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Abstract
Over the past decade, compelling evidence has emerged from population-based studies to suggest
that AF is a heritable disease. More recently, we have begun to elucidate the genetic substrate
underlying AF. Genome wide association studies (GWAS) have led to the identification of
multiple risk loci that confer increased susceptibility to the arrhythmia. These loci harbor
intriguing candidate genes including those encoding ion channels, transcription factors and
signaling molecules. Current efforts are ongoing to functionally validate the role of these genes in
disease pathogenesis. In the future, novel genotyping technologies such as exome sequencing and
whole genome sequencing promise to uncover a greater proportion of the heritability underlying
AF. In this article we review recent advances in AF genetics research and discuss future
developments in the field.
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Introduction
Over a century after the electrocardiographic descriptions of atrial fibrillation (AF),1 the
molecular basis of the arrhythmia remains incompletely understood. In recent years,
multiple population-based studies have convincingly demonstrated that AF is a heritable
disease.2–4 Initial research in AF genetics focused on rare familial forms of the arrhythmia
and identified a number of isolated mutations, many of which were located in ion channel
genes.5–11 These discoveries were followed by a wave of candidate gene association studies;
however, such candidate gene approaches were associated with significant limitations,
including a low pretest probability of the selected variants playing a role in disease
pathogenesis. The advent of genome wide association studies (GWAS) has been a major
advance in the field as nine risk loci have been identified for the arrhythmia,12–15 yet a
number of challenges remain. Firstly, the causal variants at the AF risk loci have not been
identified and functionally validated. Secondly, a significant proportion of the heritability of
AF remains unaccounted for. In the future, emerging techniques such as exome sequencing
and whole genome sequencing promise to uncover a significant proportion of the ´missing
heritability´ of AF. Ultimately, the identification of the genetic substrate underlying AF may
enable the discovery of novel therapeutic targets and also allow for more accurate risk
stratification of this common and morbid arrhythmia. Since monogenic forms of AF and
candidate gene association studies in AF have been discussed extensively in previous
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reviews,16 we will focus on recent GWAS results and future directions in the field of AF
genetics.

Genome wide association studies in atrial fibrillation
The 4q25 locus for AF

The first GWAS for AF was performed in an Icelandic population and identified a risk locus
on chromosome 4q25.12 The most significant single nucleotide polymorphism (SNP) at this
locus, rs2200733 was associated with a p value of 6.1×10−41 and an odds ratio (OR) of 1.71.
Multiple subsequent studies have consistently demonstrated a robust association between
this locus and AF.14–15, 17–19

The 4q25 locus has been the most comprehensively studied of the AF risk loci. While the
mechanism of the association between this locus and AF remains unclear, these studies have
provided valuable insights into potential mechanisms underlying the association and also
provide a framework for investigating other AF risk loci. The following section, we will
discuss in detail the evidence relating to the 4q25 locus and AF followed by a discussion of
the other susceptibility loci for AF.

The SNPs at the 4q25 locus are located in an extensive intergenic region within which there
are no genes or putative genes. However, approximately 150,000 base pairs downstream lies
a strong candidate gene, the paired-like homeodomain transcription factor 2 (PITX2). PITX2
plays a role in asymmetric morphogenesis of the heart and the gut and embryonic
rotation.20–21 PITX2 also plays a critical role in suppression of formation of a sinus node in
the left atrium and, possibly most importantly in the context of AF, development of the
pulmonary myocardium.22–23

SNPs identified by GWAS typically act as a markers for a region of disease susceptibility
that harbors the causative variants. These so-called linkage disequilibrium or LD blocks
often span several thousands of base pairs. Fine mapping can be performed to refine the
signal and to identify additional signals associated with disease.24 Lubitz et al recently
performed such an analysis of the 4q25 locus. In addition to the top SNP at the locus,
rs2200733, they identified two additional risk SNPs that were independently associated with
AF. An interesting finding from the study was that the variants were associated with a
graded risk of AF and the presence of all three variants identified a subset of patients with a
6-fold increased risk of AF.25

