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Genetics of atrial fibrillation: from families to genomes

Ingrid E Christophersen'>® and Patrick T Ellinor"?

Atrial fibrillation (AF) is the most common cardiac rhythm disorder and the prevalence is increasing. The disease confers an
increased risk of severe complications such as heart failure, stroke and death, yet the treatment options available are
insufficient. AF can develop secondary to other diseases, but there is also evidence of a heritable component. The molecular
basis for the heritability of AF has been explored in depth over the past decade. Rare variants have been identified in ion
channels, transcription factors and a wide range of other genes. More recently, common variant analyses have identified 14
genetic loci associated with AF. Thus, the genetics of AF is complex and heterogeneous. In this review, we describe the common
and rare variants identified for AF, the potential clinical implications of these variants and the future directions in this field.
Increasing our understanding of the pathophysiology of AF will aid the development of new and improved treatment strategies
and risk prediction of AF, the first steps toward a more individualized treatment of the arrhythmia.
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INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac arrhythmia,
affecting 1-2% of the general population. At present there are about
30 million individuals affected worldwide.! Some individuals experi-
ence only mild symptoms while others are left disabled because of
complications such as heart failure or stroke. In addition, individuals
with AF have nearly twice the risk of death compared with the general
population.? As the prevalence of AF increases, the economic burden
on the society is rising. Currently, the incremental AF cost in the US
alone is over $26 billion annually.> AF can develop secondary to other
diseases, but there is also a substantial heritable component. The first
report of familial AF was made in 1936, when Orgain described three
brothers diagnosed with AF at a young age.* Several studies have since
then supported the heritability of AF.>"!2 In the Framingham Heart
Study, familial AF has been associated with 40% increased risk of AF.?
Similarly, in a study in Iceland, the relative risk of AF was 1.77 in
individuals with a first-degree relative with AF.® Finally, in a study of
Danish twins, over 60% of the variance of AF was estimated to be
explained by genetic effects.!> Unraveling the molecular basis of AF
has been the aim of many investigators during the past decade,
resulting in the findings of both rare, disease-causing variants and
common variants that increase the susceptibility to AF.
In this review, we present an overview of common and rare variants
associated with AF, and we discuss the potential investigational,
therapeutic and clinical implications of these findings.

FAMILY STUDIES AND LINKAGE ANALYSIS
In the initial era of genetic research on AF, researchers relied on the
studies of families with AF, and used linkage analysis to identify

genetic markers co-segregating with the phenotype of interest. This
method takes advantage of the fact that genetic markers located close
to each other on a chromosome are more likely to co-segregate
through the generations of a family than genetic markers located far
from one another, because of meiotic genetic recombination.
A genetic marker that co-segregates with the AF phenotype in a
family will thus be a marker for the disease gene, which typically will
be located in the locus or a few million base pair region around the
linked marker. Many genetic loci associated with AF have been
discovered using genetic linkage analysis,!>"1® but the considerable
size of the loci identified has made it difficult to identify the actual
causal variants. However, a few studies have had success identifying
the variant causing AF in families with an autosomal dominant pattern
of inheritance.!”!® For example, Chen et al.!” reported the first gene
for AF in 2003, when they identified an S140G mutation in KCNQI in
a multi-generation Chinese kindred.

CANDIDATE GENES AND AF

Using previous knowledge of gene function to guide the selection of
certain genes for resequencing is typically referred to as ‘candidate
gene sequencing’ and has an inherent selection bias. Given the initial
identification of a mutation in KCNQI, many investigators then
resequenced ion channel genes involved in the cardiac action potential,
and a cascade of mutations have been identified in the aftermath.
Table 1 provides a comprehensive list of the reported variants
associated with AF.

