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1. Context
Atrial Fibrillation (AF) is the most common heart 

arrhythmia with a wide range of symptoms and 
severities (1). Several clinical cohort observations (such 
as Framingham Heart Study, Rotterdam Study, etc.) 
conducted in different countries have revealed the general 
epidemiological properties of AF (2, 3). Accordingly, the 
most important risk factors of AF have been reported to be 
age, cardiovascular disorders, diabetes mellitus, smoking, 
and alcohol consumption. On the other hand, AF itself 
has been associated with stroke (4) and dementia (5), not 
only via shared risk factors, but also as an independent 
contributing agent.

Although structural heart disorders are the usual 
prerequisite for AF manifestation, about 30% of the cases 
are being observed in the absence of such conditions (6). 

These cases are usually referred to as a lone AF. However, 
some authors have highlighted the role of genetic mutations 
in the development of AF and different approaches for 
imaging (7). Moreover, modern methods for imaging 
and testing can help determine the exact ethology of 
heart disorders, making the term ‘lone or idiopathic AF’ 
incorrect. Such cases are supposed to have a strict genetic 
determination. The properties of lone AF are familial 
inheritance and early onset. Indeed, there have been 
numerous observations of AF hereditability in families. 
The first description of familial AF was made in 1943 (8). 
Since then, the occurrence of familial AF was confirmed 
as a risk factor by a number of studies (9). It has also been 
demonstrated that the prevalence of risk factors associated 
with the development of AF was linked to racial and 
ethnic differences (10). The key landmark of history of 
studies on this problem is an invention and development 
of Genome-Wide Association Study (GWAS) methodology 
(11). Before this, the primary approach to determining the 
genetic variants was a linkage analysis in the families 
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A B S T R A C T

Context: Atrial Fibrillation (AF) is the most prevalent arrhythmia in human populations 
with a growing world-wide burden. The present review aimed to determine the genetic 
factors in the development of AF.
Evidence Acquisition: The present study included the studies, which probed into the 
genetic factors of AF. The searches were done in PubMed, Scopus, Web of Science, 
Embase, and Google Scholar databases. The review highlighted two main directions 
of AF genetic studies; i.e., rare mutations in structural genes, including potassium 
and sodium channels, connexins, and transcription factors genes, and genome-wide 
association studies of significant common variants. The main focus was on the most 
important loci confirmed by numerous studies with both rare and common variants.
Results: Research on the genetic basis of AF has remained a hot topic due to its growing 
worldwide burden. Recent advances in genome-wide studies have provided the ground 
for gaining insight on minor genetic factors with cumulative effects, which are distributed 
more widely than previously known rare mutations.
Conclusions: Far more potential candidate genes and/or regulatory sequences have been 
already discovered, and there are much more to be explored in the near future. This will 
potentially result in a better understanding of AF and other arrhythmic conditions as 
well as their impacts on human health, and will provide new ways to improve diagnostics 
and treatment strategies.
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affected by AF following the sequencing of the supposed 
candidate genes. Most of these genes appeared to code 
the cardiac potassium and sodium ion channels directly 
involved in the mechanistic models of AF development (8). 
This approach facilitated the detection of rare variants with 
allele frequencies under 0.5% and large gain-of-function 
or loss-of-function effects (12). In fact, the GWAS-based 
study predominantly focused on full-genome screening 
for the association between thousands of known Single-
Nucleotide Polymorphisms (SNP) with the phenotypes of 
interest (13). Unlike the previous approach, it helped find the 
common variants; i.e., polymorphisms widely distributed 
in populations and having small effects on phenotype 
development (12). According to the impacts caused by 
rare and common variants in disease development, two 
concepts of AF were defined. The first one was common 
AF as a mostly polygenic and multifactorial condition, 
while the second one was familial AF with preliminary 
monogenic heritability of rare variants with large effects 
and common variants with only minor modifying effects 
(Table 1). Between these concepts, there were cases with 
unclear heritability, which remained unclassified due to 
the complex interactions between the known and not yet 
discovered rare and common variants (14).