The potential role of PITX2 in the pathogenesis of AF has subsequently been investigated in
a number of studies. Homozygous knockout of PITX2 is lethal in utero and is associated
with multiple structural defects of the heart.23 Therefore, functional studies have been
performed in either heterozygous or cardiac restricted PITX2 knockout mice. Heterozygote
PITX2 knockout mice have an increased susceptibility to AF during programmed
stimulation.26–27 Further, loss of PITX2 results in an abbreviated action potential, a
reduction in the action potential amplitude and a more depolarized resting membrane
potential.26, 28 These changes would be predicted to create a proarrhythmogenic substrate in
the atrium. Interestingly, PITX2 expression is also downregulated in atrial tissue from
human subjects with AF.28

The association between the AF risk variants at the 4q25 locus has also been investigated in
a variety of clinical settings. Husser et al demonstrated that the risk SNPs at the 4q25 locus
conferred an increased risk of AF recurrence following pulmonary vein isolation.29

Similarly, in a study of patients undergoing cardiac surgery, the risk variants at the 4q25
locus were independently associated with postoperative AF.30 The 4q25 locus has also
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previously been associated with ischemic stroke in a GWAS. Amongst stroke patients, the
strongest association was observed with cardioembolic stroke.31

The majority of the studies relating to the 4q25 locus discussed thus far have been
performed in populations of European descent. It is important to note however that a number
of the replication studies have also been extended to non-European populations. For
instance, following the initial GWAS in 2007, replication was performed in a cohort of
Chinese descent and the top SNP at 4q25 was associated with a p value of 6.4 ×10−4 and an
OR of 1.42. More recently, in a population of Japanese ancestry, a strong association was
reported at the 4q25 locus with a p value of 3.7×10−17 and an OR of 1.84. These studies
provide further corroborating evidence for the robust association between 4q25 and AF.

Other GWAS loci associated with AF
Since the original AF GWAS in 2007, three large-scale meta-analyses of GWAS data have
been conducted.13–14, 32 In addition to confirming the association between the 4q25 locus
and AF, eight novel risk loci for the arrhythmia have been identified (summarized in table 1
and figure 1). A number of these loci harbor compelling candidate genes for AF.

In addition to PITX2, two loci containing transcription factors have been associated with AF.
The top SNP at the 16q22 locus was located within the ZFHX3 gene.14 ZFHX3 encodes a
transcription factor, which has previously been demonstrated to mediate neural and
myogenic differentiation.33–34 The risk variants at the 1q24 locus is intronic to PRRX1, a
member of a family of homeobox transcription factors which regulate embryonic patterning
by modulating transcription of downstream target genes.35–36 Interestingly in a murine
model, ablation of PRRX1 expression is associated with abnormal development of the
pulmonary vasculature and the great vessels.37–38

At two of the AF susceptibility loci, the risk variants cluster in ion channel genes. The risk
SNPs at the 1q21 are located in the KCNN3 gene which encodes a calcium activated
potassium channel (SK3 or KCa2.3).13 In neural tissues, this channel reduces excitability by
mediating afterhyperpolarization.39 The role of the SK3 channel in cardiac physiology has
yet to be characterized; however, the related SK2 channel has been shown to modulate
repolarization.40

The most significant risk SNP at the 15q24 locus is located in the HCN4 gene which
encodes the hyperpolarization-activated cyclic nucleotide-gated channel.36 The HCN4
channel underlies the funny current (If) that contributes to the generation of spontaneous
action potentials in cardiac pacemaker cells. Of note, mutations in HCN4 have been reported
to cause dysfunction of the sinus node pacemaker.41–42 While the association between sinus
node dysfunction and AF is well recognized, the specific role of this channel in AF
pathogenesis has yet to be elucidated.