Potassium channel genes
The S140G mutation in KCNQI led to a gain-of-function in the I
channel complex.!”!® The increase in this repolarizing current was
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Table 1 Variants associated with AF

Gene Description Gene function Functional characterization References
Sodium channels
SCNI1B p-Subunit of Na,1.5, type | Ina modulation LOF 59,60
SCN2B f-Subunit of Na,1.5, type I Ina modulation LOF 60
SCN3B p-Subunit of Na,1.5, type Il Ina modulation LOF 61,62
SCN4B -Subunit of Na,1.5, type IV Ina Modulation LOF 63
SCN5A  a-Subunit of Na,1.5 Ina GOF; LOF 46-49,51-53,55-58
SCNIOA  «-Subunit of Na,1.8 INa-L GOF; LOF 70,71
Potassium channels
ABCC9 ATP-binding cassette, subfamily C, member 9 IkaTP LOF 135
HCN4 Hyperpolarization activated cyclic nucleotide-gated potassium channel 4 I LOF 114
KCNAS5 a-Subunit of voltage-gated potassum channel K,1.5 Ikur GOF; LOF 39-42
KCND3 a-Subunit of voltage-gated potassum channel K,4.3 Ixs modulation NE; GOF 136
KCNE1 p-Subunit of voltage-gated potassum channel K,7.1 Is modulation GOF 35
KCNE2 p-Subunit of voltage-gated potassum channel K,7.2 Ixs modulation GOF 3132,36
KCNE3 B-Subunit of voltage-gated potassum channe IK,7.3 Iks modulation GOF 33
KCNE4 B-Subunit of voltage-gated potassum channel K,7.4 Iks modulation Uncertain 37
KCNE5 B-Subunit of voltage-gated potassum channel K,7.5 Iks modulation GOF 34
KCNH2 a-Subunit of voltage-gated potassum channel K,11.1 Ikr modulation GOF; LOF 38,137
KCNJ2 a-Subunit of inwardly rectifying potassium channel Kir2.1 Ik1 GOF 138,139
KCNJ5 a-Subunit of inwardly rectifying potassium channel Kir3.4 IkAch GOF 140
KCNJ8 a-Subunit of inwardly rectifying potassium channel Kir6.1 IkaTP GOF 141
KCNN3 Intermediate/small conductance calcium-activated potassium channel, Ianp NA 120
Kca2.3

KCNQ1 a-subunit of voltage-gated potassum channel K,7.1 Is GOF 17,21-30
Non-ion channels
GATA4 Transcription factor Cardiogenesis LOF 142-145
GATA5 Transcription factor Cardiogenesis LOF 146-148
GATA6 Transcription factor Cardiogenesis NA 149-151
GJAI Connexin 43 Gap junctions LOF 152
GJAS Connexin 40 Gap junctions LOF 73-79
GREM2  Gremlin-2 BMP antagonist GOF e
JPH2 Junctophilin-2 Ca?* homeostasis LOF 154
LMNA Lamin A/B Nuclear envelope structure NA 155,156
NKX2-5  Homeobox protein Nkx-2.5, transcription factor Cardiogenesis NA 157,158
NKX2-6 ~ Homeobox protein Nkx-2.6, transcription factor Cardiogenesis NA 159
NPPA Natriuretic peptide precursor A Hormone; electrolyte homeo-  GOF 82

stasis and extracellular fluid

volume
NUP155  Nucleoporin 155 Nuclear pore formation LOF 160
PITX2 Pituitary homeobox 2, transcription factor Cardiogenesis LOF 161
RYR2 Ryanodine receptor 2 Ca?* homeostasis GOF 162
SYNE2 Nesprin-2 Cytoskeleton LINC complex NA 120
ZFHX3 Zinc finger homeobox 3, transcription factor Transcription factor NA 120

Abbreviations: AF, atrial fibrillation; GOF, gain-of-function; LOF, loss-of-function; NA, not assessed.

hypothesized to cause more rapid repolarization of the cardiac cells,
leading to a shorter effective refractory period, which in turn would
leave the cells susceptible to depolarization by a subsequent electrical
impulse. This could increase the risk of formation of re-entry loops
which is thought to be a trigger for AF, according to the multiple
wavelet theory (Figures 1a and b).2% The significance of KCNQI has
been underlined by the many reports of gain-of-function mutations in
this gene in families’’2® and unrelated individuals with AF.2’-30
Similarly, mutations identified in KCNEI, KCNE2, KCNE3 and
KCNE5, encoding regulatory p-subunits of Kv7.1, have been shown
to exert gain-of-function effects on Ig,.>!3% The mutation E141A in
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KCNE4 was identified in one individual with AF and reported by
Mann et al¥’ to have potential effect on Iy, I, and Ii,.

