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Atrial fibrillation (AF) is the most common arrhyth-
mia affecting up to 1% of the population worldwide [1,
2]. The prevalence of AF increases exponentially with age
and can reach the mark of 8% in the elderly population
[3]. Epidemiologic studies have confirmed the essential
importance of the genetic aspect in the pathophysiology of
AF [4]. Currently, more than 160 genes have been found
to be associated with AF [5]. Some have been identified
using classical linkage studies, but most rely on function-
al or genome-wide association studies [6]. Genome-wide
association studies (GWAS) in individuals with document-
ed familial AF have identified common single nucleotide
polymorphisms associated with AF [7, 8].

Depending on the underlying cause of AF, there are
differentiated: AF caused by external risk factors, the so-
called acquired AF; congenital AF and genetic (familial)
AF [2]. Acquired AF is associated with the effects of aging
as well as risk factors such as arterial hypertension, diabe-
tes mellitus, obesity, coronary heart disease, and chronic
kidney disease. Approximately 5% of patients with con-
genital heart disease develop AF due to a combination of
embryogenesis and peri- and postoperative factors related
to the correction of the heart defect [9, 10]. Congenital AF
is characterized by the onset of AF at a younger age and a
relatively rapid transformation of paroxysmal AF into per-
sistent AF [3, 11]. In about 15% of patients with congenital
AF, it is familial, suggesting a genetic predisposition [12].
The interaction between genetic predictors and acquired
risk factors for AF is also important [13].

EPIDEMIOLOGY OF FAMILY
FORM OF AF

The inheritability of AF has been extensively inves-
tigated since the first report of family form of AF in 1936
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[11]. This is due to the high prevalence of isolated AF and
differences in its incidence according to gender and eth-
nic groups [1, 7]. The frequency of familial form of AF
is unknown, but recent studies suggest that up to 30% of
patients with isolated AF (i.e., without known cardiac pa-
thology or risk factors) have a history of the disease in their
family [6, 11]. L.C.Weng, et al. [8], based on the study of
common genetic variants of AF, showed that the inheri-
tance of AF in people of European descent is about 22% of
all cases of AF. In the Framingham Heart Study, having a
family history of AF was associated with a 40% increased
risk of AF [2]. In the Mayo Clinic AF registry, 5% of all
patients and 15% of patients with isolated AF had a family
history of AF [14].

A population-based cohort study of patients with
AF demonstrated significant familial incidence of AF and
a high probability of heritability among patients with AF.
According to Christopherson et al. [5], among 5000 Ice-
landers, first-degree relatives of patients with AF were 1.8
times more susceptible to the development of AF than in
the general population, and in patients younger than 60
years of age, the relative risk of AF reached 4.67. In a
study of Danish twins, the risk of developing AF was 12%
for monozygotic twins and 22% for dizygotic twins [5]. It
is found that more than 60% of the variance in AF is ex-
plained by genetic effects. The remaining heritability of AF
can be explained by promoter variants, epigenetics, struc-
tural variants, and undiscovered genetic mechanisms [11].
Recommendations for the clinical use of genetic testing for
familial AF are described in the Genetics Home Reference
at https://medlineplus.gov/genetics/condition/familial-atri-
al-fibrillation [16].

L.Staerk et al. [1] showed that the incidence rate of
familial AF was 3.48 in patients in whom first-degree rel-
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atives were affected and 1.64 in those in whom second-de-
gree relatives were affected. An increased risk has been
identified, especially if there are multiple affected relatives
and relatives with onset of AF at a young age. The OR-
BIT-AF registry showed that patients with familial AF had
more symptoms than other variants of AF [15]. However,
there were no differences between the two groups in terms
of AF recurrence, hospitalization rates, complications, and
overall mortality.

GWAS have identified more than 100 genetic loci
associated with AF [17]. Most of them point to ion
channels, transcription factors, and regulatory genes in-
volved in the mechanisms leading to the development
of AF (Table 1). The GWAS consensus implies that AF
is both polygenic and pleiotropic in nature [6]. With the
advent of whole genome and whole exome sequencing,
both common and rare genetic variants of AF have been
identified and linked to the pathogenetic basis of the fa-
milial form of AF [4].

Among the genes involved in the realization of var-
ious pathogenetic mechanisms of AF occurrence there are
genes affecting potassium channels (KCNAS5, KCND3,
KCNEI, KCNE2, KCNE3, KCNE4, KCNES, KCNH?2,
KCNJ2, KCNJ5, KCNJS, KCNN3, KCNQI1, ABCCY9), on
sodium/potassium channels (HCN4), and on sodium chan-
nels (SCN1B-4B, SCN5A, SCN10A); genes involved in cel-
lular calcium homeostasis (RyR2, CACNB2, CACNA2D4);
genes involved in the development of fibrosis and remod-
eling of the extracellular matrix (NPPA. MMP3, COMP,
COL1241, COL2341, COL2141, ANGPTL2, COLQ);
genes involved in cardiac morphogenesis (GATA4, GATAS,
GATA6, GREM?2, NKX2-6); genes involved in intercellular
communication (GJAI, GJA5) and genes involved in nu-
clear structure (LMNA, NUP155).

COMMON GENETIC VARIANTS OF AF

Familial AF is very heterogeneous and may have
autosomal dominant or recessive inheritance [4, 14]. A
GWAS meta-analysis of more than 50 studies involving
more than 65,000 patients with AF found a more than
3-fold increase in the number of loci associated with AF
[17]. An association between earlier onset of AF and high
genetic risk of AF variants has also been found [18].

It was shown that the most significantly associated
with familial AF single-nucleotide polymorphism is in the
noncoding region of chromosome 4q25 of the PITX2 gene
(paired homeodomain-2 gene) [19]. In addition, PITX2 ex-
pression is significantly reduced in patients with AF, sug-
gesting a link between loss of function in PITX2 and AF
[14]. In experiment, loss of PITX2 function was found to
be associated with sarcomere disruption, increased fibro-
sis, and a more than 4-fold increase in HCN passthrough
gene expression [6, 19].

