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Editorial
Genome-wide association studies of atrial fibrillation: Finding meaning
in the life of risk loci
Genome-wide association studies (GWAS) have identified potential
pathogenic variants associated with several complex traits/phenotypes
in multi-ethnic populations (Fig. 1A), which has helped redesign thera-
peutic strategies for those particular diseases [1]. For example, the asso-
ciation of genetic variants in PCSK9, identified in classical genetic
studies and GWAS, with LDL cholesterol levels and coronary artery dis-
ease has led to new therapeutic options [1]. Similarly, in type-2 diabetes
mellitus, GWAShave been employed to identify novel risk loci [2],while
in rheumatoid arthritis, GWAS have detected the genetic overlap with
other immunologic diseases, such as human primary immunodeficiency
and hematological cancer, suggesting the potential benefit of
repurposing drugs targeting those diseases [3]. GWAS have also been
applied to study several electrocardiographic traits, including PR, RR
and QT intervals, as well as complex arrhythmias, such as atrial fibrilla-
tion (AF) and sudden cardiac death [4].

AF is a progressive arrhythmia with multifactorial etiologies and
pathogenesis, and a significant impact on morbidity and mortality [5].
Since rhythm control with catheter ablation or cardiac surgery can be
performed in only a limited number of AF patients [6], antiarrhythmic
drugs [7] along with anticoagulation for stroke prevention [8] remain
the cornerstone of AF management. Several pathological mechanisms,
including electrical remodeling, structural remodeling, autonomic im-
balance and calcium-handling abnormalities, contribute to the initia-
tion, maintenance and progression of AF (Fig. 1B) [5]. AF shows a
significant heritability, highlighting a genetic predisposition, particu-
larly in the case of lone AF (i.e., AF in the apparent absence of overt car-
diovascular disease or atrial pathology). To date, GWAS have identified
more than 100 susceptibility loci associated with AF and pathway anal-
yses have revealed the association with cardiac developmental, struc-
tural and electrophysiological pathways [9,10], although the
magnitude of their contribution and the precisemechanistic role remain
largely unknown [11].

In the current issue of the Journal, Ebana et al. [12] employed meta-
analysis gene-set enrichment of variant associations (MAGENTA), a
computational tool that tests for enrichment of genetic associations in
specific biological processes or gene sets, to identify the biological path-
ways linked to AF-associated loci previously identified in a GWAS of a
Japanese populationwith orwithout loneAF. Two novel biological path-
ways were found to be associated with AF: the mammalian target of
rapamycin (mTOR), a serine/threonine kinase involved in the regulation
of cellular growth and metabolism in response to a wide range of envi-
ronmental cues, and the CCCTC-binding factor (CTCF) pathway, a tran-
scriptional repressor. Further microarray analyses using human atrial
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samples and gene-set enrichment analysis (GSEA) supported a role for
mTOR, revealing down-regulation of mTOR signaling in patients with
AF, while the CTCF pathwaywas randomly distributed with low enrich-
ment score [12]. These data suggest a potential role for mTOR signaling
in AF, in linewith previous animal studies showing that cardiac-specific
deletion of LKB1, a negative regulator of mTOR, increased mTOR levels
and AF susceptibility in mice [13].

Although the MAGENTA and GSEA analyses provide independent
evidence for a role of mTOR in two different patient cohorts and meth-
odologies, it is noteworthy that themTORpathwaywas not identified in
other, much larger GWAS [9,10]. Conversely, pathways involving genes
commonly associated with AF in other GWAS (notably PITX2 and TBX5)
could not be identified in the analysis by Ebana et al. [12]. These findings
suggest that differences in patient characteristics (including race/eth-
nicity and type of AF), the origin of the tissue samples, as well as the
employedmethodologies (e.g., GWAS and GSEA software)might signif-
icantly affect the identified biological/molecular pathways. For example,
the fact that themTOR pathwaywas found in a study of a Japanese pop-
ulation, but has never been reported before in larger multi-ethnic stud-
ies suggests a potential sensitivity of pathway analyses to the race/
ethnic diversity of the sample populations. Likewise, the failure to de-
tect pathways involving PITX2 and TBX5 could indicate that their contri-
bution to lone AFmay bemore subtle than in patients with paroxysmal
or persistent AF, making the GWAS underpowered to detect a signifi-
cant association. In this respect, it is interesting that the current study
[12] identified a role for mTOR in both the GWAS of lone-AF patients
and in atrial samples of patients undergoing open heart surgery with
valvular AF.

Although the extensive employment of the GWAS technology has
generated multiple novel hypotheses of AF pathophysiology, themech-
anistic role of most risk loci for AF identified using GWAS remains un-
known. The AF risk locus at 4q25, the strongtest signal in all AF-
related GWAS typically attributed to PITX2, represents a prime example,
with modest associations between genetic variants, PITX2 levels and
outcomes, as well as multiple proposed mechanisms [14]. Compared
to other applications, the use of GWAS-based pathway analysis in AF
might be particularly challenging due to the large number of potential
mechanisms that can promote AF. Moreover, the genetic predisposition
to AF interacts with numerous acquired factors such as age, life-style
(including exercise [15]) and other comorbidities [14]. These mecha-
nisms are distinct for different types of AF (e.g., paroxysmal vs. persis-
tent AF) and operate over different time courses [14]; information
which is not typically taken into account in GWAS populations. Another
challenge for the application of GWAS in AF is the likely contribution of
functional alterations of the genome (i.e., epigenetics), including DNA
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Fig. 1. A) Examples of complex traits/phenotypes investigated using GWAS. B) The pathogenesis of atrial fibrillation (AF). Genetic predisposition, advancing age, and acquired factors
including cardiovascular and non-cardiovascular diseases promote AF through a variety of mechanisms, notably structural, electrical, autonomic and Ca2+-handling remodeling,
leading to the generation of AF-maintaining reentrant waves and/or focal ectopic firing.
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methylation, histone modifications and microRNA regulation. For ex-
ample, in recent years, several microRNAs have been identified to regu-
late AF-associated electrical, structural and Ca2+-handling remodeling
[16]. Nevertheless, it should be noted that almost all of the risk loci
and pathways associated with AF that have been identified using
GWAS to date are not considered as targets of traditional antiarrhyth-
mic drugs, which might partially explain the limited efficacy of
currently-available anti-AF therapies [7].

Taken together, these findings highlight the complexity of AF and
the importance of understanding the contribution of its genetic predis-
position for better management of the disease. The application of novel
pathway analyses, including MAGENTA and Bayesian network analysis
[12,17], in large, well-phenotyped cohorts with specific AF subtypes to-
gether with hypothesis-driven experimental studies may facilitate a
better mechanistic understanding of AF risk loci. Ultimately, this may
contribute to improved therapeutic options, although this remains a
distant goal at present.
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