The other major repolarizing current in the myocardial cells is the
rapidly repolarizing potassium current Ig,, encoded by KCNH2. While
analyzing a family with short QT syndrome and a high incidence of
paroxysmal AF, Hong et al.®® identified a mutation N588K in KCNH?2.
Programmed electrical stimulation of the family members revealed
short atrial and ventricular refractory period and inducibility of atrial
and ventricular fibrillation, suggesting gain-of-function of Iy, In
contrast, Mann et al.3” identified a mutation with a loss-of-function
for I, in whole-cell voltage clamp studies.
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Figure 1 (a) Rare variants in ion channel genes have been shown to produce both gain-of-function and loss-of-function, leading to both shortening (dotted
line) and prolongation (dashed line) of the atrial action potential and thus the effective refractory period. Both may lead to atrial fibrillation through (b) re-
entry mechanisms and (c) early and delayed afterdepolarizations. In support of this, Nielsen et al. showed that there is a J-shaped relationship between QTc
interval and risk of atrial fibrillation (d). Graph reprinted with courtesy of Nielsen et al.*®> EAD, early afterdepolarization; DAD, delayed afterdepolarization.
A full color version of this figure is available at the Journal of Human Genetics journal online.

The ultra-rapid repolarizing current Iy, is a particularly interesting
potential candidate for AF, since it is largely atrial specific. The
a-subunit is encoded by the gene KCNA5. A loss-of-function
truncating mutation that eliminated the S4-S6 voltage sensor, pore
region and C-terminus resulted in failure to generate an Iy,
current was reported by Olson et al.>® Several reports have described
loss-of-function mutations,*®*! but in contrast, both loss- and
gain-of-function mutations were identified in 307 unrelated Danish

individuals with early-onset lone AF.#? This implies that prolongation
of the effective refractory period and the action potential duration can
also cause AF. The predominant theory is that the resulting changes in
Ca?" homeostasis lead to early and/or delayed afterdepolarizations
which can in turn trigger AF (Figures 1a and c).*>** These findings are
also supported by a report from Nielsen et al.*> where they showed
that both an increase or a decrease in the QTc interval duration is
associated with an increased risk of AF (Figure 1d).
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Sodium channel genes

The major depolarizing current in the cardiac cells is the Iy,, which is
mediated by the sodium channel a-subunit Na,1.5 in complex with
several regulatory B-subunits. Mutations in SCN5A were long known
to cause Long QT syndrome type 3, but in 2005, Olson et al.*
reported a missense mutation that was associated with several cardiac
phenotypes, including dilated cardiomyopathy, AF, impaired auto-
maticity and conduction delay. Subsequently, several reports have
established that mutations in SCN5A*"% and genes encoding four
regulatory B-subunits® %3 can cause AF.

The voltage-gated sodium channel Na,1.8, encoded by SCNIO0A, is
expressed in sensory nerve fibers and has been thought to be primarily
involved in pain mediation.%%> Recently, expression have also
been detected in human cardiomyocytes and intracardiac neurons,
especially in the conduction system,*% and both gain- and loss-of-
function mutations have been identified in two separate early-onset
AF populations.”®”! Functional studies suggested a role for Na,1.8
channels as a component of the late sodium current (Iy,p) in
cardiomyocytes®”7? and SCN10A is also shown to modulate SCN5A
expression.’?

