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HIGHLIGHTS

� The diversity of genes and biological pathways involved in AF pathogenesis and variability in individual response to

treatment highlights the need for a personalized approach for AF management. Over the past decade, GWAS have

identified more than 140 AF-associated loci, and family-based studies have identified rare variants in genes encoding ion

channel as well as non–ion channel proteins.

� This review discusses studies that have provided novel insights regarding variant-specific pathophysiologic mechanisms

that can pave the way for personalized medicine for AF.

� Recent translational advances in AF genetics include the development of high-throughput in vitro assays for functional

validation of variants of uncertain significance that can bridge the gap in variant classification and risk stratification.

� GWAS-derived PRS for AF can be used for predicting AF risk and adverse outcomes. Further studies are needed to validate

if AF PRS are superior to traditional risk stratification tools.

� Genotype-guided clinical trials and advances in bioengineered preclinical models are needed for developing personalized

therapy for AF.
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The heritability of atrial fibrillation (AF) is well established. Over the last decade genetic architecture of AF has been

unraveled by genome-wide association studies and family-based studies. However, the translation of these genetic dis-

coveries has lagged owing to an incomplete understanding of the pathogenic mechanisms underlying the genetic variants,

challenges in classifying variants of uncertain significance (VUS), and limitations of existing disease models. We review the

mechanistic insight provided by basic science studies regarding AF mechanisms, recent developments in high-throughput

classification of VUS, and advances in bioengineered cardiac models for developing personalized therapy for AF.
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AB BR E V I A T I O N S

AND ACRONYM S

AAD = antiarrhythmic drug

AF = atrial fibrillation

AP = action potential

APD = action potential

duration

DAD = delayed

afterdepolarization

EAD = early

afterdepolarization

EHT = engineered heart tissue

EP = electrophysiologic

GOF = gain-of-function

GWAS = genome-wide

association studies

hiPSC-aCM = human-induced

pluripotent stem cell-derived

atrial cardiomyocyte

LOF = loss-of-function

PRS = polygenic risk score

SNP = single nucleotide

polymorphism

VUS = variants of uncertain

clinical significance
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A trial fibrillation (AF), the most common car-
diac arrhythmia requiring therapy, is associ-
ated with significant morbidity and

increased mortality.1 Epidemiologists predict that in
the next 3 decades, the incidence of AF may rise to
16 million in the United States alone.2 Despite recent
advances in catheter-based ablation therapy, AF re-
curs in as many as 40% of patients after ablation,
and antiarrhythmic drug (AAD) therapy fares even
worse, with w50% of patients experiencing a recur-
rence of AF within 6 months.3,4 The variability in
response to treatment is not only determined by the
underlying genetic heterogeneity but also by the
type of AF (paroxysmal vs persistent vs long-
standing persistent), with more advanced forms
showing greater resistance to maintenance of sinus
rhythm.4,5 Despite the advances in AF genetics,
personalized therapy for AF has not yet been trans-
lated into clinical practice. A fundamental obstacle
to improving AF treatment through personalized
medicine is incomplete understanding of the under-
lying genetic and molecular substrate of AF and our
inability to predict response to therapy.5

Over the past 2 decades, tremendous progress has
been made in understanding the genetic architecture
of AF. Genome-wide association studies (GWAS) have
identified more than 140 AF-associated loci.5 In
contrast, linkage analysis and whole exome
sequencing have implicated rare mutations encoding
ion channels, signaling molecules, transcription fac-
tors, and, recently, structural proteins linked with
familial or early-onset AF. The mechanisms underly-
ing these genetic variants are under investigation to
develop personalized therapies tailored to the
cellular and molecular substrate.