Other compelling candidate genes at GWAS loci include SYNPO2L and MYOZ1 at the
10q22 locus, and CAV1 at the 7q31 locus.36 SYNPO2L and MYOZ1 encode proteins that
localize to the Z disc in cardiac and skeletal muscle and are postulated to play critical roles
in cell signaling and muscle function.43–44 CAV1 encodes caveolin-1, which is one of a
family of coat proteins of caveolae which also plays an important role in cell signaling .45

Future directions
Despite the success of GWAS in identifying multiple susceptibility loci for AF, a number of
questions remain. Specifically:
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How do we functionally validate the role of candidate variants in disease pathogenesis?
A number of different strategies can be used to functionally validate the role of GWAS risk
loci in disease pathogenesis. One approach is screen AF cohorts for causative mutations in
candidate genes at GWAS loci. A second possibility would be to create knockout models in
fish or mice of compelling candidate genes to examine the effect of gene loss on atrial
structure or function. As described previously, such a strategy has been used for further
analysis of the potential role of PITX2 at the 4q25 locus where loss of this gene was
demonstrated to increase susceptibility to AF.26–27

A third potential approach would be to examine expression quantitative trait loci (eQTL).46

In this approach the top SNP related to AF at a locus is related to RNA levels of genes in the
locus. If expression of a gene is strongly associated with the AF related SNP, then the gene
is likely the causative gene at the locus. While eQTL mapping is a powerful approach it is
often tissue specific and is thus limited by the availability of large repositories of cardiac
tissue for these analyses.

Finally, for many noncoding SNPs it is often assumed that the SNP is regulating the
function of an adjacent gene perhaps by altering the function of a promoter or enhancer. One
strategy for the identification of these elements is to search for regions of phylogenetic
conservation, as regulatory elements are typically highly conserved through evolution.47

Once potential regulatory elements have been identified, the next stage involves determining
whether common variants associated with AF alter the function of these elements. Cell-
based assays represent a useful tool for initial high-throughput screening for regulatory
function.48 Further characterization can subsequently be performed using in vivo models
such as fish and mice.49 While powerful, the identification of such regulatory elements is
tedious and time-consuming.

How do we uncover the ‘missing heritability’ for AF?
While GWAS have successfully identified multiple risk variants associated with AF, these
variants result in relatively subtle increments in disease risk and therefore only explain a
small proportion of the observed heritability of the trait.50 Potential sources of the
unexplained or ‘missing heritability’ of AF including rare variants, common variants that
have not been identified by current GWAS due to stringent significant thresholds and
structural variations in the genome such as copy number variations.50

Potential techniques for the identification of rare variants include analyses of data from an
exome chip, exome sequencing, and whole genome sequencing. The exome chip is an array
designed to cost-effectively capture both common and rare coding variants and is currently
being run in many large-scale population studies. Exome sequencing on the other hand
involves sequencing the entire coding region of the genome and is therefore a highly
effective strategy for the identification of de novo coding variants. Exome sequencing is also
increasingly commonly being used in population-based studies. In the longer term, as
sequencing costs fall, it will be possible to perform whole genome sequencing in AF
populations to identify both rare and common variants underlying the trait.51

What about non-European populations?
GWAS in AF, and indeed in most complex traits, have primarily been performed in cohorts
of European descent. This approach is associated with important limitations as populations
of European descent only harbor a fraction of human genetic variation.52 Therefore, the
results from GWAS in European cohorts may not always be applicable to other ethnic
populations.52
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Interestingly, despite a higher incidence of traditional risk factors for AF, non-European
populations, and in particular populations of African descent, have a lower risk of
developing AF.53–54 These observations suggest an inherent difference in the genetic
susceptibility to AF between different races. Further evidence to support this notion has
recently emerged from a study by Marcus et al who demonstrated that amongst African
Americans, the risk of developing AF was predicted by the degree of European ancestry.55

By implication therefore, a higher degree of African ancestry was protective.

Increasing efforts are currently being made to determine whether the results from GWAS of
European cohorts are generalizable to other ethnic populations. As discussed previously, in a
recent GWAS of cohorts of Japanese descent, the 4q25/PITX2 locus was reported to have a
robust association with AF. Of note however, the other risk loci reported in European
GWAS did not reach genome wide significance in the Japanese GWAS. These observations
underscore the point that not all the risk loci identified in European GWAS confer increased
AF risk in other ethnic populations.