Genetic variation in other genes
The integrity of the conduction velocity in the cardiac tissue is largely
maintained by the connexins. These proteins form gap junctions,
which mediate the flow of ions between two neighboring cells,
enabling the myocardium to depolarize and contract in an organized
manner. Mouse models have shown that depletion of the atrial specific
connexin 40, encoded by GJA5, can lead to atrial tachyarrhythmias.
Gollob et al”® described three somatic mutations in atrial cardiac
tissue and one germline mutation in GJA5 in 15 individuals with
sporadic, lone AF, and these were shown to impair cell—cell electrical
coupling. These mutations may facilitate AF through a decrease in the
conduction velocity resulting in shortening of the wavelength and
increased risk of re-entry (Figure 1b). In support of this, the germline
mutation has also been identified in an independent population with
early-onset lone AF.7* Further, other mutations in GJA5 have been
identified;”>”° however, atrial specific somatic mutations appear to be
rare causes of AF.80

Atrial natriuretic peptide is a circulating hormone produced in the
cardiac atria, important in the regulation of sodium homeostasis.

A truncating frameshift mutation in NPPA, the gene encoding the
precursor protein for atrial natriuretic peptide, was identified in a
family with an autosomal dominant inheritance pattern of AF.!® The
mutation was later shown to slow degradation of human atrial
natriuretic peptide®! and to shorten the action potential duration in
a rat Langendorff model.!® Both common and rare variants in NPPA
have since been identified in a Chinese population.®?

Although there have been a large number of mutations reported in
patients with AF, there are many limitations pertaining to the findings
from candidate gene studies. First, the number of genes considered is
typically small. Given this limitation, candidate gene approaches are
quickly being superseded by exome and genome sequencing. While
such studies will provide a more comprehensive approach, they will
require a robust sample size to have enough power to implicate any
specific gene in the pathogenesis of AF.

Second, it remains difficult to know how often these apparent
mutations may actually be natural genetic variation in the population.
With the emergence of large-scale, publicly available databases such as
the ExAC browser,3? which contains exome sequencing data on up to
60000 individuals, several mutations that were thought to be rare and
causal, are actually much more common in the general population
than anticipated.3+-8¢

Finally, in most cases, the functional effect of these mutations has
not been evaluated. Even when a variant has been characterized, the
cell lines or model systems may not faithfully recapitulate the
complexity of human atrial cells.

USING ASSOCIATION STUDIES TO IDENTIFY COMMON AF
VARIANTS

Genetic association studies involve testing whether the frequency of a
genetic variant differs between cases and a control population.
The most common type of genetic variation, or single-nucleotide
polymorphism (SNP), is genotyped in cases and controls and tested
for association with the desired phenotype. The first genome-wide
association study (GWAS) was published in 2002 and described the
association of a locus on chromosome 6p21 with myocardial
infarction.¥” Such an approach provides for a relatively unbiased
method for testing SNPs throughout the whole genome. In the
intervening years, GWAS have been performed on many traits and
diseases. Table 2 shows all loci associated with AF through GWAS.

Table 2 Genetic loci associated with AF in genome-wide association studies

Reference SNP ID Chr Closest Gene Effect estimates® Relation to gene Comments References
rs13376333 121 KCNN3 OR=1.52 Intronic Calcium-activated potassium channel 109
rs3903239 1q24 PRRX1 RR=1.14 Intergenic Homeodomain transcription factor 110
rs4642101 3p25 CAND2 RR=1.10 Intronic TBP-interacting protein 120b 117
rs2200733 4925 PITX2 OR=1.72 Intergenic Pituitary homeobox 2 89,90,92-96,129
rs13216675 6q22 GJAI RR=1.10 Intergenic Connexin 43, gap junctions 117
rs3807989 7q31 CAV1/2 RR=0.90 Intronic Caveolin 1/2 110
rs10821415 9qg22 CYorf3 RR=1.11 Intronic Aminopeptidase O 110
rs12415501 1024  NEURL RR=1.18 Intronic E3 ubiquitin ligase 117
rs6584555 (Japanese only) 10g24  NEURL RR=1.32 Intronic E3 ubiquitin ligase 117
rs10824026 10q22 MYOZ1/SYNPO2L RR=0.87 Intergenic Myozenin-1, stabilize sarcomere 110
rs10507248 1224 TBX5 RR=1.12 Intronic Transcription factor 117
rs6490029 (Japanese only) 12q24  CuUx2 RR=1.12 Intronic Cut-like homeobox 2, transcription factor 117
rs1152591 1423  SYNE2 RR=1.13 Intronic Nesprin-2 110
rs7164883 1524  HCN4 RR=1.19 Intronic Pacemaker channel 110
rs2106261 16q22  ZFHX3 RR=1.25 Intronic Zinc finger homeobox 3 94,95,108