The large amount of genomic data acquired from
GWAS is being used to develop polygenic risk scores
(PRS) to determine AF risk.6 Whether AF PRS can
guide clinical care decisions to identify subclinical AF
and prevent and reduce AF-associated morbidities
remains unclear. One of the translational challenges
in AF genetics is the large proportion of variants of
unknown clinical significance (VUS) identified by
genetic studies. High-throughput in vitro assays are
being developed for reclassification and screening of
VUS.7,8 The broad array of genetic risk factors asso-
ciated with AF not only shows the complex and het-
erogeneous substrate but also highlights the
limitations of in vitro heterologous expression sys-
tems and in vivo animal models to adequately reca-
pitulate AF pathophysiology that translate to the
bedside care of patients. Primary cell culture has the
distinct advantage of being patient specific, but hu-
man atrial tissue is rarely accessible and these cell
lineages have limited survival. Human-
induced pluripotent stem cells (hiPSCs) are
an extremely versatile and powerful tool that
address many of the limitations of existing
in vitro and in vivo models and have several
advantages for translational studies in AF.
For example, despite the cardiac ion channels
being highly conserved among mammals, the
individual currents shaping the cardiac action
potential (AP) vary considerably across spe-
cies.9 Using cardiomyocytes from hiPSCs
(hiPSC-CMs) therefore provides higher fidel-
ity for electrophysiologic (EP) assays.
Furthermore, hiPSCs are easily derived from
fibroblasts or peripheral blood mononuclear
cells, making patient-specific hiPSC lines for
mechanistic studies and drug screening
feasible.10 Finally, genome editing in hiPSCs
has allowed for a greater understanding of
the genetic mechanisms of AF at the molec-
ular and cellular levels.

In this paper we review the current un-
derstanding of the pathophysiologic mecha-
nisms of both common and rare AF-
associated variants, with a focus on recent

studies that have identified new AF loci and putative
candidate genes; the variability in response to ther-
apy; the current status of AF PRS in risk stratification;
translational advances in functional genomic screens
for VUS and hiPSC-based cardiac models; and the
current and future perspective on clinical applica-
tions of genetics in AF management.

GENETIC MECHANISMS OF AF

There is a significant heritability to AF, estimated to
be up to 22% in people of European ancestry.4,5

Common variants identified by GWAS have a minor
allele frequency of $1%, and rare variants, which are
far less common, have a minor allele frequency
of #1%. Although common variants provide an esti-
mate of disease susceptibility, they are not neces-
sarily causative. In contrast, rare pathogenic variants
can be causative and have higher penetrance and
much lower frequency. A recent study performed on
1,293 patients from the Vanderbilt AF registry, iden-
tified patients with rare pathogenic variants in
arrhythmia and cardiomyopathy genes in 10.1% of
participants with early-onset AF (AF diagnosis before
66 years of age).11 Among the most prevalent patho-
genic variants, 27% were in TTN, 13% in MYH7, 6% in
LMNA, 7% in MYH6, and 6% in KCNQ1.11

The diversity of genes and biological pathways
contributing to AF risk suggests that the underlying
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pathophysiology is highly heterogeneous. Such het-
erogeneity emphasizes the importance of a person-
alized approach to diagnosis, assessment, treatment,
and genetic counseling.5 We now discuss the mech-
anisms underlying common and rare AF-associated
variants in ion and nonion channel proteins.

ION CHANNEL VARIANTS. Sodium channel variants. Volt-
age-gated sodium channels initiate and maintain AP
activation and impulse propagation. The most abun-
dant sodium channel, encoded by the SCN5A gene, is
the a-subunit of Nav1.5.12 Atrial depolarization on the
electrocardiogram, represented by the P-wave, is
determined by both sodium and calcium channels.13

Mutations in SCN5A may be either gain-of-function
(GOF) or loss-of-function (LOF), exhibiting increased
sustained sodium current (INa) or compromised peak
INa.

12 GOF mutations induce AF by increasing AP
duration (APD) and cellular excitability (Central
Illustration, Table 1); long QT syndrome is another
example of a channelopathy caused by an SCN5A GOF
mutation.14 LOF mutations induce AF by reducing
conduction velocity.

The second major cardiac sodium channel is
Nav1.8, encoded by SCN10A, which until recently,
was thought to be expressed only in the sensory
neurons of the dorsal root ganglion in the peripheral
nervous system. The voltage-gated sodium channel
Nav1.8 is responsible for the late sodium current,
INa,L. Blocking Nav1.8 in cardiomyocytes reduces INa,L

and shortens the APD. Both GOF and LOF SCN10A
mutations are associated with early-onset AF.15

SCN10A may modulate SCN5A physiologically and
pathologically,16 and it is currently unknown if
SCN10A functions independently from SCN5A.