Performing GWAS in more non-European populations in the future has a number of
potential advantages. Firstly, these studies will lead to the identification of novel loci that
confer increased susceptibility to AF in different populations and may provide novel insights
into the pathogenesis of the arrhythmia. Secondly, genetic structure varies by race and can
be exploited to narrow the boundaries of the known loci and facilitate the identification of
causative variants at these loci.

Can we use variants identified by GWAS to predict risk of developing AF in a clinical
setting?

Lubitz et al recently demonstrated that a family history of AF is an independent risk factor
for developing the arrhythmia.56 Based on these findings, one may predict that risk variants
associated with AF will enhance risk prediction. However, the AF risk SNPs identified to
date are associated with modest effect sizes.12–14, 36 Therefore, before genotype-based risk
prediction algorithms can be developed for AF, a larger proportion of the risk variants
underlying the arrhythmia would have to be identified. For some phenotypes, initial attempts
have been made to use the most significantly associated SNPs from GWAS as predictors of
risk.57 Not surprisingly, most of these studies have had limited success, also due the
relatively small effect sizes of the variants.58

The potential role of genetic testing for risk stratification of patients with AF or family
members of AF patients has recently been addressed in the HRS/EHRA Expert Consensus
Statement on Genetic Testing. Since the SNPs related to AF have a limited role in risk
prediction or clinical outcomes, the guidelines do not recommended genetic testing for these
AF related variants at this time.59

Interestingly, in addition to GWAS SNPs, biomarkers are emerging as potentially important
predictors of AF risk.60 A promising future possibility is the development of clinically
applicable risk algorithms that incorporate novel risk markers such as GWAS SNPs and
biomarkers with established risk factors such as hypertension and diabetes to accurately
determine the individual risk of developing AF.

What are the therapeutic implications of the identification of genetic variants underlying
AF?

GWAS in AF have already identified a number of candidate genes that represent attractive
therapeutic targets including the ion channel genes KCNN3 and HCN4.
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Since the KCNN3 locus was implicated in AF pathogenesis, the effect of pharmacological
modulation of this channel has been investigated in a number of studies. The KCNN3
channel is one of a family of three potassium channels, collectively referred to as SK
channels. Diness et al recently demonstrated that in animal models of acute AF, two potent
SK channel pore blockers, UCL1684 and ICA, terminated AF. They and others have also
demonstrated that NS8593, a compound that negatively modulates SK channels, suppresses
AF.61–64

Interestingly, drugs that block the HCN4 channel are already in clinical use as heart rate
reducing medications.65 While the mechanistic link between AF pathogenesis remains to be
elucidated, it is possible that in future such drugs could be also be used to suppress AF.

In addition to individual candidate genes, GWAS provide a unique opportunity to identify
previously unsuspected molecular pathways involved in disease pathogenesis. An intriguing
possibility is that the variants for AF interact with one another and form part of the same
functional pathways. Indeed, previous studies have demonstrated that both the HCN4 and
KCNN3 channels interact with caveolins.66–67 Further, transcription factors are also known
to interact with one another. It is plausible therefore that the PITX2, ZFHX3, and PRRX1
transcription factors identified by GWAS are in a common molecular pathway. Systems
biological approaches that integrate genomic, transcriptional, and sequencing data may
facilitate the identification of the molecular pathways leading to AF.

Conclusions
The identification of the genetic substrate underlying AF will significantly enhance our
understanding of the molecular basis underlying this common and morbid arrhythmia.
GWAS have already led to the identification of multiple, previously unsuspected molecular
pathways underlying AF. The advent of novel genotyping technologies such as exome
sequencing and whole genome sequencing will likely uncover an even greater proportion of
the genetic basis of AF. These advances represent significant steps towards the ultimate goal
of AF genetics research, which is personalized, genotype-based medicine.

BOX 1: GLOSSARY OF TERMS

Candidate gene
association study

A population-based study designed to test the association between a
SNP in or near a specific gene and a disease. Candidate genes are
typically selected based on their involvement in specific biological
pathways.69 Such studies are often limited by a low-pretest
probability that the SNP or gene being tested is directly associated
with the disease.