Another significant single nucleotide polymorphism
identified using GWAS is the 152106261 locus located on
chromosome 16q22, intronic to the ZFHX3 transcription
factor gene [4]. The ZFHX3 gene is expressed in the heart
and is associated with myogenic and neuronal differen-
tiation [8]. The association of AF with the KCNN3 gene
(locus located on chromosome 1q21), which encodes the
calcium-activated potassium channel SK3 and is involved
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in atrial repolarization, has also been revealed [17]. Block-
ing these channels leads to antiarrhythmic effects by selec-
tively prolonging the action potential (AP) in the atria [18].

In addition, two identified loci were located near
genes that are targets for antiarrhythmic drugs, SCN54
and KCNH?2 [20]. The SCN5A gene, encoding Navl.5
channel, is a target for sodium channel blockers, and the
KCNH?2 gene, encoding Kv11.1 channel, is a target for
drugs that inhibit potassium channels [13]. KCNH2 gene
variants associated with both loss-of-function and gain-
of-function Kv11.1 channels are associated with frequent
paroxysms of AF.

AF has also been reported to be associated with
two common variants in the RPL3L gene on chromosome
16 and one variant in the MYZAP gene on chromosome
15 [21]. Another locus associated with AF was found on
chromosome 10922 and is located near the SYNPO2L and
MYOZI genes. The structural proteins encoded by these
genes are expressed in both skeletal muscle and heart and
are closely associated with the phenotype of atrial cardio-
myopathy (ACM) [8]. L.E.Christophersen, et al. [5] iden-
tified 12 new loci of AF using GWAS involved in genes
involved in structural remodeling of the heart. The most
significant association was observed at locus 2q31, carry-
ing seven highly correlated missense variants of the 77N
(connectin, encodes the protein titin) gene, which is a
strong candidate gene for AF that is involved in myocardial
structural integrity and elasticity [22].

Transcription factors have been shown to play an
important role in predisposition to familial AF [23]. They
bind to specific DNA sequences in the promoter regions
of genes and regulate their expression. Cardiac-specific
transcription factors are involved in the regulation of gene
expression (e.g., GATA4, GATA6, MYH6, NKX2-5, PITX2)
involved in the formation of cardiac structures and the con-
duction system and are also associated with the risk of de-
veloping AF [17].

Given the complex polygenic origin of familial AF,
which is important for disease outcomes and choice of ther-
apy, 4 phenotypes of familial AF have been conventionally
identified: Phenotype A (genes encoding various peptides
and enzymes, e.g., NPPA, PRKAG?2, angiotensin-convert-
ing enzyme - ACE); Phenotype B (various transcription
factors; e.g., PITX2, TBX5, ZHX3); phenotype C (genes
involved in the formation of structural components of the
heart; e.g., MYL4, TTN) and phenotype D (genes encoding
ion channel functions; e.g., KCNQI, SCN5A).

RARE GENETIC VARIANTS OF AF

The first association between rare variants in the
KCNQ!I gene encoding the a-subunit of slow potassium
current I, and familial AF was found in 2003 [24]. B-sub-
units of potential-dependent potassium channels are en-
coded by KCNE[-KCNES genes and carry rare variants as-
sociated with isolated and familial AF [12]. The functional
effects of these variants are associated with an increase in
current [ and potential effects on transient sodium current
(I,)) and fast potassium current (I, ).

A rare variant of the KCNH2 gene, which encodes
the a-subunit of the fast potassium current channel I,
has been identified in a family with AF and shortened QT
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interval syndrome, suggesting overlapping phenotypes
[24]. The Kir2.1 inward rectifier channel mediates the ab-
normal I, potassium current involved in repolarization
and is encoded by the KCNJ2 gene. Functional analysis
demonstrated enhanced channel function, suggesting a
role for this gene in the initiation and/or maintenance of
AF [12]. In a cohort of patients with AF, rare variants
were also found in the KCNJ§ gene encoding the Kir6.1
channel and in the KCNJ2 gene encoding the a-subunit of
the Kir3.4 channel [25].

Of particular interest is the KCNAS gene, which en-
codes an atrial-specific Kv1.5 channel involved in cardi-
ac repolarization. I.E.Christophersen, et al. [5] identified
various rare variants in the KCNAS gene in patients with
carly onset of isolated AF, both with loss of function and
with gain of function of the Kv1.5 channel, which pro-
vides ultrafast potassium current (I, ), which increases
susceptibility to AF.

AF has also been found to be associated with genes
encoding potential-dependent sodium channels. For exam-
ple, about 10 rare variants of the SCN54 gene have been
identified in patients with early-onset AF, and most of them
were previously diagnosed with prolonged QT interval
syndrome [26]. Functional studies revealed abnormalities
in both transient sodium current (I ) and an increase in
steady-state sodium current.

In addition, variants in four B-subunit sodium chan-
nels encoded by the SCN1B-SCN4B genes have been iden-
tified in patients with familial AF. Variants in these genes
cause changes in the gating properties of sodium channels
and attenuation of sodium current [25]. Ten rare missense
variants of the SCN/0A gene encoding the Nav1.8 sodium
channel have also been found in patients with isolated AF.
Functional studies revealed both gain and loss of Navl.8
channel function, suggesting the involvement of SCN10A4
in the development of familial AF.

It should be noted that enhanced diastolic release of
calcium ions (Ca®") from the sarcoplasmic reticulum into
the cytoplasm via ryanodine receptor type 2 (RyR2) is one
of the mechanisms of AF development [27]. Increased ex-
pression of RYR2 gene in atria has been found in patients
with paroxysmal AF [17]. It has been shown that microR-
NA (miRNA)-mediated posttranscriptional regulation of
RYR2 may be the main mechanism of AF development
[23]. A full-exome study in families with early-onset AF
revealed rare variants in the CACNB2 and CACNA2D4
genes, which encode L-type calcium channels with over-
lapping effects on Cavl1.2, emphasizing the important role
of these genes in predisposition to AF [28].

Recently, there is increasing evidence that structural
genes are involved in the development of familial AF [13,
17, 21, 29]. An increased role of fibrosis and atrial ACM
in the pathogenesis of AF has also been reported [4, 29].
These findings challenge the traditional view of AF as an
electrical disease and allow for improved diagnosis and
treatment of AF in the future [2, 4, 6, 10].