Characterization of a pathogenic GOF variant
SCN5A-E428K with the use of hiPSC-derived atrial
cardiomyocytes (aCMs) revealed increased INa,L,
which was inhibited by ranolazine.17 Transcriptomic
studies showed an up-regulation of the nitric oxide
pathway with enhanced nitrosylation of Nav1.5,
which modulated INa,L and triggered AF. Although the
signaling pathways regulating INa,L are complex, it is
possible that the SCN5A-E428K GOF mutation leads
to increased calcium-calmodulin kinase II phosphor-
ylation of the cardiac sodium channel and enhances
INa,L.18 A recent study using iPSC-CMs derived from
carriers of a common variant, SCN5A S1103Y, which is
found at a higher frequency in individuals with Afri-
can and East Asian ancestry, showed enhanced INa,L

with a normal APD. The normal APD was attributed to
an increase in the rapid component of delayed recti-
fier potassium current, IKr. An IKr blocker, dofetilide,
prolonged the APD at a much lower dose in S1103Y
iPSC-CMs, revealing their susceptibility to torsado-
genic drugs.19

Potass ium channel var iants . Cardiomyocytes ex-
press several types of potassium channels, which are
responsible for achieving and maintaining a suffi-
ciently stabilized and hyperpolarized membrane,
with each playing a different role in repolarization.
The ultrarapidly repolarizing potassium (IKur) channel
Kv1.5, encoded by KCNA5, is expressed almost
exclusively in aCMs. As an atrial-specific channel, it is
a promising therapeutic target for AF.20 Nonsense
KCNA5 mutations increase susceptibility to AF, as
well as electrical and conduction instability. Loss-of-
function mutations result in delayed AP repolariza-
tion, prolonged APD, and early afterdepolarizations
(EADs) (Figure 1, Table 1).20 GOF mutations shorten
APD and increase atrial excitability, triggering AF.21

The first gene (KCNQ1) linked with familial AF,
encoding the cardiac delayed rectifier potassium
channel current (IKs), was identified in a large Chinese
kindred with early-onset AF.22 Both GOF and LOF
mutations in KCNQ1 have been associated with early-
onset AF through the modulation of the APD and
refractory period and enhanced atrial AP repolariza-
tion.22 GOF mutations in KCNE2, one of the subunits
of KCNQ1, are also associated with AF via increased
IKs and enhanced AP repolarization.24

A GOF mutation in the gene (KCND3) encoding the
transient outward potassium channel Kv4.3 and cur-
rent (Ito) also has been associated with early-onset
AF.25 KCNJ2 encodes the inward rectifier potassium
channel, Kir2. There are 5 different members of Kir2.
Kir2.1 is found mainly in the ventricles and regulates
the resting membrane potential. In contrast, Kir2.3 is
primarily expressed in aCMs.26 A gain-of-function in
KCNJ2 results in increased IK1 as well as enhanced
atrial AP repolarization.24,27 In 2010, a GWAS con-
ducted by Ellinor et al28 identified a single nucleotide
polymorphism (SNP) in the gene KCNN3, a gene
encoding calcium-activated potassium channel SK3.
Calcium-activated potassium channels of small
conductance (SK1-3) are an emerging atrial-specific
target discussed below.
Calc ium channel var iants . The L-type calcium
channel Cav1.2, encoded by CACNA1C, is the domi-
nant ion channel in excitation-contraction coupling
in the heart, playing a crucial role in phase 2 of the AP
and contributing to the EP profile of cardiomyocytes.
Whereas Cav1.2 is the only voltage-gated calcium
channel in ventricular cardiomyocytes, Cav1.3
(encoded by CACNA1D), is found in atrial myocytes,
nodal cells, and vascular smooth muscle cells.14

Cav1.3 knockout mice show impaired calcium ho-
meostasis, which predisposes to AF.29 Furthermore,
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(A) Atrial fibrillation (AF)-associated variants identified in genes encoding ion channels, transcription factors, cytoskeletal proteins, secreted peptides, and cytokines,

and nuclear envelope proteins create an arrhythmogenic substrate for AF by various mechanisms. (B) Challenges in pharmacologic therapy of AF include genetic

heterogeneity leading to variability in drug responses and proarrhythmic effects. (C to E) Translational outlook in AF: (C) polygenic risk scores (PRS) for AF—calculated

by the weighted sum of the product of AF-associated single nucleotide polymorphisms (SNPs) and their effect size—are complementary to clinical risk and AF

biomarkers in predicting AF risk; (D) high-throughput functional genomic screens for assessing variants of uncertain clinical significance (VUS) in AF-associated

genes; (E) bioengineered models of patient-specific human induced pluripotent stem cell (hiPSC)–derived cardiac models for understanding pathophysiologic

mechanisms and testing drug responses. TdP ¼ torsades de pointes.
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TABLE 1 Genetic Mechanisms of Atrial Fibrillation

