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Abstract
Atrial fibrillation (AF) is the most-common sustained arrhythmia observed in clinical practice, but
response to therapy is highly variable between patients. Current drug therapies to suppress AF are
incompletely and unpredictably effective and carry substantial risk of proarrhythmia and
noncardiac toxicities. The limited success of therapy for AF is partially the result of heterogeneity
of the underlying substrate, interindividual differences in disease mechanisms, and our inability to
predict response to therapies in individual patients. In this Review, we discuss the evidence that
variability in response to drug therapy is also conditioned by the underlying genetic substrate for
AF. Increased susceptibility to AF is mediated through diverse genetic mechanisms, including
modulation of the atrial action-potential duration, conduction slowing, and impaired cell-to-cell
communication, as well as novel mechanisms, such as regulation of signalling proteins important
in the pathogenesis of AF. However, the translation of genetic data to the care of the patients with
AF has been limited because of poor understanding of the underlying mechanisms associated with
common AF-susceptibility loci, a dearth of prospective, adequately powered studies, and the
challenges associated with determining efficacy of antiarrhythmic drugs. What is apparent,
however, is the need for appropriately designed, genotype-directed clinical trials.

Introduction
Atrial fibrillation (AF) is the most-common sustained arrhythmia observed in clinical
practice. The condition affects 25% of people aged >40 years during their lifetime and is
associated with considerable morbidity and an approximately twofold increase in
mortality.1–3 Given the clinical and genetic heterogeneity of AF,4 this arrhythmia is likely to
represent the final common phenotype of multiple diverse pathways. Most patients with
symptomatic AF are initially managed with antiarrhythmic drugs; failure of such therapy
leads to consideration of catheter-based ablation in selected patients. Considerable variation
exists in how patients with AF are managed,5 which is likely to be a result of several factors,
including the lack of reliably effective therapies for maintaining sinus rhythm, the absence
of mechanism-based therapies, and toxicities associated with antiarrhythmic drugs.
Furthermore, randomized controlled trials in which rate-control and rhythm-control
strategies have been compared suggest that the two approaches are equivalent in terms of
survival, and indicate against maintaining sinus rhythm with current antiarrhythmic drugs,
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especially in patients with minimally symptomatic AF.6–8 Nevertheless, a rhythm-control
approach is necessary in many patients because of intolerable symptoms associated with AF,
and might be appropriate for broader use given that survival of patients in the Atrial
Fibrillation Follow-up Investigation of Rhythm Management (AFFIRM) trial9 was
improved if sinus rhythm was restored and maintained.

Without the ability to target therapy to the underlying AF mechanisms in an individual
patient, the current strategies for trials of antiarrhythmic drug therapy primarily focus not on
efficacy, but on empirical approaches to limiting adverse effects of the available membrane-
active drugs. Few evidence-based data are available to assist physicians in selecting the
antiarrhythmic drug most likely to be effective in a particular patient. The authors of the
2006 ACC/AHA/ESC guidelines recommend a rate-control strategy for all asymptomatic
patients.10 The failure of antiarrhythmic drugs to show superiority over a rate-control
strategy in a large population of patients with AF might not only reflect underlying
heterogeneity of AF, but also our inability to subcategorize AF by underlying initiating or
perpetuating mechanisms. Given that the current success rate for antiarrhythmic drugs in AF
is approximately 50% over 6–12 months,11 continued research aimed at refining
antiarrhythmic drug therapy that is targeted to mechanisms is a critical unmet need.

Our incomplete understanding of the complex pathophysiology of AF is one reason for the
lack of effective therapies for this common arrhythmia. One approach to unravelling the
underlying mechanisms of AF is through the identification of the genes responsible for the
disease, and an initial strategy is to study families with AF. Extending such knowledge into
large populations has the long-term attraction of potentially allowing the selection of
therapies that are mechanism-based and tailored to individual patients. In this Review, we
discuss genetic mechanisms of AF and the implications that this emerging understanding has
on patient response to pharmacological therapies for this condition.

Genetic basis of AF
The shape of the cardiomyocyte action potential is highly variable and dependent on
whether the cell is located in the specialized conduction system of the heart or within the
atria or ventricles. The central role in cardiac electrogenesis of genes that encode ion
channels is emphasized when one considers that gain-of-function and loss-of-function ion-
channel variants can increase susceptibility to AF.12 The genes encoding the major currents
of the atrial action potential and those that have been identified to have an important role in
AF susceptibility are illustrated in Figure 1.

Heritability
Evidence for a genetic contribution to the development of AF was first provided in 1943 by
Wolff, when three brothers with a rare autosomal-dominant form of AF were identified.13

Since then, many epidemiological studies have confirmed the heritability of AF, especially
AF occurring in the absence of recognized heart disease (‘lone’ AF).4,14–19 Specific, rare AF
risk alleles have been identified through linkage and candidate-gene approaches in AF
kindreds. Subsequently, common AF-susceptibility single nucleotide polymorphisms (SNPs)
have been identified in the general population through genome-wide association studies
(GWAS).