A homozygous variant, c.1172G> A in the NUP155
gene was found to be segregated in family members with
AF [17]. The NUP155 gene encodes nucleoporin, which
is a major component of nuclear pores involved in cyto-
plasmic transport. A variant of the NPPA gene has been
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identified in a family with autosomal dominant inheri-
tance of AF [20]. NPPA encodes an atrial natriuretic pep-
tide involved in the regulation of blood pressure. Rare
variants in MYH7, MYBPC3, MYL4 and TTN genes have
been found to be associated with atrial ACM [30], which
is characterized by altered sarcomeric architecture that
contributes to re-entry and AF [22].

Intercellular gap junctions have been found to play
an important role in the arrhythmogenesis of AF. For ex-
ample, connexin-43 and connexin-40, encoded by the
GJAI and GJAS5 genes, respectively, are gap junction pro-
teins in the atrial myocardium [31]. An increased risk of
AF with polymorphisms in the renin-angiotensin-aldoste-
rone system (RAAS) genes encoding ACE inhibitor and
angiotensinogen have also been reported [7, 32].

AF as a polygenic disease with a structural compo-
nent is associated with different variants of genes encoding
cytoskeletal proteins [4]. Thus, the most common variants
of MYH7 and MYBPC3 genes are associated with hyper-
trophic ACM [33]. Arrhythmogenic right ventricular ACM
has also been shown to be associated with variants in inter-
calated disc genes, and patients with this condition have an
increased risk of AF and ventricular arrhythmias [6].

0.B.Vad et al. [34] identified rare loss-of-function
variants in three different genes of dilated BMP (DMD,
PDLIM3, FKTN) associated with early onset of AF,
which is probably due to the development of atrial ACM.
In addition, atrial ACM has been found to be associated
with the MYL4 gene (myosin-4 light chain gene), which
is responsible for the electrical, contractile, and structural
integrity of the atria [34]. A MYL4 variant associated with
a high risk of stroke has been identified in a patient with
atrial ACM and recessive form of AF [22]. H.Cochet et al.
[35] found a high degree of re-entry activity in the atrial
fibrosis zone in patients with persistent AF. Drug block-
ade of RAAS has been found to reduce atrial fibrosis and
duration of AF.

GWAS studies have identified genes associated
with AF that are involved in various inherited arrhyth-
mias, conduction diseases and cardiomyopathies [4]. This
emphasizes the pleiotropy of these genes as well as the
polygenic nature of AF. Overlap syndromes of AF with
other hereditary arrhythmia phenotypes such as Bruga-
da syndrome, prolonged and shortened QT interval syn-
dromes have been identified [6]. Patients with congenital
long QT syndrome have been shown to have a higher risk
of early onset of AF than in the general population [26].
In patients with Brugada syndrome, the incidence of iso-
lated AF ranges from 11% to 39%, being an indicator of
poor prognosis [36].

Increased expression of MYH6 and MYH7 genes
in atria was also found. The MYH6 gene encoding the
a-subunit of myosin heavy chain (a-MyHC) has been
shown to be associated with AF and sinus node dysfunc-
tion, and the MYH7 gene encoding the f-subunit of my-
osin (B-MyHC) has been shown to be associated with
chronic AF [33]. B-MyHC is activated in heart failure
and other cardiac diseases, whereas a-MyHC is sup-
pressed, which confirms the role of MyHC isoforms in
determining cardiac contractility. Another study identi-
fied a variant in the PLEC gene, which encodes structur-
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al components of the cardiomyocyte, and was associated
with a 55% increased risk of AF and 64% increased risk
of sinus node dysfunction [21].

ELECTRICAL AND STRUCTURAL
REMODELING OF ATRIA -
THE PATHOGENETIC BASIS OF AF

The pathogenesis of AF is poorly understood, which
to some extent complicates the development of effective
treatment methods. Variants in genes encoding ion chan-
nels, signaling molecules, additional subunits, and gap
junctions associated with AF have been shown to lead to
the development of AF by different pathways [7, 30].

Atrial remodeling likely begins with electrical re-
modeling characterized by a reduction in atrial refractori-
ness, an increase in repolarization dispersion, and a slow-
ing of conduction [30]. These changes occur because of
abnormalities in AP currents caused by excessive Ca2” in-
flux into cardiomyocytes and impairment of its subsequent
homeostasis. Further, alterations in the Ca2* exchange cy-
cle contribute to ectopic activity and diastolic Ca2" leakage
from the sarcoplasmic reticulum via RyR2 receptors [27].
As aresult, atrial re-entry circulation is stabilized and atrial
vulnerability to AF is increased [13].

Due to atrial structural changes caused by variants
in genes encoding myocardial cytoskeletal proteins, fibro-
sis and atrial ACM develop, which contribute to increased
myocardial collagen volume and decreased intercellular
gap junctions [29, 31]. The result is a slowing of conduc-
tion and an increase in repolarization dispersion in the
atria, which constitute the structural and/or electrical sub-
strate for the onset and/or maintenance of AF [30].

It should be noted that atrial remodeling refers to any
persistent changes in atrial structure and/or function [13,
37]. Atrial structural remodeling includes inflammation,
cell hypertrophy, atrial dilatation, apoptosis, and fibro-
sis, which together contribute to abnormal formation and
conduction of electrical impulses as an arrhythmogenic
substrate [3, 35]. It is also known that hemodynamic atri-
al overload in AF causes RAAS activation, which is asso-
ciated with endothelial damage and recruitment of cyto-
kine-secreting inflammatory cells [11].

Atrial fibrosis is thought to alter both the overall
expression of gap junction proteins and their distribution
along the cell membrane, causing a decrease in intercellu-
lar communication [4]. In addition, acquired risk factors for
AF, especially cardiovascular disease, also influence atrial
electrical and/or structural remodeling, which accounts for
approximately 50% [13]. Finally, atrial remodeling can be
caused by AF itself, leading to electrophysiological, con-
tractile, and structural changes [10, 30].