Abbreviations: Chr, chromosome; OR, odds ratio; RR, relative risk; SNP, single nucleotide polymorphism; TBP, TATA-binding protein.

aEffect estimates from original study.
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The first GWAS on AF was performed in an Icelandic population
in 2006, analyzing ~300000 SNPs throughout the genome. The
most significantly associated SNPs were found in a region on
chromosome 4q25. The SNP rs2200733 was most significantly
associated with AF, a find that was replicated in populations of
European and Asian ethnicity in the same study®® and later in
independent European,3°®? African® and Asian populations.®>%
Similarly, association has been shown with cardioembolic
stroke?#9697 and PR interval,®>% which are both related to AF.

Fine mapping of the locus revealed two independent signals in
addition to rs2200733, and the cumulative AF risk in carriers of all six
risk alleles was sixfold increased.”® The surroundings of the 4q25 locus
have been described as a ‘genetic desert’, with the closest gene (PITX2)
located 150 000 base pairs upstream. PITX2 encodes the paired-like
homeodomain transcription factor 2 and PITX2c¢ is the major isoform
expressed in the heart.!% It is active during the embryonic cardio-
genesis, where it is crucial to right-left asymmetry, the suppression of
the formation of a sinus node in the left atrium,!°! and the formation
of the myocardial sleeves in the pulmonary veins.!%? The latter is
interesting, because electrical impulses generated ectopically in the
pulmonary myocardial sleeves are known triggers of AF. Isolation of
the pulmonary veins using ablative techniques is one of the most
common treatment strategies for AF.

Knockout and haploinsufficient PITX2 mice, have been shown to
have a propensity to atrial arrhythmias!®® and AF.'%* In addition,
PITX2 knockout mice hearts display a substantial decrease in cardiac
Na,l.5 protein expression, which may be involved in the atrio-
ventricular block observed in these mice.!%> In humans and mice,
depletion of PITX2c leads to reduced levels of mRNA encoding
sodium- and potassium channel protein subunits, suggesting that this
gene is an upstream transcriptional regulator of atrial electrical
function.!0>106

The CHARGE-AF (Cohorts for Heart and Aging Research in
Genomic Epidemiology Consortium), which now is known as the
AFGen (AF Genetics) Consortium, was established to increase the
power of GWAS to identify robust associations. In 2009, the AFGen
consortium reported a locus associated with AF at 16q22 in a meta-
analysis of GWAS from five populations of European ethnicity.”®> The
same association was simultaneously reported in the Icelandic
population, replicated in European and Han Chinese populations,!?’”
and later replicated in an African-American population.”* The top
SNP at this locus is intronic to ZFHX3 which encodes the zinc finger
homeobox 3, a transcription factor with unknown function in cardiac
tissue.

Since then, the AFGen Consortium has reported many additional
loci associated with AF.1%8199 One locus was identified intronic to the
gene KCNN3 encoding the calcium-activated potassium channel SK3,
which is active during the repolarization phase of the cardiac action
potential. Blocking SK channels has been shown to reverse action
potential duration shortening in a burst-pacing model in rabbits,
suggesting a link to AF. Another locus was identified on chromosome
15924, intronic to HCN4, which encodes the hyperpolarization-
activated cyclic nucleotide-gated channel carrying the funny current
(I) responsible for the pacemaker activity in the sinoatrial node in the
left atrium. This gene has been related to sinus node
dysfunction,'%-112 tachy-brady syndrome and AF,''* and recently a
mutation causing a channel trafficking defect was reported in a
population of early-onset AF patients.!!

More recently, Kolek et al.''> set out to identify genomic mod-
ulators of rate control therapy in patients with AF; however, no variant
reached genome-wide significance, probably because of small sample
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size. Of note, SOX5, which previously has been associated with resting
heart rate and PR interval, was among the top hits.