Exome
sequencing

A technique which involves sequencing the entire protein coding
region of the genome. The exome consists of approximately 1% of
the genome and therefore this recently developed technique
represents a cost-effective strategy for the identification of mutations
and rare variants in the coding region of genes.

Expression
quantitative trait
loci (eQTL)

SNPs that influence the quantity of gene expression are referred to as
expression quantitative trait loci (eQTL). eQTLs may be located in
the vicinity of the genes that they regulate or may exert their effect
over larger genetic distances.46 eQTL studies involve an analysis of
the correlation between SNPs of interest and the abundance of
specific gene transcripts.
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Fine mapping A strategy designed to refine a GWAS risk locus. Fine mapping
involves genotyping densely spaced SNPs in the linkage
disequilibrium block tagged by the GWAS marker SNP and
associating these SNPs with disease. The identification of SNPs that
are more strongly associated with disease allows one to delineate a
narrower region within the risk locus which harbors the causative
variant.24

Genome-wide
association study
(GWAS)

A population-based study aimed at identifying genomic loci that
harbor disease-causing variants. GWAS involve assaying numerous
SNPs distributed throughout the genome and relating them to disease
by comparing the frequency of these SNPs in disease cases as
compared to controls. The disease-associated SNPs identified by
GWAS typically act as surrogate markers which point to disease
causing variants.24

Genome-wide
significance

The association between a SNP and disease is considered to reach
genome-wide significance when the p value is less than a
prespecified threshold (typical p values are in the order of 10−8).
Stringent significance thresholds are set to avoid false positives that
may arise due to multiple testing.72

Linkage
disequilibrium
(LD)

Refers to the non-random segregation of alleles at different loci.
Alleles that are in LD with one another have a higher chance of
being inherited together. Thus knowledge of the genotype of a SNP
allows one to make predictions about the genotype of adjacent SNPs
at the locus. A single SNP can therefore be used as a marker for
multiple variants in a linkage disequilibrium block that are predicted
to be inherited together.73

Manhattan plot A bar chart that is commonly used to display results of GWAS. The
positions of marker SNPs on each chromosome are conventionally
displayed on the x axis while the −log10 of the p value for each SNP
is plotted on the y axis. The height of the signal in the chart is
proportional to the strength the association between a given marker
SNP and disease. The genome-wide significance threshold is also
commonly depicted in Manhattan plots.

Missing
heritability

Multiple genetic variants are likely to underlie the heritability of
complex traits like AF. The variants identified by GWAS to date
only explain a fraction of the observed heritability of these traits. The
proportion of the heritability that remains unexplained is referred to
as the ‘missing heritability’.50

Single-nucleotide
polymorphisms
(SNP)

A single base pair change in the genome. SNPs considered in GWAS
typically have a frequency of ≥1% in the population.70

SNPs can be further classified into coding, non-coding, synonymous
and nonsynonymous variants. A coding SNPs is located within the
translated region or exons of a gene. Such coding variants can either
be synonymous or result in no change in the protein sequence or
nonsynonymous variants that alter the amino acid sequence.
Noncoding SNPs on the other hand maybe intronic, intergenic or
maybe located in untranslated regions of genes.71 Noncoding SNPs
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may influence disease risk by altering the function of regulatory
elements which control gene expression.
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Figure 1.
Manhattan plot demonstrating association AF and risk loci identified by GWAS. The
physical position of SNPs on each chromosome are depicted on the x axis while the
−log10(P value) for each SNP is plotted on the y axis. The dashed line indicates the
threshold for genome wide significance (P <5×10−8). The nine loci that exceed the genome
wide threshold are indicated in orange. Reprinted by permission from Macmillan Publishers
Ltd: Nature Genetics, 2012 Apr 29;44(6):670-5.
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Figure 2.
Representative illustration of a cardiomyocyte demonstrating protein products of genes
implicated in GWAS and the mechanisms of action of these proteins. The arrows indicate
hypothetical interactions between the protein products.
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