Linkage studies
Various AF loci and genes with large effect sizes in AF kindreds have been identified in
positional cloning and linkage analyses (Table 1). The first AF locus was discovered in
1997;20 over the past decade, four additional loci have been identified.21–24 Given that large
AF kindreds are rare, identifying an endophenotype (an intermediate phenotype that
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cosegregates with the poorly penetrant phenotype) might help to discover novel AF genes
and loci. In 2008, we identified a large family from Middle Tennessee, USA with familial
AF and, using a prolonged signal-averaged P-wave duration as an endophenotype for AF,
we were able to localize a novel AF locus on chromosome 5p15.12

The first gene (KCNQ1) to be linked with familial AF was identified in 2003.25 KCNQ1
encodes the delayed-rectifier cardiac potassium channel (IKs). This discovery led
investigators to screen other cardiac genes as candidates in the pathogenesis of AF. The first
atrial gene implicated in AF not to encode an ion channel was natriuretic peptide precursor
A (NPPA), which encodes atrial natriuretic peptide (ANP).26 Various rare, mostly ‘private’
genetic variants affecting only a single kindred that encode diverse ion-channel and
signalling proteins have been found to increase the risk of developing AF through distinct
genetic mechanisms. This diversity is likely to contribute to the genetic heterogeneity of AF
and the differential response to therapies. The extent to which genetic variants, or
combinations of genetic variants,27,28 with variable penetrance,29 determine susceptibility to
AF is an area of active investigation.

Candidate-gene studies
The identification of KCNQ1 as an AF-susceptibility gene led investigators to consider
genes encoding other potassium and cardiac ion channels as candidates, and several rare
variants have now been identified in AF probands and their families using this approach. In
2007, investigators examined 50 families with a history of AF and identified a single
mutation (R14C) in KCNQ1 in one family.30 The R14C mutation had no direct effect on
KCNQ1 or KCNE1 current amplitudes in cultured cells at baseline, but upon exposure to
hypotonic solution, the mutant channels exhibited a marked increase in current amplitude
compared with wild-type channels.30 Interestingly, only those patients with left atrial
dilatation developed AF. We have shown that the risk of developing AF markedly increases
(odds ratio [OR] 12–26) when a rare AF variant interacts with common AF risk alleles at the
4q25 locus.29 Taken together, these data support the idea of a ‘two-hit’ hypothesis—the
combination of a genetic variant with additional risk factors, such as left atrial dilatation or
other genomic variants, is important in AF pathogenesis (Figure 2).30

Association studies
Most patients with AF have one or more identifiable risk factors, such as hypertension or
structural heart disease; however, many patients with these risk factors do not develop AF.
Thus, a working hypothesis is that genetic determinants increase AF susceptibility in some
individuals with other identifiable risk factors (genetic or acquired)—a basis for the ‘two-
hit’ hypothesis. In early genetic association studies, patients with nonfamilial AF were
compared with controls and, typically, a small number of variants in candidate genes
previously implicated in AF pathogenesis were tested. Subsequently, the GWAS paradigm
of surveying the whole genome in an unbiased fashion has been used successfully to identify
new genomic loci contributing to AF susceptibility. In 2007, a locus on chromosome 4q25
was identified in a GWAS as being strongly associated with prevalent AF with modest size
effects (relative risk [RR] 1.39–1.72).31 The locus is in an intergenic region, but the closest
gene is the paired-like homeodomain 2 (PITX2) gene, which is increasingly recognized as
being critical for cardiac development. This association has now been replicated in four
large populations with ambulatory AF,32 and in individuals with AF after cardiac surgery.33

Subsequently, investigators associated with deCODE genetics, Inc. and the CHARGE
(Cohorts for Heart and Ageing Research in Genomic Epidemiology) Consortium identified
two additional AF-susceptibility loci on chromosomes 16q2234,35 and 1q2136 using a similar
approach (Table 2). A meta-analysis of GWAS of AF confirmed these three SNPs and
identified and replicated six additional novel AF-susceptibility alleles (Table 3).37 The
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identified loci not only implicate transcription factors important in cardiopulmonary
development, but also cardiac ion channels and cell-signalling molecules in modulating
susceptibility to AF.

Insights into genetic mechanisms of AF
Data from linkage and candidate-gene studies

One conceptual model proposed for AF pathogenesis describes reduced atrial refractory
period as a substrate for re-entrant arrhythmias.38 This model is supported by reports of
gain-of-function mutations in genes encoding subunits of cardiac ion channels responsible
for generating IKs (KCNQ1 and KCNE2) and IK1 (KCNJ2); these mutations are predicted to
decrease atrial action-potential duration and, therefore, refractoriness.25,39,40 We have
identified a novel KCNA5 deletion in a kindred with earlyonset lone familial AF.41 This
mutation disrupts a prolinerich motif involved in tyrosine-kinase regulation of the ultra-rapid
potassium current (IKur), reduces wild-type current, but renders the channel kinase-resistant.
The precise mechanism for AF in this kindred is not certain, and might involve gain-of-
function or loss-of-function of IKur (discussed further below) but, importantly, this study
established the tyrosine-kinase signalling pathway as a potential therapeutic target in AF.42

In 2008, a frameshift mutation in the NPPA gene was identified in a large family with
multiple members affected by AF.26 The mutant ANP caused significant shortening of the
monophasic action-potential duration and the effective refractory period in a rat isolated
whole-heart Langendorff model.26 Such understanding provides a therapeutic rationale for
prolonging the atrial refractory period, but this approach is not universally effective and can
lead to proarrhythmia in some patients with AF.10,38 Additional potential mechanisms by
which the circulating mutant ANP might cause AF relates to the role of ANP in modulating
the immune system and its proinflammatory effects.43–45 Prolonged exposure to the mutant
ANP can also lead to electrical and structural remodelling of the atria with resultant atrial
fibrosis and conduction slowing, which creates an ‘atrial cardiomyopathic’ re-entrant
substrate for AF.46 Support for this mechanism comes from a study in which an autosomal-
recessive mutation in NPPA resulted in massive atrial dilatation associated with atrial
standstill and the need for a pacemaker in multiple members of an affected family.47