Identifying additional AF GWAS loci

The genome-wide significance level most commonly used in GWAS is
5x1078, resulting from Bonferroni correction of a 5% significance
level for the testing of ~1 million SNPs (0.05/1 000 000). Such a
correction is conservative and comes at the expense of potentially
missing SNPs that are truly associated with AF. The simplest way to
identify novel AF-related loci would be to increase the study sample
size. In 2014, Sinner et al.''® combined genotyping in additional cases
in Europeans and Japanese, eQTL mapping, and functional character-
ization to identify five novel AF loci.

The most significantly associated variants in both Europeans and
Japanese was at chromosome 10924, intronic to NEURL. The protein
product is an E3 ubiquitin ligase with a putative RING finger domain,
and it was found to interact with PITX2 protein by co-
immunoprecipitation. Further, knockdown of the NEURL ortholog
in zebrafish resulted in significant prolongation of the atrial action
potential duration, suggesting a possible link with AF.

Interestingly, one of the loci associated with AF was identified only
in Japanese and is located intronic to CUX2 on chromosome 12q24.
The top AF SNP at this locus was also associated with decreased risk of
ischemic stroke in the Metastroke collaboration. A separate SNP at this
locus, 151265564, that is also intronic to CUXZ2 was associated
with type 1 diabetes in the Wellcome Trust Consortium,'!” but is
monomorphic in the Asians. Recently, a variant located upstream
of CUX2, rs2188380, was associated with gout in a Japanese
population.''® Additional variants at this locus have been suggested
as susceptibility variants for coronary artery disease in Koreans and
Japanese, but failed to replicate.!’ Currently, the mechanistic link
between CUX2 and AF remains unclear.

TARGET SEQUENCING OF GENES AT GWAS LOCI
The AF GWAS loci have been identified using common genetic
variants with either increased or decreased frequency among cases
versus controls. A logical next step would be to ask if rare genetic
variation in the coding region of any of the genes in the loci may also
be related to AF. Two studies have taken an initial foray into this
approach. First, Tsai et al.!?0 performed next generation sequencing of
nine AF GWAS genes in 20 individuals with AF. They identified six
novel mutations exonic to or in the 5 untranslated regions of four
genes (PITX2, SYNE2, ZFXH3, KCNN3), and a promoter variant in
PITX2 reduced luciferase activity compared to a wild-type construct.
In a second report, Lin et al. sequenced 77 target gene regions from
GWAS loci of complex diseases or traits, including four AF genes
(PRRXI, CAV1, CAV2 and ZFHX3), in 948 individuals with and 3330
without AF. One common variant intronic to the interleukin-6
receptor gene was identified, and in rare variant analysis, deleterious
variants within the PRRXI region had a significant association
with AF.12!

Figure 2 shows the main pathways for atrial fibrillation identified
through genetic studies.

CLINICAL APPLICATION OF GWAS FINDINGS

The fourteen AF loci discovered through GWAS have opened up new
potential pathways for the development of AF, yet it is natural to
wonder whether this knowledge can be transferred from the bench to
the bedside. In an attempt to examine this, several studies have
incorporated all of the GWAS SNPs into an AF-genetic risk score
(GRS). Most recently, an AF-GRS including the 12 top AF SNPs was
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Figure 2 The genes and genetic loci found to be associated with atrial fibrillation can roughly be grouped according to three main biological pathways:
variants influencing cardiogenesis, cell architecture and electrical coupling and ion channel dysfunction. Gene names in black font terms genes identified
through resequencing, while gray font refers to genes identified in association studies.

examined in a community-based study of 27000 Swedish
individuals.!?> The AF-GRS was associated with incident AF and
ischemic stroke when adjusting for clinical risk factors and it identified
the upper quintile of the population, with > twofold increased risk for
AF and ~25% increased risk for ischemic stroke. Interestingly, the
AF-GRS displayed similar magnitude as a risk factor as hypertension.

