genetic variants (a statistically difficult problem to address),
environmental factors, interactions between genetics and environmental factors, or the
presence of multiple rare and as yet undescribed genetic sequence variants [39]. Recall that
the GWAS experiment only interrogates common SNPs, and we are only now acquiring new
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sequencing tools that will allow us to understand the extent to which rare genetic variants
contribute to human disease.

8 Pharmacogenomic traits and heritability

An interesting exception to this heritability rule is in the field of pharmacogenomics. For
example, studies in families have demonstrated that up to 70% of the variability in extent to
which clopidogrel inhibits platelet aggregation is heritable. Polymorphisms at one specific
locus, involving the cytochrome P450 that bioactivates clopidogrel (CYP2C19), account for
approximately 15% of such variation [40]. For a clinician, that number sounds small, but put
in the context of other common genetic variants that modulate important human traits, this is
quite a high number and in fact is now included in the FDA label for the drug. Similarly, up
to 50% of the variability in steady-state warfarin dose can be explained by variation in two
genes, CYP2C9 and VKORC1 [41-43]. Thus, common variation may contribute extensively
to variability in drug response traits. Such pharmacogenomic traits therefore appear to
represent examples of relatively common alleles that nevertheless confer sufficiently high
risk that they may be “actionable” (Fig. 1). Pre-emptive genotyping for patients likely to
receive a drug with a pharmacogenetic “story” has been proposed as a pathway to clinical
implementation [44, 45].

9 Moving genomic information to practice

It is now possible for any individual to have GWAS-genotyping performed and interpreted
for several hundred dollars. Critics of such “direct to consumer” genomic services point out,
correctly, that the vast majority of such variation, while interesting to the individual, carries
no “actionability” at this point; one view is that a risk allele, or set of alleles, should confer a
relative risk of >10 before any clinical, genotype-based action should be considered [46].
That said, the field is turning increasingly to the use of genomic and other markers to
identify small sets of individuals predicted to be at especially high risk for subsequent
events. Thus, single variants at chromosome 4g25 may increase the odds ratios for
subsequent atrial fibrillation by 50%; further work in the area is identifying combinations of
SNPs at this and other loci that may allow us to identify patients at much higher risk for
subsequent atrial fibrillation and thus deserving of primary prevention interventions. It is
also worth emphasizing that many diseases studied by arrhythmia specialists (including
atrial fibrillation [47, 48] and sudden cardiac death [49-51]) include family history as a risk
factor; thus, family history should be incorporated systematically into the record of patients
seen even for common conditions. At this point, the only common genetic variants that
appear to have clinical implications are those associated with variable drug responses.

10 Using next-generation sequencing to identify disease loci

Sequencing the first human genome cost several billion dollars. Advanced technological
advances over the last decade have occurred at a breathtaking pace, and it is now possible to
purchase the sequence of a whole human genome for less than $5,000. In addition,
technologies have been developed to sequence the coding regions of the genome (the
“exome”), and this is now feasible for less than $2,000. The challenges in obtaining,
analyzing, and understanding such vast amounts of data are formidable, but the costs are
dropping so fast that the idea of embedding each individual’s genome in their medical
record is raised repeatedly. The power and limitations of the technique were underlined by a
2009 report of 12 human exome sequences [52]. Included in this group were four individuals
with a known rare genetic disease, the Freeman Sheldon syndrome (FSS). Sequencing the
exomes in each of the four probands identified hundreds of non-synonymous rare SNPs, i.e.,
SNPs that change the amino acid sequence of the encoded protein, that had never been seen
before, and that might, therefore, represent causative mutations. By examining the overlaps
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across genes in the four probands, it was possible to identify a single gene mutated in all
four probands, and this is the disease gene for FSS. Thus, we now understand that we all
harbor hundreds of variants that are rare and that change the encoding amino acid. Indeed,
looking across whole genomes, rather than exomes, we all harbor tens of thousands of rare
variants, and the extent to which these modulate common disease susceptibilities and cause
rare diseases is under very active investigation [53, 54].

In early 2010, the first fully annotated genome of a human being was published [55]. The
individual, Stephen Quake, is one of the co-founders of Helicos, a company developing
next-generation sequencing methodologies. The Quake genome includes 2,795 rare variants
predicted to change the encoded amino acid. Interestingly, Stephen Quake has a cousin with
ARVD and he himself carries three rare variants, one in myosin-binding protein C
(previously reported), one in desmoplakin not previously reported, and one in TMEM43 also
not previously reported that could predispose him to ARVD. The complexities of
interpreting even a single genome highlight the increasing need for clinicians trained in
genomics, partnering with specialized genetic counselors, to advise families and develop
strategies to optimally manage risk and benefits of genetic testing and the further evaluations
and interventions that may flow from it.

11 Back to the genotype—phenotype dilemma

Modern genomics is progressing at breathtaking speed to defining hundreds or thousands of
rare genetic variants that each of us harbor. The potential associations between these
variants and disease are enormous, and the fact of the matter is that the vast majority of such
associations are likely to be false positives. If all genes are the “genome,” all genes encoding
exons are the “exome,” then the collection of genetic variants that have no clinical
implications but are discovered incidentally has been termed the “incidentalome” [56].
Developing mechanisms to understand which genetic variants do not require intervention
and which might carry clinical implications represents the major challenge to modern
genetics and indeed to contemporary medical practice over the next several decades. This
problem must be solved. Otherwise, with the increasing availability of genetic information
will come an explosion in needless diagnostic testing and therapeutic interventions. The
electrophysiology community stands at the precipice of this problem. The phenotypes with
which we deal, notably sudden cardiac death in the young, are so poignant that the
compulsion to act on a genetic variant, even in a patient without a clinical phenotype, is
sometimes overwhelming. The solution lies in more data: more clinical data relating to
genotypes to clinical phenotypes and outcomes and more investment in basic and
translational sciences to develop rules to understand the functional consequences of
individual new rare genetic variants. Solving this paradox is a vital next step to our field’s
demonstrated ability to translate between basic sciences and improvement in clinical care.
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Fig. 1.

Relationship between the frequency of a genetic variant and relative risk that it confers.
Mendelian disorders, such as long QT syndrome or hypertrophic cardiomyopathy, are
caused by very rare genetic variants that confer very high risk for clinical events in patients
with manifest clinical phenotypes. At the other end of the spectrum are very common
variants that may nevertheless be associated with increased susceptibility to common human
traits such as atrial fibrillation or sudden cardiac death, as discussed further in the text. This
type of variant generally does not confer risk that is high enough to warrant a change in
clinical management. Genetic variants that modulate drug responses may be common and
also confer high odds for unusual drug responses; this is likely one example of the general
principle that some genetic variants may exert large effects in the presence of environmental
triggers (such as drugs). One component of the “genotype—phenotype dilemma” is the
problem of assigning risk to patients with rare, disease-associated variants but no manifest
clinical phenotype
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