To investigate this mechanism further, we generated a transgenic mouse that overexpressed
the human mutant ANP.48 A triple FLAG-tag was fused in-frame with the 3′ end of either
the human wild-type NPPA (WT–NPPA–FLAG) cDNA or the mutant NPPA peptide
containing the COOH-terminal 12-amino-acid extension (mut–NPPA–FLAG) isolated from
individuals with familial AF.26 In vitro assays showed that that the FLAG-tag did not
diminish NPPA biological activity. Transoesophageal pacing at 16 weeks induced more and
longer-lasting episodes of AF in the mut–NPPA–FLAG mice than in the WT–NPPA–FLAG
mice (incidence of AF: 62.5 ± 5.6% versus 30.4 ± 5.7%, P <0.05; total time in AF: 19.1 ±
2.7 s versus 5.3 ± 1.4 s, P <0.05).48 Even more-compelling results were observed in
telemetry-monitored NPPA mice when they were challenged with isoproterenol: 67% of the
mutant NPPA mice developed AF that persisted for 20 min, whereas wild-type mice
remained in sinus rhythm throughout the duration of the isoproterenol infusion.48

Prolongation or shortening of ventricular repolarization (assessed by the QT interval)
predisposes to arrhythmias. Similarly, a second major mechanism by which genetic variants
can increase susceptibility to AF is by lengthening of the atrial action-potential duration.
One study showed that a nonsense mutation in KCNA5 that encodes Kv1.5, a voltage-gated
potassium channel expressed in human atrium, translated into action-potential prolongation
and early afterdepolarizations in human atrial myocytes. 49 These data also predicted
increased vulnerability to stress-induced triggered activity, and carriers of this KCNA5
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variant were prone to develop AF when challenged with isoproterenol.49 This postulated
mechanism for increased susceptibility to AF is supported by two studies in which
investigators discovered loss-of-function mutations in KCNA5 in patients with lone AF.50,51

Therefore, AF-associated mutations are likely to trigger AF by multiple mechanisms other
than shortening of the atrial action-potential duration.52,53 The high prevalence of early-
onset AF in patients with the congenital long QT syndrome also supports a similar
mechanism for AF in these patients.54,55

A third mechanism by which rare ion-channel and signalling-molecule variants might
increase susceptibility to AF is through abnormal and heterogeneous disturbance of cell-to-
cell impulse propagation. Connexins are proteins that have an important role in electrical
coupling between atrial myocytes. Investigators discovered somatic mutations in GJA5,
which encodes gap junction α5 protein (also known as connexin-40), in atrial tissue, but not
in lymphocytes from patients with lone AF.56 Gap junctions are critical for the intercellular
communication between cells, so disruption can lead to heterogeneity of cardiac conduction
and increased susceptibility to AF. Furthermore, common polymorphisms in the promoter
region of GJA5 have also been associated with AF. The frequency of a common
connexin-40 promoter haplotype (−44A, +71G) was significantly higher in individuals with
AF than in controls, and functional studies showed that the promoter haplotype was
associated with reduced luciferase activity, which is indicative of cardiac conduction
heterogeneity.57 The same group demonstrated that the promoter haplotype was associated
with decreased activity of two transcription factors: Sp1 and GATA-4.58 Germline
mutations have been identified in GJA5 in patients with lone AF, and impairment of cell-to-
cell communication has been confirmed in functional studies.59–62 Collectively, these data
suggest that rare genetic variants in connexin-40 modulate expression of this gap-junction
protein, with reduced expression causing impaired electrical cell-to-cell communication and
creating conduction heterogeneity and, therefore, a substrate for AF maintenance. Whereas
the early genetic-association studies suggested that the connexin-40 gene promoter –G
haplotype was associated with risk of AF, a subsequent study suggests that the –A allele is
associated with the arrhythmia.63

The critical role of PITX2 in the development of the pulmonary myocardium has led
investigators to examine other developmental genes important for atrial differentiation and
cardiac development. A novel interaction was identified between AF and a rare variant
(Q76E) within the coding region of gremlin-2 (GREM2; an antagonist of bone
morphogenetic protein), which increases its inhibitory activity and cardiac development.64

The Q76E variant was originally identified in the 1000 Genomes Project,65 but its minor
allele frequency was significantly higher in our lone AF cohort (0.03% versus 0.5%; P =
0.03).64 Furthermore, functional modelling in zebrafish revealed that, through regulation of
bone morphogenetic protein signalling, GREM2 is required for cardiac laterality and atrial
differentiation during embryonic development.64 Gremlin-2 overactivity results in a slowed
cardiac contraction rate in zebrafish, and induction of previously identified AF-candidate
genes encoding ANP, connexin-40, and sarcolipin in mouse differentiated embryonic stem
cells.64 Using live heart imaging in zebrafish overexpressing wild-type or variant GREM2,
we found abnormal contraction velocity specifically in atrial cardiomyocytes.64 These
results implicate, for the first time, regulators of bone morphogenetic protein signalling in
human AF, providing mechanistic insights into the pathogenesis of the disease and
identifying potential new therapeutic targets.