In recent years, familial and population genetic
studies of AF have led to the discovery of transcription
factors as potentially important factors involved in atrial
remodeling that contributes to arrhythmia susceptibili-
ty. Transcription factors can create a proarrhythmogenic
substrate in pulmonary veins and atria. However, fur-
ther studies are needed to fully characterize the links be-
tween these proteins and the pathogenesis of AF, which
could potentially lead to the development of new treat-
ments for arrhythmias.
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GENETIC RISK ASSESSMENT OF AF

Genetic testing is useful to confirm the diagnosis as
well as for differential diagnosis, recurrence risk calcula-
tion and prenatal diagnosis in families with known genet-
ic variants of AF [5, 7]. The differential diagnosis should
consider the presence of reversible causes of AF in the
patient, especially metabolic disorders, and cardiovascu-
lar disease [13]. According to the recent Expert Consen-
sus of the European Heart Rhythm Association / Heart
Rhythm Society / Asia-Pacific Heart Rhythm Society /
Latin American Heart Rhythm Society [38], the clinical
value and applicability of genetic testing in AF is primar-
ily considered from a prognostic standpoint and should
be aimed at early identification of high-risk patients,
which may contribute to the reduction of cardiovascular
complications and mortality with adequate therapeutic
options. The eligibility criteria for genetic testing for sus-
pected familial form of AF are [2, 38]: 1) the presence
of ECG-documented signs of AF; 2) a clinical picture of
AF as the main clinical manifestation (phenotype) with
early onset (before 60 years of age); 3) identification of a
family history of at least one sick family member of the
first or second degree of consanguinity. Genetic testing
of SCN54, KCNQ1, MYL4, and TTN truncating variants
can be performed in all patients younger than 60 years of
age with an established diagnosis of familial AF based on
a review of the patient’s medical history, family history,
and ECG characterization [38].

GWAS studies have identified common variants in
more than 100 genetic loci responsible for the develop-
ment of AF. Several studies have attempted to incorporate
genotype into de novo AF prediction models [18]. In this
regard, the AF-PRS (atrial fibrillation polygenic risk score)
was developed in 2013 to identify individuals at high risk
of AF, its clinical outcomes, and to predict rhythm control
therapy [17, 39].

This assessment consisted of 12 risk alleles at nine
loci associated with isolated AF. Although the AF-PRS
score is calculated based on multiple variants to identify
a population at high risk of developing AF, a few prereq-
uisites must be met [5]. First, the GWAS must be large
enough to identify all common variants associated with
AF. Second, there must be sufficient power to reproduce
the AF-PRS in the validation dataset. AF-PRS score has
been shown to predict the occurrence of AF than the asso-
ciation of clinical risk factors [8, 13] more clearly.

It has been shown that when the AF-PRS score was
added to the basic model for predicting the development
of AF in 20,000 women without cardiovascular disease,
the area under the predictive value curve increased to 0.74
[13]. A PRS analysis of AF with 6.6 million variants in
more than 500,000 patients found that 6.1% of the general
population had a 3-fold higher risk of developing AF [40].
Identification of individuals with a 3-fold increased risk of
developing AF is potentially «actionable» and may lead
to increased screening and earlier therapeutic intervention
and prevention of progression to persistent or permanent
forms of AF [8].

It has been shown that multiple single nucleotide
polymorphisms can improve the prediction of the devel-
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opment of AF, including asymptomatic AF, and ischemic
stroke [8]. AF-PRS assessment also has potential value as
an indicator of anticoagulant therapy [40]. In addition, AF-
PRS was as powerful as arterial hypertension in assessing
clinical outcomes of AF [41]. No intergenic interaction re-
garding susceptibility to AF was detected.

The value of AF-PRS in predicting the recurrence
of AF after treatment of AF was also evaluated. The pres-
ence of either of two single nucleotide polymorphisms,
rs2200733 and rs10033464, on chromosome 4q25 has been
shown to be an independent predictor of AF recurrence in
patients undergoing electrical cardioversion [20]. Similar-
ly, in patients with AF who underwent catheter ablation
(CA), the presence of either of the same two single nucle-
otide polymorphisms increased the risk of early recurrence
of AF (after <7 days) by 2-fold and late recurrence of AF
(after 3-6 months) by 4-fold [24].

In addition, AF-PRS calculation based on analysis of
127 genetic variants, identified patients with a 2-fold in-
creased likelihood of cardioembolic stroke [41]. In anoth-
er study, calculation of AF-PRS with 32 variants in more
than 50,000 patients with cardiovascular disease showed
a 4-fold increase in stroke incidence in patients with
high genetic risk, compared with a relatively «low risk»
CHA_DS,-VASc score of 2.57 [41].

It should be noted that prediction models for the de-
velopment of AF based on genetic information are not yet
judged to be sufficiently convincing to distinguish between
people at low and high risk of AF because of testing of a
small number of variants, pleiotropy of AF genes, and the
interaction of these genes with external risk factors.

TREATMENT OF FAMILIAL AF

Current therapies for rhythm control in AF include
drug therapy and CA [35]. This paper reviews the genetic
approach to therapy in familial AF and the prospects for
gene therapy for AF.

General principles of gene therapy for AF

Among the potential cardiac arrhythmias that can
be treated with gene therapy, AF is the most intensively
studied [2, 42]. Advantages of gene therapy for AF include
tissue specificity with fewer side effects, and possibly in-
creased therapeutic efficacy [42]. For clinical practice, the
safety of using gene therapy, the optimal way to deliver
genetic material into the heart, and the establishment of
long-term gene expression for myocardial modification are
of great importance [43, 44]. Therefore, effective, and pro-
longed gene therapy for AF requires the development of
innovative approaches to expand the therapeutic options.

Gene delivery can be accomplished using viral or
non-viral vectors with varying degrees of gene inclusion
and expression [20, 44]. Adenovirus and adeno-associated
viruses are currently the most used viral vectors for car-
diac gene therapy [45]. Viral vectors are live viruses, and
their advantages include incorporation of genetic material
into the genome of the target tissue as well as minimally
invasive delivery through the bloodstream. A basic non-vi-
ral vector directly injected into the myocardium consists
of a DNA plasmid containing the gene of interest, with or
without other coating agents to improve DNA uptake by
cells [44]. The advantages of plasmid DNA administration
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include a limited cellular and antibody-mediated immune
response, allowing for repeated treatment.