The present review aims to highlight and analyze the key 
points of the genetics of AF.

2. Evidence Acquisition
The present study included the studies, which probed 

into the genetic factors of AF. Not claiming to provide 
exhaustive description of all available genetic data, the 
study was focused on the most important aspects. The 
searches were done in PubMed, Scopus, Web of Science, 
Embase, and Google Scholar databases using a combination 
of free text and MeSH terms.

3. Results

3.1. Loci with Rare Genetic Variants Associated with AF
Roberts and Gollob classified all cases of lone AF into six 

subtypes according the underlying physiological models:  
1) enhanced atrial action potential repolarization, 2) delayed 
atrial action potential repolarization, 3) conduction velocity 
heterogeneity, 4) cellular hyper-excitability, 5) hormonal 
modulation of atrial electrophysiology, and 6) cholinergic 
AF (8, 15). Except for the last one, the genetic basis of 
which has remained unclear, rare genetic variants related 

to all these subtypes have been studied since 2003 when 
the first mutation causing familial AF was described (16). 
Developmental genes were found to exert an impact on heart 
development, which could cause AF by altering cardiac 
structures and functioning. This is typical for rare variants, 
in which observable mutations are unique in each particular 
family. Hence, discoveries cannot usually be generalized 
to all AF cases. However, they can be an important source 
of knowledge about molecular mechanisms of cardiac 
physiology.

3.2. Rare Variants in Cardiac Ion Channel genes
The cardiac tissue contains ion channels responsible 

for specific calcium and potassium currents, which delay 
membrane repolarization after an action potential. It plays 
a crucial role in maintaining the rhythm of automated 
heart activity. Therefore, mutations affecting the activity 
of ion channel proteins can be a probable cause of various 
arrhythmic conditions, including AF. Depending on 
their functional effects, mutations in the cardiac channel 
genes can lead to different results, including enhanced 
repolarization and shorter AP cycle in the case of gain-of-
function, or delayed repolarization and prolonged AP in 
the case of loss-of-function mutations (15).

The first mutation associated with AF was found in the 
KCNQ1 gene in a Chinese family affected by heritable AF 
(16). The product of this gene is an α-subunit of a voltage-
gated potassium channel. Co-expression with the KCNE 
gene family is required for the formation of ion pore. 
These channels are responsible for the slow component 
of the delayed rectifier potassium current, which assists 
the prolongation of the repolarization phase of action 
potential in cardiac myocytes. KCNQ1 protein consists of 
six transmembrane domains (S1-S6), pore loop between S5 
and S6, and intracellular N- and C- termini. S4 domain has 
been described as containing a voltage sensor (15, 17, 18).  
Chen et al. discovered the point mutation S140G (A to G 
substitution at nucleotide 418) in S1 with a gain-of-function 
effect on KCNQ1/KCNE1, KCNQ1/KCNE2, and KCNQ1/
KCNE3 channels. A similar effect was described for de novo 
substitution G to A in position 421 (V141M) in a pediatric 
patient with AF and short QT syndrome in utero (19). The 
same substitution was further revealed in three independent 
cases (20). Mutation leading to S209P substitution was 
found in highly conserved S3 region (21). Unlike these gain-
of-function mutations, Q147R was discovered to have an 
effect depending on conjugation with the particular KCNE 

Table 1. Comparison of the Rare and Common Genetic Variants
Rare Variants Common Variants

Abundance Very low
Mostly unique mutations, not observed in populations

Wide range: from low to high
Usual polymorphisms in human populations

Location Exons, regulatory regions Mostly non-coding regions (UTR, introns, inter-
gene intervals), regulatory regions, rarely exons