Positional cloning and candidate-gene approaches have provided novel insights into the
genetic mechanisms of AF, but how applicable these mechanisms are to the more-common
forms of AF seen in clinical practice is unclear. The identified variants are all rare and most
are ‘private’ to a particular kindred.
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Data from GWAS
Variants in pulmonary myocardial development—SNPs located in the intergenic
region at chromosome 4q25 have been consistently identified in GWAS as being strongly
associated with AF.31 The precise mechanism by which these noncoding SNPs modulate AF
risk remains unclear, but investigators have discovered multiple susceptibility alleles at this
locus that are associated with an increased risk of AF, and demonstrated localization of
regulatory elements.66 The chromosome 4q25 locus is located in a genomic ‘desert’; the
closest gene (PITX2) is critical for early cardiac development, left-to-right asymmetry, and
suppression of a default pathway for sinus node development in the pulmonary vein
myocardium.31,67,68 Given that the contemporary approach to treating symptomatic
paroxysmal AF entails catheter ablation of pulmonary vein triggers, PITX2C (the cardiac
isoform of PITX2) seems to be a logical candidate gene regulated by chromosome 4q25 AF
risk alleles. Not only have transgenic mouse models of Pitx2 and Pitx2c shown that these
genes are essential for left-to-right asymmetry, but these mice also display increased
susceptibility to AF.67–70

In a meta-analysis of data from GWAS of AF,37 one important, novel association with AF
was detected on chromosome 1q24 in PRRX1, which encodes a homeodomain transcription
factor, also highly expressed in the developing heart. In a Prrx1 knockout mouse model,
foetal pulmonary vasculature development was impaired.71 Given that the pulmonary vein
myocardial sleeve is targeted during AF ablation,68,72 the functional studies of PITX2 and
PRRX1 collectively suggest that one common mechanism by which AF-susceptibility
alleles increase AF risk is by modulation of pulmonary myocardial development or function.

Variants modulating cardiac ion channels—PITX2 and PRRX1 are likely to be
important in the normal development of the pulmonary myocardium, but the precise
mechanism by which they and other AF loci increase risk has not yet been fully elucidated.
In transgenic mouse models of Pitx2 suppression, both upregulation of Kcnq1 and
differential distribution and expression of the inward-rectifier potassium current IK1 were
observed.69,70,73,74

Additional AF-susceptibility loci encoding cardiac ion channels or protein modifiers include
the small conductance calcium-activated potassium channel gene KCNN3 on chromosome
1q21;36 the potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel
gene HCN4 on chromosome 15q24, which has been linked with sinus node dysfunction
(HCN4 protein is the predominant cardiac pacemaker channel in the sinoatrial node);76,77

and the caveolin-1 gene CAV1 on chromosome 7q31, which encodes a cellular membrane
protein selectively expressed in the atria and involved in signal transduction.75 Cav1
knockout in mice has been associated with dilated cardiomyopathy.78 Importantly, the
caveolin-1 protein colocalizes with, and negatively regulates the activity of, KCNH2
protein, a potassium channel involved in cardiac repolarization. Indeed, KCNH2 has been
associated with AF in a candidate-gene association study.79

In the first GWAS, common AF variants were discovered on chromosome 4q25 that
associated with a modest effect size (RR 1.4–1.7), whereas loci with smaller effects have
been identified in subsequent GWAS (OR 1.1–1.2; Tables 2 and 3).31 In 2009, two separate
groups identified common risk alleles on chromosome 16q22 that associated with prevalent
and incident AF (OR 1.1–1.2).34,35 Both SNPs are close to the gene that encodes the zinc
finger homeobox protein 3 (ZFHX3). Similarly to PITX2, ZFHX3 (also known as AT motif
binding-factor 1) is a transcription factor that regulates skeletal muscle and neuronal
development, with variable expression in many tissues, including the heart.80–83

Interestingly, ZFHX3 regulates the transcription of the POU1F1 gene (encoding POU class
1 homeobox 1), which not only facilitates DNA binding, but also modulates transcriptional
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activity of PITX2.84 ZFHX3 might also mediate its effect on the risk of AF by modulating
oxidative stress, as discussed below.

Variants modulating atrial fibrosis—SNPs associated with AF might have a role in
atrial structural remodelling processes (Table 3). For example, the role of PITX2 in cardiac
development raises the possibility that its dysfunction could cause atrial structural
remodelling.70 Atrial-specific reduced Pitx2c expression results in atrial enlargement in
mice. Pitx2c+/− mice have structurally normal hearts, but microarray analysis has shown
differential expression of genes involved in Wnt signalling, a key fibrosis signalling
pathway.69 In gene-expression studies, the greatest enrichment was in collagen and other
extracellular-matrix genes.69

ZFHX3, a tumour-suppressor gene, promotes survival of neurons by inducing the expression
of platelet-derived growth factor receptor (PDGFR)-β and protecting against oxidative
stress.85 The gene associates with runt-related transcription factor 3 (RUNX3) and
translocates in response to transforming growth factor (TGF)-β signalling, an important
mediator of fibrosis.86,87 Given that inflammation and oxidative stress are important in the
pathogenesis of AF,88 ZFHX3 might increase susceptibility to AF by modulating these
pathways.