There are several methods of gene delivery to the left
atrium: epicardial injection of a plasmid carrying the gene
of interest combined with electroporation; epicardial viral
gene delivery and epicardial gene staining [6]. The gene
staining technique is the optimal method for delivering
target genes to the pulmonary veins and left atrium. The
successful solution of endocardial gene staining technique
may be the most appropriate way for electrophysiologists
to perform gene therapy [44]. Using this technique, almost
100% of cells examined transmurally had evidence of gene
transfer [42].

Although there is no «perfect» vector or delivery
method that can target, integrate, and safely express genes
in the myocardium in a «seamless» manner, the develop-
ment of both viral and non-viral vectors and the creation of
safer and more effective gene therapies for AF continues.

Genotypic approach to AF therapy

Variability in response to pharmacologic and non-
pharmacologic therapy has been established in patients
with AF [20, 32]. For example, some patients are free of
AF for long periods of time with antiarrhythmic therapy,
while others require repeated AF ablation within a few
weeks [3]. The limited success of rthythm control therapy
in AF is partly due to an incomplete understanding of the
pathophysiologic mechanisms [10].

Recognizing that common genetic variants increase
susceptibility to AF reinforces the possibility that they may
also modulate response to rhythm control therapy. One
of the first pharmacogenetic studies investigated whether
there was a response to antiarrhythmic therapy (AAT) in
symptomatic AF modified by the ACE I/D polymorphism
[20]. This polymorphism, associated with increased ACE
activity and cardiac fibrosis, was a significant predictor of
AAT ineffectiveness in patients with early-onset AF. Pa-
tients with ACE genotype /I showed a pronounced reduc-
tion of symptoms on the background of therapy, while in
patients with genotype D/D the response to AAT was weak.
In addition, we found that the single nucleotide polymor-
phism rs10033464 on chromosome 4q25 was an indepen-
dent predictor of successful rhythm control in patients
carrying the ancestral allele, having a fourfold increased
chance of maintaining sinus rhythm. It has also been
shown that the activity of flecainide is increased in patients
with AF and B1AR Arg389Arg genotype, while heart rate
control is achieved at lower doses of this drug [43].

F.Syeda et al. [19] showed that variable expression
of PITX2 not only modulates atrial resting membrane po-
tential, but also confirms the clinical observation that fle-
cainide is more effective in suppressing AF than sotalol.
In addition, patients carrying the variant allele rs10033464
responded better to treatment with class I versus class III
antiarrhythmic drugs.

Overall, studies investigating the role of AF-PRS
genetic risk for predicting the efficacy of AAT in AF are
scarce. This is partly due to the growing importance of
catheter ablation of AF and the lack of need to assess the
response to AAT using AF-PRS [2, 20]. At the same time,
with the expected increase in the need for rhythm control
therapy for stroke prevention, there is great potential in the
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application of AF genetic risk assessment for the manage-
ment of AAT in the general population [10]. It is important
to emphasize that almost all pharmacogenetic studies eval-
uating the response to AAT in AF have not been replicat-
ed and their effects are modest, reinforcing the need for
randomized clinical trials before such approaches can be
implemented in clinical practice.

Predicting the recurrence of AF after CA based on ge-
netic testing may help identify patients who are indicated
for regular clinical and electrocardiographic follow-up. For
example, it has been shown that like the risk of first-onset
AF, PITX2 was a major factor in the recurrence of AF after
CA [32]. While clinical and echocardiographic variables
could not predict recurrence, any variant alleles were asso-
ciated with early and late recurrence of atrial arrhythmias
after CA [46]. Another study confirmed the predictive val-
ue of ACE I/D polymorphism in the occurrence of early
recurrence of AF after CA [32]. DD genotype and left atrial
enlargement were found to be significantly associated with
recurrence of AF. These studies have shown that genes in-
volved in the pathogenesis of AF may not only predict risk
of AF but also response to therapy.

The rs751141 variant in the EPHX2 gene (encodes
epoxyeicosatrienoic acids, which are involved in the mod-
ulation of cardiac ion channels) has also been shown to be
associated with an increased risk of AF recurrence after CA
[25]. Since nitric oxide has been implicated in modulation
of cardiac vagus nerve activity and cardiac remodeling, the
rs1799983 polymorphism in the NOS3 gene has also been
shown to be associated with early recurrence of AF after
CA [24].

However, the value of screening for incident rare
variants as predictors of recurrent AF after CA remains
questionable. For example, rare variants in cardiac sodi-
um channel genes, SCN54 and SCNIB-4B, were not sig-
nificantly associated with CA outcome [25]. Despite some
controversial points, AF-PRS assessment is a promising
approach for predicting the efficacy of AF treatment in
clinical practice.

Therapeutic targets of gene therapy for AF

Given the multifactorial origin of AF, different ther-
apeutic targets for gene therapy of AF have been iden-
tified depending on their contribution to the re-entry
mechanism [43]: shortened AP (ion channels, autonomic
modulation) or slowed conduction (gap junctions, struc-
tural remodeling).

It should be noted that gene therapy aimed at mod-
ifying the electrical substrate of AF by reducing the ex-
pression of the fast potassium current I by inhibiting the
KCNH?2 gene promotes atrial AP prolongation, increases
their refractoriness and prevents AF [43]. It has also been
shown that gene therapy leading to increased expression
of L-type calcium channels either through up-regulation
or by adding a highly expressed copy of the gene may be
effective in preventing the occurrence of AF. In this case,
T-type calcium channel blockers are the most effective
compared to sodium, potassium and L-type calcium chan-
nel blockers.

Kv1.5 potassium channels are another potential tar-
get for gene therapy of AF [42-44], which regulate I, cur-
rent and lead to selective prolongation of atrial AP. It has
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been shown that Kv1.5 channel knockdown or knockout
can have therapeutic effects without the need for repeated
antiarrhythmic treatment. Some drugs that act at the atrial
level, such as AVE 0118, have been shown to affect I
current in the atrial auricles, shortening the duration of
AP in chronic AF. In addition, inhibition of the potassium
channel Task-1, which is an atrial-selective regulator of AP
duration, is an attractive target for antiarrhythmic therapy
in AF, especially in patients with heart failure [47]. Thus,
therapeutic agents targeting ion channels may be useful in
an early cardioversion strategy.