Inheritance mode Mendelian Complex polymeric and/or multifactorial 
Effect size Strong Small
Caused disorders Rare heritable conditions Common diseases with or without reported 

heritability
Discovery approach Familial genealogy study,  linkage analysis, candidate 

gene sequencing  
Genome-wide association study



Genetic Factors of AF

Int Cardiovasc Res J. 2021;15(1)                                                                                                                                                                                      3

protein; gain of function with KCNE2, loss of function 
with KCNE1, and no effects with KCNE3 or KCNE4 (22). 
R231C mutation in S4 was the first to show a relationship 
between AF with loss of function and long QT syndrome 
(23). Afterwards, a new substitution in the same position 
of R231H was discovered independently in five families 
(24). Four new mutations with potential loss-of-function 
effects were also described by Steffensen et al. as follows: 
G to A at 136 (A46T), C to T at 583 (R195W), C to T at 905 
(A302V), and G to A at 2009 (R670K) (25). Rare variants 
associated with AF were also found in other potassium 
channel genes. Several mutations of KCNE genes closely 
related functionally to KCNQ1 were described, as well. 
For instance, transition of C to T in position 79 of KCNE2 
gene leading to R27C substitution was found in a Chinese 
family (26). In addition, two mutations in KCNE1 and one 
mutation in the KCNE3 gene were found by screening of 
the cohort of Danish and Norwegian AF patients: G to T in 
position 74 (G25V) and G to A in position 179 (G60D) of 
KCNE1 and G to A in position 39 (V17M) of the KCNE3 
gene (27, 28). Moreover, two mutations were identified in 
the KCNE5 gene as follows: T to C transition in position 97 
leading to P33S substitution (described earlier in relation to 
the long QT syndrome) and T to C transition in position 193 
(L65F) (29). Other potassium channel genes with described 
rare variants associated with AF are KCNA5, KCND3, 
KCNH2, KCNJ2, and KCNJ8 (30, 31).

Another important factor in AF development is the 
malfunction of sodium ion channels. Numerous studies 
have indicated the essential role of mutations in the SCN5A 
gene, which codes the α-subunit of the Nav1.5 sodium 
channel. Mutations in this gene were previously known 
to be associated with ventricular fibrillation (32), dilated 
cardiomyopathy (33), congenital sick sinus syndrome (34), 
and some other heart pathologies. Olson et al., for the first 
time, described three mutations in the families affected 
by AF or atrial flutter along with other conditions known 
to be related to mutations in the SCN5A gene; i.e., C to T 
substitution in position 659 (T220I), G to C substitution in 
position 4783 (D1595H), and C to T substitution in position 
2440 (R814W) (33). Darbar et al. discovered eight mutations 
in the families affected by AF (M138I, E428K, H445D, 
N470K, E655K, T1131I, R1826C, and V1951M) as well 
as 11 rare variants previously reported to be associated 
with Brugada syndrome, long QT syndrome, and sudden 
infant cardiac death syndrome (35). Several mutations 
were also described by different authors: T to C at 5624 
(M1875T) (36), C to A at 5958 (N1986K) (37), and K1493R 
(first described gain-of-function effect on sodium channel; 
affected cardiac cellular excitability, lowering cardiac AP 
threshold) (38). The series of mutations previously revealed 
in association with LQTS were found to be prevalent in the 
cohort of AF patients (39). Ziyadeh-Isleem et al. described 
unique frame-shift mutation R1860Gfs*12 (deletion of A at 
the position 5578), which resulted in the truncated SCN5A 
protein and a complex condition with AF and sick sinus 
syndrome (40).

Numerous publications have suggested that mutations in 
the genes of Nav1.5 β-subunit variants could play a role in 
AF pathogenesis (41). In this context, many studies have 

demonstrated that mutations leading to the development 
of AF and other heart rhythm distortions occurred in 
evolutionary conserved amino acid positions. This 
indicated the essential role of such amino acid residues in 
heart electrophysiology. Hence, although most discovered 
rare variants are unique, they provide insight into molecular 
mechanisms underlying heart functioning.