CAV1 is strongly implicated in myocardial fibrosis, and variants in this gene have been
associated with pulmonary hypertension.89 TGF-β receptors are internalized by caveolin-1-
associated lipid rafts to inhibit TGF-β signalling. 90 PRRX1, a paired homeobox
transcriptional coactivator that induces genes involved in growth and differentiation, is
required for normal lung development, ultimately regulates PDGFR, and is linked to
pulmonary and liver fibrosis.91,92 C9ORF3 shows increased expression in normal and
scleroderma fibroblasts stimulated with TGF-β.93

SYNPO2L encodes a cytoskeletal, heart-enriched, actin-associated protein. Knock-down of
this gene in zebrafish caused aberrant cardiac and skeletal muscle development and
function.94 SYNE2 encodes nesprin-2 that, with nesprin-1, forms a network in muscle
linking the nucleo-skeleton to nuclear membrane structures and the actin cytoskeleton. α-
Catenin interacts with nesprin-2 and emerin to regulate Wnt signalling-dependent
transcription, a pathway implicated in fibrosis in the heart, kidney, and lung.95,96 Taken
together, considerable evidence suggests that many common AF-susceptibility variants have
the potential to modulate atrial fibrosis. Additionally, all these risk variants are likely to
mediate their effect not only by regulating atrial conduction slowing, but also by modulating
electrical remodelling processes that promote AF, such as shortening of the effective
refractory period.

Clinical application of genetic data
Elucidating the underlying genetic mechanisms of AF in an individual patient not only
allows a mechanism-based approach to treatment, but might also allow tailored therapy with
improved efficacy and a reduced risk of adverse effects. The rare ion-channel and other
variants that have been identified in patients with AF have obvious (but, as yet, untested)
therapeutic implications. Patients with AF who harbour rare, characterized, loss-of-function,
potassium-channel variants are likely to benefit from a drug that blocks potassium channels,
such as sotalol. By contrast, sodium-channel blockers would be ineffective and possibly
proarrhythmic in patients with rare variants in SCN5A or its β-subunits.

AF variants in genes encoding cardiac ion channels are associated with large effect sizes
(Figure 3), but are rare97 and occur mostly in individuals with early-onset AF. Therefore,
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genotype-directed therapy would not be widely applicable to most patients with the
arrhythmia. Conversely, common genetic variants identified by GWAS are likely to have a
much greater aggregate effect, especially if combinations of common and rare AF variants
modulate AF risk (Figure 3), as our initial studies suggest.29 However, genomic predictors
of response to therapies for AF have been examined in very few studies, often limited by
their retrospective design and small sample size. When combined with the challenges of
defining therapeutic efficacy, few results have been independently validated.98 Furthermore,
limited understanding about underlying genetic mechanisms also remains a major barrier to
a therapeutic strategy grounded on genotype. As discussed above, the effect sizes associated
with common AF-susceptibility variants are only modest (OR 1.1–1.7) and probably
insufficient to contemplate therapy that is genotype-driven.98

Variability in response to pharmacological therapy is universally accepted in clinical
medicine. Recognizing that genetic factors can have an important role in modulating drug
responses, the National Institutes of Health formed the Pharmacogenomics Research
Network in 2000.99,100 The goals of this network are to examine the role of genetic factors
in modulating response to drugs and to determine whether this information can be used to
improve the prescription of available drugs and identify novel therapeutic pathways. An
important requirement to conduct pharmacogenomic studies is the recruitment of a large
number of patients with well-characterized drug-response phenotypes. One project within
the network is to establish a DNA repository for the large Catheter Ablation Versus
Antiarrhythmic Drug Therapy for Atrial Fibrillation (CABANA) trial,101 in which two
major approaches for the management of AF—ablation and drugs to maintain sinus rhythm
—will be compared. CABANA gene is a repository for appropriately consented DNA
samples from patients in the CABANA trial, which, together with well-studied drug-
response phenotypes, will allow investigators to address questions such as which patients are
most likely to respond to, or develop complications with, ablation or drug therapy.

Assessing response to drug therapy
Much progress has been made in our understanding of the genetic basis of AF, but the
translation of this genetic knowledge to the care of patients has so far been limited. Reasons
for this include the poorly defined relationship between the response to drug therapies
(especially antiarrhythmic drugs) and genetic variation, the lack of randomized clinical trials
with patients selected for pharmacological therapies on the basis of their genotype, and
limited knowledge about genetic predictors of drug response in general. Several common
AF-susceptibility alleles have been identified and validated in GWAS, but limited data exist
regarding their modulatory effect on response to pharmacological and ablation therapies.

One of the major reasons why studies to evaluate the response to pharmacological therapies,
especially antiarrhythmic drugs, have been difficult to perform relates to the lack of well-
defined end points to measure efficacy of these drugs. Owing to historical limitations in
noninvasive ambulatory monitoring technology and a lack of reliable algorithms to identify
and provide quantitative summaries for specific arrhythmias, AF burden has generally not
been used as a clinical or study end point. One widely used, symptom-based metric is ‘time
to first symptomatic AF episode’, but this measure correlates poorly with frequency of
symptomatic episodes.102 The unreliability of symptoms to estimate AF burden and to
identify patients with or without AF has been revealed not only in trials of pacemakers, but
also in patients without implanted devices.

Technological advances that allow the continuous monitoring of cardiac rhythm have now
made possible the rigorous definition of AF burden as a surrogate end point for AF
therapy.103,104 AF burden can now be measured using novel, full-disclosure, ambulatory
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monitoring devices that can store up to 30 days of continuous electrocardiogram tracings.
The arrhythmia algorithm analyses consecutive 3.5 s intervals and can discriminate between
complex supraventricular rhythms including AF and atrial flutter. Furthermore, these
devices not only transmit continuously in real-time through a mobile telephone network, but
also provide remote access to quantitative statistical reports including measurement of AF
and atrial flutter burden. AF burden measured in this way might be a more-robust end point
for AF therapy than previous measures because it is less subject to investigator bias and does
not have the sampling error associated with episodic monitoring or reliance on patient
symptoms.105–107 Furthermore, AF burden is favoured to become the metric of choice to
assess not only response to antiarrhythmic drugs, but also monitoring after AF-ablation
therapy.108 Implantable recording devices do exist, but are impractical for research studies
given all the inherent factors accompanying an elective, invasive procedure. Novel,
noninvasive methods for long-term monitoring might hold an answer to this issue.