It has been demonstrated experimentally that restor-
ing the structure/function of connexins may be useful in
the treatment of AF [31, 44]. Connexin-40 and connex-
in-43 gene transfer using the epicardial staining method
has been shown to significantly improve protein expres-
sion and localization, increase the concentration of gap
junctions, and thereby cause improved conduction and
reduced risk of AF [28, 29].

One effective treatment strategy for familial AF is to
attenuate parasympathetic impulses (signaling). The left
atrium, especially its posterior wall, is known to have a
denser parasympathetic innervation compared to other atri-
al regions [48]. It has been demonstrated experimentally
that stimulation of the cervical portion of the left vagus
nerve causes shortening of the atrial refractory period and
increased vulnerability to AF, whereas local pharmacologic
blockade is protective [31]. It has also been found that gene
therapy of AF by inhibiting the primary effector molecules
of the Gai/Gao system attenuates the vagus nerve-induced
shortening of the atrial refractory period and thus reduces
the inducibility of AF [43].

Gene-based strategies to modify the structural sub-
strate of AF involve suppression of inflammation and oxi-
dative stress in the atria and consequently cellular fibrosis
and apoptosis [43]. The main sign of age-related fibrosis is
the activation of beta-transforming growth factor TGF-f
[47]. A.Kunamalla et al. [49], in an experimental model
of AF tried to modulate atrial fibrosis by delivery of dom-
inant-negative TGF-f type II receptor to the posterior part
of the left atrium. Therapy targeting TGF-B resulted in
decreased fibrosis and reduced AF inducibility compared
with the control group.

It has also been shown that transduction of lentivirus
against miRNA206 into the superior left ganglionic plexus
caused suppression of apoptosis, prolongation of AP and
decreased AF inducibility [44]. Gene therapy for AF tar-
geting cellular apoptosis involves suppression of caspase-3
activity, which can be inhibited by small or short interfer-
ing RNA (siRNA). In an experiment, treatment with an ad-
enovirus vector containing siRNA resulted in suppression
of apoptotic activity in the atrium and delayed the onset of
persistent AF [42].

Active oxygen species (AOS) generated by oxida-
tive stress have multiple interactions with several known
triggers of AF, modulation of which has high therapeutic
potential [37]. It has been shown that patients with AF
have lower nitric oxide bioavailability than those without
AP [43]. In addition, high levels of AOS are associated
with enhanced TGF-f signaling, and the presence of atrial
fibrosis [37]. AOS can damage mitochondrial DNA, caus-
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ing myocyte calcium overload and electrical remodeling,
leading to AF. Finally, high levels of AOS correlate with
increased oxidation of calmodulin-dependent kinase II,
which is associated with altered calcium cycling (turnover)
and hence atrial electrical remodeling. Thus, oxidative
stress-induced AOS are a compelling and multilevel target
of AF therapy.

CONCLUSION

Given the relatively high prevalence of familial AF
in the population, it is relevant to assess the potential risk
of AF among relatives of a patient with isolated AF, and if
genetic predisposition is suspected, it is advisable to per-
form genetic testing. Therefore, further studies are needed,
primarily to test the clinical utility of information on fam-
ily history of AF in addition to established risk factors for
the development of AF. It also seems important to conduct
genotype-phenotype association studies irrespective of al-
lele frequency.
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The response to antiarrhythmic therapy and CA of
AF is known to be partially modulated by shared ge-
netic variability; therefore, the development of a com-
prehensive clinical and genetic risk scale will allow the
use of genetic data for the management of patients with
FP. It should be noted that one of the most challenging
aspects of AF treatment is the heterogeneity of genet-
ic, structural, and electrical abnormalities that lead to
the development of AF. Therefore, the use of targeted
genetic alterations for personalized drug therapy of AF
is a relevant problem. Currently, intensive experimental
studies of suitable therapeutic targets for gene therapy
of AF and the implementation of their results into clin-
ical practice in patients with familial AF, as well as the
development of effective and safe methods of gene ther-
apy are ongoing. Given the economic impact of the AF
epidemic, even small changes in therapeutic efficacy can
result in substantial improvements for patients and the
health care system.

REFERENCES

1. Staerk L, Sherer JA, Ko D, et al. Atrial fibrillation: ep-
idemiology, pathophysiology, and clinical outcomes. Circ
Res. 2017;120(9): 1501-17. https://doi.org/10.1161/CIR-
CRESAHA.117.309732.

2. Hindricks G, Potpara T, Dagres N, et al. 2020 ESC
Guidelines for the diagnosis and management of atrial
fibrillation developed in collaboration with the European
Association for Cardio-Thoracic Surgery (EACTS): The
Task Force for the diagnosis and management of atrial
fibrillation of the European Society of Cardiology (ESC)
Developed with the special contribution of the European
Heart Rhythm Association (EHRA) of the ESC. Eur Heart
J. 2021; 42(5):373-498. https://doi.org/10.1093/eurheartj/
chaa612.

3. Revishvili ASh, Shlyakhto EV, Popov SV, et al. Clin-
ical recommendations for electrophysiological studies,
catheter ablation and implantable antiarrhythmic devices.
M., 2017:156-76. (In Russ.). Available from: vnoa.ru/lite-
rature.

4. Andersen JH, Andreasen L, Olesen MS. Atrial fibrilla-
tion - a complex polygenetic disease. Eur J Human Genet-
ics. 2021;29(7): 1051-60. https://doi.org/10.1038/s41431-
020-00784-8.

5. Christophersen IE, Rienstra M, Roselli C, et al. Large-
scale analyses of common and rare variants identify 12
new loci associated with atrial fibrillation. Nat Genet.
2017;49(6): 946-52. https://doi.org/10.1038/ng.3843.

6. Manoharan A, Sambandam R, Ballambattu VB. Ge-
netics of atrial fibrillation - an update of recent findings.
Mol Biol Rep. 2022;49(8): 8121-9. https://doi.org/10.1007/
s11033-022-07420-2.