In 2013, investigators in the Women’s Genome Health Study,
a cohort of more than 20 000 women, found that the addition of a
GRS including the same 12 risk alleles, to a clinical AF risk score
improved discrimination (C-index=0.741) and improved category-
less reclassification.!?® A range of genotype risk scores have also been
used to examine the risk of postoperative AF, yet they have failed to
improve discrimination of AF risk beyond the usual clinical AF risk
factors. 1247126

These efforts show that an AF-GRS improves prediction of incident
AF in asymptomatic individuals.

Prediction models of AF recurrence after treatment for AF have also
been evaluated. The presence of any of the two SNPs, rs2200733 and
rs10033464, at 4925 was an independent predictor of AF recurrence in
a study of 184 individuals undergoing an electrical cardioversion.!?”
Similarly, in 195 individuals with AF who underwent AF catheter
ablation, the presence of any of the same two SNPs increased risk of
early AF recurrence (<7 days) by twofold, and late AF recurrence
(3-6 months) by fourfold.!?® Parvez et al'?® have reported that the
ancestral allele at rs10033464 at 4925 was an independent predictor of
successful rhythm control in 478 individuals with AF treated with
antiarrhythmic drugs. This finding was replicated in 198 additional
individuals, but in a follow-up study, the effect was attenuated when
obstructive sleep apnea was present.'? None of the prediction models
described above have been implemented in clinical practice thus far.
Some studies are underpowered, and most lack generalizability to
broader populations; however, the most prominent reason is that the
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clinical value of screening individuals for AF risk by using genetic
markers depend on the availability of effective interventions that can
prevent AF or diminish the AF burden. In contrast to many other
conditions, we do not yet have any known preventive strategies against
AF, although such interventions could include antihypertensive
treatment, polysomnography and more extensive electrocardiogram-
monitoring. Further studies are needed to evaluate the efficacy of these
or other measures, before genetic screening with the aim to identify
individuals at risk for AF can be implemented in clinical guidelines.

Familial AF as a risk factor for AF; however, is a factor easily
ascertained in a clinical setting without incremental risk for the
patient, which has been found to increase discrimination in a
prediction model for AF, most dominantly in early-onset familial
AF (C-statistic 0.842—0.846).> Familial AF is included as a clinical risk
factor in the 2014 AHA/ACC/HRS Guidelines for the management of
patients with AF and referral to genetic counseling at a tertiary center
may be considered as a class IIb recommendation in families with
multigenerational AF aggregation.!3!

FUTURE DIRECTIONS
The rare and common variants identified to date do not seem to fully
account for the considerable heritability of AF observed in epidemio-
logic studies. There is a range of possible explanations for this missing
heritability, including unidentified rare or common genetic variants,
gene—gene interactions, gene—environment interactions or variations
in copy number. For example, Ritchie et al. found a significant
interaction between SNPs in the 4q25 region and rare genetic variants
in known AF genes.!¥

In the upcoming years, it will be interesting to see the results of
large-scale exome and genome sequencing for AF. As we await these
results, recent findings on lipids and myocardial infarction provide a
glimpse into the future. Exome sequencing of ~4 000 participants in



the Exome Sequencing Project identified variants in apolipoprotein C3
that reduced triglyceride levels with 39% and was protective against
coronary heart disease.!?*> In the early-onset myocardial infarction
consortium, exome sequencing revealed mutations in the low-density
lipoprotein receptor and in apolipoprotein A-V that increased levels of
low-density lipoprotein cholesterol and triglycerides, respectively, and
increased risk of myocardial infarction.!3* Although these are valuable
findings in the search for new preventive treatments, these variants
only explain a small fraction (0.48% and 0.28%, respectively) of the
heritability of myocardial infarction.

CONCLUSION

Great strides have been made in the past decade in defining the
heritability and genetic basis of AF. In the upcoming years, we expect
the identification of further AF-related genes in larger association
studies, exome sequencing and genome sequencing studies. The results
will provide the foundation for further work needed to determine the
role of these genes in AF and to define the molecular pathways leading
to this common arrhythmia.
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