3.3. Rare Variants in Non-Channel Genes
Not only the correct functioning of cardiac ion channels, 

but also distribution of AP over the cardiac tissue is essential 
for heart work. All cardiac cells in atria and ventricles 
are connected in the functional syncytia via so-called 
intercalated discs or nexus (42). Apart from desmosomes and 
fascia adherents, there are gap junctions that provide inter-
cellular AP transmission (43). Oligomeric connexin pores 
are the structural and functional basis of gap junctions (44). 
Connexins 40, 43, and 45 have been described as primary 
proteins for the heart tissue (45). Connexin 40 activity, 
especially relative to connexin 43, has also been identified 
for its importance in AF pathogenesis (46). Mutations in 
the GJA5 gene coding connexin 40 were first found in AF 
patients by Gollob et al. (P88S, M163V, G38N, and A96S). 
However, only the last one was confirmed to be inherited, 
while the others were somatic as found exclusively in the 
heart tissue (47). A96S transition was further confirmed in 
an unrelated patient (48). Missense mutations V85I, L221I, 
and L229M of connexin 40 were found in three unrelated 
families with the history of AF (49). Several publications 
have indicated that in many cases, connexin-driven AF 
resulted from polymorphisms in the regulatory regions of 
the connexin 40 gene rather than alterations in the structural 
regions (50).

Unlike mutations described above, which affected 
the physiological function of the heart tissue, there is a 
group of genetic alterations affecting the process of heart 
structure formation during morphogenesis. These include 
mutations in the genes coding transcription factors and 
other regulatory proteins involved in the development of the 
cardiac conductive system. Generally, the essential role in 
heart morphogenesis in all vertebrata is played by GATA4, 
GATA5, and GATA6 transcription factors. They are zinc 
finger proteins laying in the basis of the regulatory network 
of cardiac development (51). Abnormal expressions and 
structural changes of the GATA genes have been mentioned 
to lead to congenital heart structure defects (52). A series 
of mutations were found in the GATA4 (53), GATA5 (54), 
and GATA6 (55) genes in AF patients. The aforementioned 
rare variants lay in evolutionary conserved positions, 
which indicates their functional importance and alterations 
resulting in structural abnormalities leading to AF.

The Atrial Natriuretic Peptide (APN) coded by the NPPA 
gene is an important cardiac regulatory protein with 
various functions. It modulates cardiac electrophysiology 
indirectly by regulation of the autonomous nervous system 
and directly by regulation of the activity of ion channels 
and gap junctions. It is also known to be commonly 
involved in AF (56). The importance of NPPA for AF was 
indicated for the first time by discovery of frame-shift 
mutation in a family with hereditary AF (57). Abraham 
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et al. revealed the direct impact of mutation in the NPPA 
gene on increase of the potassium channel, discovering the 
shared phenotype of two mutations in NPPA and KCNQ1 
(58). Point mutations were found in a cohort of Chinese 
families with AF history not only in the coding regions, 
but also in 3’ and 5’ UTR (59).

3.4. Genome-Wide Study of Common Variants Associated 
with AF

As mentioned previously, most rare genetic variants 
identified in relation to AF were described as unique 
genotypes in the affected families. Although the impacts of 
particular genes are known, specific mutation points differ. 
Such rare variants are described in only a limited number of 
AF cases, in which monogenic nature is confirmed, whereas 
AF is manifested as a complex multifactorial condition 
more frequently. A more promising approach is a search for 
common polymorphisms having a significant association 
with AF in human populations. Such researches have been 
successfully conducted using the GWAS methodology. 
The modern SNP detection technologies have allowed 
researchers to determine the number of polymorphisms 
considered sufficient for simultaneous wide genome 
coverage. Thus, genomic regions with higher density of 
SNPs with significant association with phenotypes of 
interest are to be studied for possible candidate genes.

Since its introduction in 2002 (60), despite some criticisms, 
GWAS showed its applicability in research on numerous 
quantitative traits and common human disorders, revealing 
the genetic components of many complex conditions (13). 
GWAS has been performed on large samples of individuals 
with phenotypes of interest and control individuals, 
demonstrating its efficacy and accuracy. The precision of 
this method depends on sample size, number of SNPs, and 
study design (61). Furthermore, the great improvement 
of GWAS is the meta-analysis of data from independent 
studies, which allows the increase of sample size and 
reduction of sampling bias associated with particular 
populations. It has resulted in a change in focus from single 
studies to international GWAS consortia (62).