7. Golukhova EZ, Zholbaeva AZ, Arakelyan MG, et al.
Genetic aspects of lone atrial fibrillation in patients without
structural heart disease. Annals of the Russian Academy of
Medical Sciences. 2019;74(4): 245-52. (In Russ.). https://
doi.org/10.15690/vramn1120.

8. Weng LC, Preis SR, Hulme OL, et al. Genetic predispo-
sition, clinical risk factor burden, and lifetime risk of atrial
fibrillation. Circulation. 2018;137(10): 1027-38. https://
doi.org/10.1161/CIRCULATIONAHA.117.031431.

9. Waldmann V, Laredo M, Abadir S, et al. Atrial fibril-
lation in adults with congenital heart disease. Int J Car-
diol.  2019;287: 148-54. https://doi.org/10.1016/j.ij-
card.2019.01.079.

10. Arakelyan MG, Bockeria LA, Vasilieva EYu, et al.
2020 Clinical guidelines for Atrial fibrillation and atrial
flutter. Rossiyskiy kardiologicheskiy zhurnal. 2021;26(7):
4594. (In Russ.). https://doi.org/10.15829/1560-4071-
2021-4594

11. Lozano-Velasco E, Franco D, Aranega A, et al. Genet-
ics and epigenetics of atrial fibrillation. /nz J Mol Sci. 2020;
21(16): 5717. https://doi.org/10.3390/ijms21165717.

12. Tucker NR, Clauss S, Ellinor PT. Common variation
in atrial fibrillation: Navigating the path from genetic asso-
ciation to mechanism. Cardiovasc Res. 2016;109(4): 493-
501. https://doi.org/10.1093/cvr/cvv283.

13. Young LJ, Antwi-Boasiako S, Ferrall J, et al. Genetic
and non-genetic risk factors associated with atrial fibrilla-
tion. Life Sci. 2022;299: 120529. https://doi.org/10.1016/j.
1£5.2022.120529.

14. Ragab AAY, Sitorus GDS, Brundel BBJJM, et al.
The genetic puzzle of familial atrial fibrillation. Front
Cardiovasc Med. 2020;7: 14. https://doi.org/10.3389/
fcvm.2020.00014.

15. Gundlund A, Fosbol EL, Kim S, et al. Family histo-
ry of atrial fibrillation is associated with earlier-onset and
more symptomatic atrial fibrillation: Results from the Out-
comes Registry for Better Informed Treatment of Atrial
Fibrillation (ORBIT-AF) registry. Am Heart J. 2016;175:
28-35. https://doi.org/10.1016/j.ahj.2016.01.020.

16. Available from: https://medlineplus.gov/genetics/
condition/familial-atrial-fibrillation.

17. Roselli C, Rienstra M, Ellinor PT. Genetics of atrial
fibrillation in 2020. GWAS, genome sequencing, polygen-
ic risk, and beyond. Circ Res. 2020;127(1): 21-33. https:/
doi.org/10.1161/CIRCRESAHA.120.316575.

18. Nielsen JB, Fritsche LG, Zhou W, et al. Genome-wide
study of atrial fibrillation identifies seven risk loci and
highlights biological pathways and regulatory elements
involved in cardiac development. Am J Hum Genet.

JOURNAL OF ARRHYTHMOLOGY, Ne 3 (113), 2023



e8

2018;102(1): 103-15.

19. Syeda F, Holmes AP, Yu TY, et al. PITX2 modulates
atrial membrane potential and the antiarrhythmic effects
of sodium-channel blockers. JACC. 2016;68: 1881-94.
https://doi.org/10.1016/j.jacc.2016.07.766.

20. Kany S, Reissmann B, Metzner A, et al. Genetics of
atrial fibrillation - practical applications for clinical man-
agement: if not now, when and how? Cardiovasc Res.
2021;117: 1718-31. https://doi.org/10.1093/cvr/cvab153.
21. Thorolfsdottir RB, Sveinbjornsson G, Sulem P, et al.
Coding variants in RPL3L and MYZAP increase risk of
atrial fibrillation. Commun Biol. 2018;1: 68. https://doi.
org/10.1038/s42003-018-0068-9.

22. Choi SH, Weng L-C, Roselli C, et al. Association
between titin loss-of-function variants and early-onset
atrial fibrillation. JAMA. 2018;320: 2354-64. https://doi.
org/10.1001/jama.2018.18179.

23. Zhou M, Liao Y, Tu X. The role of transcription fac-
tors in atrial fibrillation. J Thorac Dis. 2015;7(2): 152-8.
https://doi.org/10.3978/j.i1ssn.2072-1439.2015.01.2.

24. Shoemaker MB, Andreas B, Steven AL, et al. Com-
mon genetic variants and response to atrial fibrillation
ablation. Circ Arrhythm Electrophysiol. 2015;8: 296-302.
https://doi.org/10.1161/CIRCEP.114.001909.

25. Husser D, Ueberham L, Hindricks G, et al. Rare vari-
ants in genes encoding the cardiac sodium channel and
associated compounds and their impact on outcome of
catheter ablation of atrial fibrillation. PLos One. 2017;12:
€0183690.

26. Giudicessi JR, Wilde AAM, Ackerman MJ. The genet-
ic architecture of long QT syndrome: A critical reappraisal.
Trends Cardiovasc Med. 2018;28(7): 453-64. https://doi.
org/10.1016/j.tcm.2018.03.003.

27. Greiser M. Calcium signaling silencing in atrial fibril-
lation. J Physiol. 2017;595(12): 4009-17. https://doi.
org/10.1113/JP2730454009-17.

28. Sapel’nikov OV, Kulikov AA, Favorova OO, et
al. Genetic, epigenetic and transcription factors in atri-
al fibrillation. Ratsional 'naya Farmakoterapiya v Kar-
diologii. 2019;15(3): 407-15. (In Russ.). https://doi.
org/10.20996/1819-6446-2019-15-3-407-15.