Genetic variants and therapy response
Despite overall advances in treatments for arrhythmias, therapeutic options for most patients
with AF have remained largely unchanged. Targeting pulmonary vein triggers with
radiofrequency ablation has been successful for paroxysmal AF, but the success rate for
persistent AF has remained poor and, for this group of patients, pharmacological therapies
remain the mainstay of treatment. Advances in our understanding of the molecular
mechanisms of AF support the idea that variability in the response to drug therapy might
reflect differences in underlying disease mechanisms (Table 4).

The underlying mechanisms by which common variants on chromosomes 1q21, 4q25, and
16q22 increase susceptibility to AF are poorly defined, but they might also modulate the
response to antiarrhythmic drugs. One study showed that carrying the reference 4q25
genotype was independently associated with an improved response to class I or II
antiarrhythmic drugs (OR 4.7) with 83% of patients maintaining sinus rhythm.109 This
association was validated in a replication cohort (72% achieved successful rhythm
control).109 These findings are intriguing and might pave the way for a randomized,
genotype-directed trial. Another study showed that a β1-adrenergic receptor polymorphism
(Arg389Gly) was associated with flecainide efficacy and increased heart rate during AF.110

As discussed below, we have confirmed the finding that homozygotes for the 389Arg
variant have an increased ventricular rate during AF, and that the Arg389Arg genotype
requires intensified β-blockade treatment for rate control.111

Ablation therapies
Common AF-susceptibility alleles might be used to identify genetic subtypes of AF with
differential responses to ablation therapy. In 2010, Husser et al. evaluated whether the
common AF-susceptibility SNPs on the chromosome 4q25 locus modulated the response to
catheter ablation.112 They reported that 21% of patients had a late recurrence of AF and no
clinical or echocardiographic parameters predicted the response. However, the presence of
one of the 4q25 variant SNPs did associate with AF recurrence after catheter ablation (OR
4.1). This finding was replicated in a large cohort of patients with ‘typical’ AF (associated
with known risk factors), where the overall recurrence rate was 53% over an 18-month
period.113 The presence of the 4q25 SNP risk allele predicted a 24% shorter recurrence-free
time (survival time ratio 0.76) than did the presence of the wild-type SNP.113 The ability to
risk stratify individuals on the basis of preprocedural characteristics, such as genotype, is
highly desirable given that the procedure can be associated with increased morbidity and,
with some genetic variants, increased mortality.
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Individuals carrying the common AF-susceptibility alleles on chromosome 4q25 might
belong to a genetic subgroup of AF with common underlying genetic mechanisms. If so,
these SNPs might also be independent predictors of AF recurrence after direct-current
cardioversion. Genetic predictors of AF recurrence at the three loci (1q21, 4q25, and 16q22)
were prospectively evaluated after successful direct-current cardioversion. In 208 patients
who underwent electrical cardioversion, a common polymorphism on chromosome 4q25
was an independent predictor of AF recurrence after restoration of sinus rhythm, which
occurred in 67% of the patients during follow-up (median 60 days; hazard ratio 2.1).114 A
potential role for stratification by genotype is indicated.

Drug therapies
Rate-control therapy is considered to be the first choice for many patients with AF,
especially those with an increased risk of AF recurrence or adverse effects from
antiarrhythmic drugs. However, identification of genetic or clinical predictors of adequate
response to rate-control therapy has been challenging. A nonsynonymous SNP (Arg389Gly)
in the β1-adrenergic receptor is known to modulate the outcome of β-blockade in heart
failure, which indicates its involvement in other cardiac phenotypes. Therefore, we
evaluated the impact of clinical factors and two common β1-adrenergic receptor
polymorphisms (Arg389Gly and Ser49Gly) on response to ventricular rate-control therapy
in patients with AF.111 We studied 543 patients prospectively enrolled in the Vanderbilt AF
registry and managed with rate-control therapy. A ‘responder’ displayed adequate
ventricular rate-control assessed by the AFFIRM criteria.115 A ‘nonresponder’ displayed
uncontrolled ventricular rates necessitating a change in therapy and, in our cohort, 54.3%
were responders. Baseline clinical characteristics were similar in responders and
nonresponders, except for mean resting heart rate (76 ± 20 bpm versus 70 ± 15 bpm; P
<0.01) and smoking (5.8% versus 1.2%; P <0.01). Multiple clinical variables (such as age,
sex, and hypertension) failed to predict response to rate-control therapy. By contrast, the
Arg389Gly variant was significantly associated with adequate rate control (OR 1.44).111

This association persisted after correction for multiple clinical factors (OR 1.42).111

Therefore, this common β1-adrenergic receptor polymorphism modulates the response to
rate-control therapy in patients with AF.