The first application of GWAS to AF genetics was 
conducted over Icelandic, European, and Chinese 
populations in 2007 (63). This study revealed common 
polymorphisms with strong associations with AF 
phenotype in 4q25. The assumption of importance of 
this region for AF pathogenesis was supported by further 
studies (64). 4q25 region contains the PITX2 gene coding 
homeobox transcription factor PITX2c, which is known to 
be directly involved in heart morphogenesis (65). Model 
studies have also shown its role in AF and other arrhythmic 
conditions as a complex regulator, not only affecting 
the development of cardiac structures, but also directly 
interacting with cardiac ion channels and inter-cellular 
junctions (66). Moreover, numerous independent GWAS 
assays summarized by meta-analyses have confirmed 
the PITX2 locus as having the highest density of linked 
SNPs with strong associations with AF in 4q25 (67). The 
PITX2 common variants have also shown to play a key 
role in the clinical prognosis of AF after anti-arrhythmic 
treatment (68).

Apart from PITX2, several other loci have demonstrated a 
high density of associated polymorphisms consistently. For 
instance, polymorphisms in 16q22 linked with the ZFHX3 
gene were first identified in five European cohorts in 2009 
(69). ZFHX3 is a homeobox zinc-finger transcription factor 
involved in the regulation of myogenesis (70). It plays a 
crucial role in AF development through interaction with 
PITX2c and regulatory miRNA (71). KCNN3 is a potassium 
ion-channel gene whose impact on AF has been described 
primarily by common genetic variants determined by GWAS 
(72). These two loci along with PITX2 demonstrated the 
most consistent association with AF phenotype according 
to genome-wide studies. Other noticeable loci included 
CAV1, CAV2, PRRX1, SYNE2, C9orf3, WNT8A, HCN4, 
SYNPO2L, NEURL1, SH3PXD2A, CEP68, etc. (Table 2) 
(73). Further studies indicated that an increase in the study 
sample size helped improve the detectability of loci with 
lower relative effects on AF (74).

Further development of genomic technologies and the 
application of more complex methods help increase the 
data volumes and deepen and analyze them. In fact, the 
whole transcriptome sequencing provides the opportunity 
to analyze broader variation data comparing microarray 
methods and, at the same time, to understand the functional 
properties of candidate genes transcription in relation to 
the disorder. For instance, Roselli et al. combined whole 
transcriptome analysis with multi-ethnic meta-analysis of 
GWAS across multiple cohorts. The researchers reported 
the detection of a set of 42 genes loci involved in cardiac 
pathways with overlapping GWAS, thus connecting SNPs 
data to functional implications (77). Ahlberg et al. used 
a whole exome sequencing to broaden the spectrum of 
detected structural variations. Such an approach helped 
find the variation of sarcomeric protein titin. Followed 
by the functional validation of the revealed candidate 
mutations with CRISPR/Cas9 experiment on zebrafish, 
that study opened a new horizon on AF development in 
the context of muscular protein structure, unlike traditional 
electrophysiological and developmental approaches (78).

4. Conclusions
Research on the genetic basis of AF has remained a hot 

topic due to its growing worldwide burden. Recent advances 
in genome-wide studies have helped gain an insight on 
minor genetic factors with cumulative effects, which have 
been distributed more widely compared to previously 
known rare mutations. Such common variants can affect 
noticeable parts of human populations. Therefore, their 
studies may have diagnostic and clinical implications. In 
the present study, only a part of known loci with the biggest 
impact in cardiology and genetics was described. Far more 
potential candidate genes and/or regulatory sequences have 
been already discovered, and there are much more to be 
explored in the near future. This will potentially result in a 
better understanding of AF and other arrhythmic conditions 
and their impacts on human health and will provide new 
ways to improve diagnostics and treatment strategies.
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