29. Vaikhanskaya TG, Kurushko TV, Persianskikh YuA, et
al. Atrial cardiomyopathy - a new concept with a long his-
tory. Rossiyskiy kardiologicheskiy zhurnal. 2020;25(11):
3942, (In Russ.). https://doi.org/10.15829/1560-4071-
2020-3942.

30. Ponasenko AV, Sinitskiy MYu, Khutornaya MV. Mo-
lecular genetic markers of atrial fibrillation. Byulleten’ si-
birskoy meditsiny. 2020;19(1): 180-9. (In Russ.). https://
doi.org/10.20538/1682-0363-2020-1-180-189.

31. Guo YH, Yang YQ. Atrial fibrillation: focus on
myocardial connexins and gap junctions. Biology (Ba-
sel). 2022;11(4): 489. https://doi.org/10.3390/biolo-
gy11040489.

32. Wang Q, Hu X, Li S, et al. Association of the angio-
tensinogen M235T polymorphism with recurrence after
catheter ablation of acquired atrial fibrillation. J Renin An-
giotensin Aldosterone Syst. 2015;16: 888-97. https://doi.
org/10.1177/1470320315594315.

33. Lee S-P, Ashley EA, Homburger J, et al. Incident atri-
al fibrillation is associated with MYH7 sarcomeric gene

REVIEWS

variation in hypertrophic cardiomyopathy. Circ Heart Fail.
2018;11: e005191.

34. Vad OB, Paludan-Miiller C, Ahlberg G, et al. Loss-of-
function variants in cytoskeletal genes are associated with
early-onset atrial fibrillation. J Clin Med. 2020;9(2): 372-
83. https://doi.org/10.3390/jcm9020372.

35. Cochet H, Dubois R, Yamashita S, et al. Relationship
between fibrosis detected on late gadolinium-enhanced car-
diac magnetic resonance and re-entrant activity assessed
with electrocardiographic imaging in human persistent
atrial fibrillation. JACC Clin Electrophysiol. 2018;4: 17-
29. https://doi.org/10.1016/j.jacep.2017.07.019.

36. Ghaleb R, Anselmino M, Gaido L, et al. Prevalence
and clinical significance of latent Brugada syndrome in
atrial fibrillation patients below 45 years of age. Front
Cardiovasc Med. 2020;7: 602536. https://doi.org/10.3389/
fcvm.2020.602536.

37. Dobrev D, Dudley SC. Oxidative stress: a bystander
or a causal contributor to atrial remodelling and fibril-
lation? Cardiovasc Res. 2021;117: 2291-3. https://doi.
org/10.1093/cvr/cvabl124.

38. Wilde AAM, Semsarian C, Marquez MF, et al. Europe-
an Heart Rhythm Association (EHRA)/Heart Rhythm So-
ciety (HRS)/Asia Pacific Heart Rhythm Society (APHRS)/
Latin American Heart Rhythm Society (LAHRS) Expert
Consensus Statement on the state of genetic testing for
cardiac diseases. Journal of Arrhythmia. 2022;38(4): 491-
553. https://doi.org/10.1002/j0a3.12717

39. Lazarte J, Dron JS, Mclntyre AD, et al. Evaluat-
ing polygenic risk scores in “lone” atrial fibrillation.
CJC Open. 2021;3(6): 751-7. https://doi.org/10.1016/j.
€jc0.2021.02.001.

40. Khera AV, Chaffin M, Aragam KG, et al. Genome-wide
polygenic scores for common diseases identify individu-
als with risk equivalent to monogenic mutations. Nat Gen-
et. 2018;50: 1219-24. https://doi.org/10.1038/s41588-018-
0183-z.

41. Pulit SL, Weng L-C, McArdle PF, et al. Atrial fibrilla-
tion genetic risk differentiates cardioembolic stroke from
other stroke subtypes. Neurol Genet. 2018;4: ¢293. https://
doi.org/10.1212/NXG.0000000000000293.

42. Hucker WJ, Hanley A, Ellinor PT. Improving
atrial fibrillation therapy: Is there a gene for that?
JACC. 2017;69(16): 2088-95. https://doi.org/10.1016/j.
jacc.2017.02.043.

43. Trivedi A, Hoffman J, Arora R. Gene therapy for atri-
al fibrillation - how close to clinical implementation? Int
J Cardiol. 2019;296: 177-83. https://doi.org/10.1016/j.ij-
card.2019.07.057.

44. Yoo S, Geist GE, Pfenniger A, et al. Recent advances
in gene therapy for atrial fibrillation. J Cardiovasc Elec-
trophysiol. 2021;32(10): 2854-64. https://doi.org/10.1111/
jee.15116.

45. Hu H, Wang L, Li H, et al. Long-term amelioration
of an early-onset familial atrial fibrillation model with
AAV-mediated in vivo gene therapy. Fundamental Re-
search. 2022;6(2): 829-35. https://doi.org/10.1016/j.
fmre.2022.05.002.

46. Wu H, Xu J, Chen S, et al. Association of SCN10A
polymorphisms with the recurrence of atrial fibrillation af-
ter catheter ablation in a Chinese Han population. Sci Rep.

JOURNAL OF ARRHYTHMOLOGY, Ne 3 (113), 2023



REVIEWS

2017;7: 44003. https://doi.org/10.1038/srep44003.

47. Ravens U. Atrial-selective K+ channel blockers: po-
tential antiarrhythmic drugs in atrial fibrillation? Can
J Physiol Pharmacol. 2017;95(11): 1313-8. https://doi.
org/10.1139/cjpp-2017-0024.

48. Pfenniger A, Geist GE, Arora R. Autonomic dysfunc-
tion and neurohormonal disorders in atrial fibrillation.

e9

Card Electrophysiol Clin. 2021;13(1): 183-90. https://doi.
org/10.1016/j.ccep.2020.11.012.

49. Kunamalla A, Ng J, Parini V, et al. Constitutive ex-
pression of a dominant negative TGF-B type II receptor
in the posterior left atrium leads to beneficial remodeling
of atrial fibrillation substrate. Circ Res. 2016;119: 69-82.
https://doi.org/10.1161/CIRCRESAHA.115.307878.

JOURNAL OF ARRHYTHMOLOGY, Ne 3 (113), 2023