We also performed a GWAS to evaluate genetic determinants of rate-control therapy.116

Patients with AF who responded effectively were compared with those who responded
ineffectively to ventricular rate-control therapy. ‘Cases’ were defined as those patients
whose ventricular rates were not adequately controlled with three or more atrioventricular
nodal drugs necessitating atrioventricular nodal ablation and pacemaker implantation (n =
95). ‘Controls’ were defined as those patients in whom the ventricular rates met the
AFFIRM rate-control efficacy criteria with two or fewer atrioventricular nodal blocking
agents (n = 192). Genotype association with failure to respond to three or more
atrioventricular nodal blockers was assessed after correction for age and sex. Loci with
multiple SNPs at or near genome-wide significance were identified within three genes:
MYO7A on chromosome 11 (P = 5.29 × 10−6), SOX5 on chromosome 12 (P = 5.48 × 10−6),
and LANCL2 on chromosome 7 (P = 2.87 × 10−5). SOX5 is a transcription factor involved
in the regulation of embryonic development and cell fate. Importantly, this gene is expressed
in the heart, and data from GWAS have implicated SNPs in SOX5 as modulators of the PR
interval.117 A preliminary analysis of a replication cohort validates this locus as an
important modulator of rate-control therapy in patients with AF. Identification of genomic
predictors of the response to rate-control therapy in patients with AF will not only identify
novel genes that modulate atrioventricular nodal conduction, but also support drug
development for the management of patients with AF.
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Implications for clinical practice
Positional cloning and candidate-gene approaches have identified rare variants with large
effects, whereas common AF-susceptibility loci with smaller effects have been identified in
GWAS, but these approaches collectively explain only a small fraction of the heritability of
AF (Figure 3).118,119 This shortfall raises the possibility that the development of AF is
determined by combinations of rare and common AF-susceptibility variants.29 As discussed
above, the risk of developing AF markedly increases (OR 12–26) when a rare AF variant
combines with a common risk allele at the chromosome 4q25 locus.29

The direct application of genetic data to the care of patients with AF has, so far, been
limited. In addition to those discussed above, other possible explanations for this
shortcoming include the small effect sizes associated with the AF-susceptibility alleles,
small numbers in some studies, and lack of replication to date. Interestingly, when the three
AF risk alleles on chromosomes 1q21, 4q25, and 16q22 were examined for their effect on
modulating response to antiarrhythmic drugs, ablation therapy, and direct-current
cardioversion, the effect sizes were considerably greater than those seen in prediction of AF
itself in the general population.112–114 A reluctance to translate these genetic data to the
bedside might also result from the inherent limitations of retrospective studies and the lack
of prospective, randomized clinical trials to validate these common AF risk alleles as
important modulators of the response to AF therapies.

Future directions
The field of AF genomics has moved spectacularly fast—the first GWAS data were reported
in 2007, and all the variants with modest effect sizes identified in other GWAS, and the vast
majority of rarer variants with larger effect sizes, have been reported subsequently.
Consideration of how these data might be deployed in clinical practice is very appealing, but
substantial barriers must be overcome before such a vision can become a reality. Firstly, in
an era of unprecedented discovery, deployment of known markers might be premature when
novel ones remain to be discovered. The latest, very large meta-analysis probably means that
most of the genes in which common variation drives AF susceptibility have now been
identified. Therefore, assessment of how combinations of clinical and genomic factors
predict the development of AF might be timely. Specifically, to what extent does genomic
variation add to ordinary predictors, such as hypertension or family history? Studies to
address this issue might be feasible in large population cohorts. In this regard, reports of
effect sizes of combinations of variants require both replication as well as the discovery of
novel, rare variants in kindreds.

Secondly, reports published to date of the way in which genomic variation predicts drug
effects should be considered preliminary and in need of replication. Thirdly, after variants
that predict drug effects have been replicated, appropriately designed trials to evaluate their
effect size and potential impact on choice of therapy will need to be conducted. The design
could be a randomized clinical trial, but alternative designs (such as adaptive trials) could be
considered to maximize sample size.

Conclusions
Great progress has been made in understanding the genetic basis of AF, with important
insights being made into the underlying genetic mechanisms, but the direct application of
this knowledge to the care of patients with AF associated with known risk factors has, so far,
not occurred. This barrier might relate to the challenges associated with defining the efficacy
of pharmacological therapies, but is also a result of the retrospective and observational
nature of the studies demonstrating common AF-susceptibility alleles that modulate the
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response to antiarrhythmic drugs, catheter ablation, and direct-current cardioversion.
However, an emerging body of evidence clearly indicates that the underlying substrate for
AF in individuals who are carriers of the common chromosome 4q25 SNPs respond to
pharmacological and other therapies differently from individuals without these SNPs. These
patients might constitute a genetic subgroup of AF, but the only definitive way to determine
whether these SNPs modulate the response to therapies is to perform appropriately designed,
genotype-driven clinical trials.
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Key points

• The incidence of atrial fibrillation (AF) is rising, with approximately 16 million
of the US population projected to develop AF by 2050

• Limitations of current therapies for AF have spurred research into understanding
the genetic basis of this arrhythmia

• Positional cloning and candidate-gene approaches have linked rare genetic
variants in ion channels, gap-junction proteins, and signalling molecules with
the development of AF

• Genome-wide association studies have identified nine commonly occurring AF-
susceptibility loci associated with cardiopulmonary development, cardiac ion
channels, and cell-signalling molecules that might be important in the
pathogenesis of AF

• Both common and rare genetic variants have provided insights into AF genetic
mechanisms, but the direct impact of this understanding on the management of
patients has been limited

• Exploiting the genetic mechanisms of AF to prescribe personalized therapy is an
important goal, but clinical trials are needed to determine whether genotype-
directed treatment of AF is viable
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Figure 1.
The relationship between ionic currents and the duration of the atrial action potential. The
action potential is initiated by a rapid influx of Na+ ions (phase 0), followed by early (phases
1 and 2) and late (phase 3) stages of repolarization, before returning to the resting membrane
potential (phase 4). Repolarization is controlled by a balance between inward (red) and
outward (blue) currents. The genes encoding the major currents of the atrial action potential
are shown. *Function-modifying subunit. ‡Mutation in this gene associated with atrial
fibrillation.
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Figure 2.
The ‘two-hit’ hypothesis states that a combination of a genetic (blue) and an acquired
(green) risk factor is required for the development of atrial fibrillation.
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Figure 3.
Allele frequencies and risk in families and populations. The combination of rare and
common variants of atrial fibrillation susceptibility genes might have a large aggregate risk
for the development of this arrhythmia.
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Table 1

Genes implicated in AF susceptibility by positional cloning and candidate-gene approaches

Gene Mode of inheritance Effect on function Physiological effect Associated phenotypes

KCNQ125,30,54,120–126 Autosomal dominant Gain-of-function ↓ Atrial APD Prolonged QT interval

KCNE1, KCNE240,127,128 Autosomal dominant Gain-of-function ↓ Atrial APD Frequent premature atrial
contractions

KCNE540,128 Autosomal dominant Gain-of-function ↓ Atrial APD None

KCNJ239,129,130 Autosomal dominant Gain-of-function ↓ Atrial APD None

GJA556,63,131 Somatic mutations
Isolated lone AF cases

↓ Electrical cell-to-cell
coupling

Regions of heterogeneous
conduction

None

KCNA541,49–51 Autosomal dominant Loss-of-function ↑ Atrial APD, EADs, TA None

SCN5A,132–136

SCN1B/2B/3B137–141
Autosomal dominant
Autosomal dominant

Gain-of-function
Loss-of-function

↑ Atrial APD EADs, TA Hypertrophic
cardiomyopathy and
dilated cardiomyopathy

SCN10A142 Autosomal dominant Enhanced late INa ↑ APD, EADs, TA Slow ventricular rates

CACNA1C,143 CACNB2144 Autosomal dominant Loss-of-function ↑ APD, EADs, TA None

NPPA26,29,120,145,146 Autosomal dominant Gain-of-function ↓ Atrial APD Atrial myopathy

NUP155147 Autosomal recessive Loss-of-function of the
nuclear protein
transport (heat shock
protein 70)

↓ Trafficking of Ca2+-
handling proteins and ion
channels

Sudden cardiac death

Abbreviations: AF, atrial fibrillation; APD, action-potential duration; EAD, early afterdepolarization; TA, triggered activity.
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Table 4

Common genetic polymorphisms that modulate the response to therapies for AF

Gene or SNP Study design Primary end point Results Replication?

Rhythm-control therapy

Angiotensin-converting enzyme I/D Response to
conventional
antiarrhythmic
drugs98

Adequate response
defined as ≥75%
reduction in symptomatic
AF burden

Lone AF and DD or ID
genotypes are highly
significant predictors of
failure of antiarrhythmic-
drug therapy

No

β1-Adrenergic receptor polymorphisms
(G389R, S49G)

Impact of genotypes
on antiarrhythmic-
drug action of
flecainide in patients
with AF110

Resting heart rate and
success of flecainide-
induced cardioversion

β1-Adrenergic receptor
Arg389Arg genotype is
associated with increased
flecainide potency (OR 3.30,
95% CI 1.34–8.13, P=
0.003) and increased heart
rate during AF

Yes

4q25: rs2200733, rs10033464
16q22: rs7193343
1q21: rs13376333

Response to
antiarrhythmic drugs
modulated by three
common AF loci109

Successful rhythm control
if remained taking same
antiarrhythmic drug with
≥75% reduction in
symptomatic AF burden

rs10033464 independently
predicts AF recurrence (OR
3.27, 95% CI 1.7–6.0,
P<0.001)

Yes

4q25: rs2200733, rs10033464 Response to ablation
therapy111,112

Early and late recurrence
of AF after ablation

Any variant allele increases
early (OR 1.99, 95% CI
1.04–3.84, P = 0.039) and
late (OR 4.18, 95% CI 1.32–
12.66, P=0.011) AF
recurrence

Yes

4q25: rs2200733, rs10033464
16q22: rs7193343
1q21: rs13376333

Evaluate whether AF
after successful
direct-current
cardioversion is
modulated by
common AF loci113

AF recurrence after
successful direct-current
cardioversion

Any common SNP
(rs2200733, rs10033464) at
the 4q25 locus
independently predicts AF
recurrence (HR 2.1, 95% CI
1.21–3.30, P=0.008)

No

Rate-control therapy

β1-Adrenergic receptor polymorphisms
(G389R, S49G)

Impact of genotypes
on ventricular rate-
control therapy114,110

‘Responders’ displayed
adequate ventricular rate
control (assessed using

AFFIRM criteria*)

G389R more likely to
respond favourably to rate-
control therapy than R389R
(OR 1.42, 95% CI 1.00–
2.03, P<0.05)

Yes

*
AFFIRM criteria: average heart rate at rest ≤80 bpm and maximum heart rate during a 6 min walking test ≤110 bpm, or average heart rate during

24 h Holter monitoring ≤100 bpm.

Abbreviations: AF, atrial fibrillation; SNP, single nucleotide polymorphism.

Nat Rev Cardiol. Author manuscript; available in PMC 2013 June 01.