Gene Protein Mechanism First Author

Ion channel variants

Sodium channel

SCN5A GOF Nav1.5 EADs Remme and Bezzina12

SCN5A LOF,
SCN10A LOF

Nav1.5, Nav1.8 Reduction in conduction velocity

Potassium channel

KCNA5 LOF Kv1.5 APD prolongation Chen et al,22 Mahida et al,23 and
Brugada et al24KCNA5 GOF Kv1.5 Shortening of APD

KCNQ1 GOF Kv1.7 Shortening of APD

Calcium channel

CACNA1D LOF – Impaired calcium homeostasis, regulation of ANP and
BNP secretion

Mancarella et al29 and
Srivastava et al30

RYR2 Ryanodine receptor 2 Triggered calcium release Zhabyeyev et al32

GJA5 Connexin-40 Conduction heterogeneity leading to reentry Gollob et al33

Non–ion channel variants

Transcription factors

PITX2 Paired homeobox
transcription factor 2

Increased activity of RyR channels Zhang et al38 and Kim et al43

Slight prolongation of APD

Regulates transcription of genes encoding ion channels

ZFHX3 Zinc finger homeobox 3 Structural remodeling, repression of SCN5A Rubio-Alarcón et al45

TBX3 T box transcription factor 3 Increased ectopic automaticity Hoogaars et al55

TBX5 T box transcription factor 5 Regulation of transcription of AF-associated genes Hiroi et al57

GATA4, GATA6 GATA-binding protein 4 Abnormal development of pulmonary vein myocardium Roselli et al46 and Wang et al47

Impaired regulation on downstream AF-associated
target genes, such as NPPA1

NKX2.5 NK2 homeobox 5 Delayed conduction Chen et al49 and Shiratori et al50

ERRg Estrogen receptor g Regulates the expression of AF-associated genes Miyazawa et al58

Secreted peptides

NPPA ANP Shortening of APD Hodgson-Zingman et al76

Cytoskeletal proteins

TTN Titin Sarcomeric dysfunction, fibrosis Ahlberg et al67

MYL4 Myosin light chain 4 Part of ATPase cellular motor protein complex Nattel et al,61 Gudbjartsson
et al,62 and Goette et al63

MYH7 Myosin heavy chain 7 Sarcomeric dysfunction Maron et al70

MYBPC3 Myosin-binding protein C3 Sarcomeric dysfunction Maron et al70

DES Desmin Intermediate filament protein, reduced AERP,
conduction delay, mitochondrial dysfunction

Schrickel et al72

PLEC Plectin Cytoskeletal structure disruption Thorolfsdottir et al74

JPH2 Junctophilin Tethering protein in excitable cells, abnormal calcium
release binds to RyR

Beavers et al75

Nuclear envelope proteins

LMNA Lamin A/C Triggered DADs Salvarani et al82

NUP155 NUP155 APD shortening, impaired nucleocytoplasmic transport Zhang et al83

Mediators of inflammation

IL6R Interleukin-6 Receptor Cytokine receptor promotes inflammation Miyazawa et al58

Predicts AF recurrence after catheter ablation

ANP ¼ A-type natriuretic peptide; APD ¼ action potential duration; ATPase ¼ adenosine triphosphatase; BNP ¼ B-type natriuretic peptide; DAD ¼ delayed afterdepolarization; EAD ¼ early
afterdepolarization; GOF ¼ gain-of-function; LOF ¼ loss-of-function; RyR ¼ ryanodine receptor.
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Cav1.3 regulates the secretion of A- and B-type
natriuretic peptides.30 L-type calcium channel
blockers are frequently used as rate control therapy
for AF, with limited toxicity or debilitating side-
effects.31

Ryanodine receptors are active during calcium-
induced calcium release. After membrane depolari-
zation activates L-type calcium channels on the
surface of the sarcoplasmic reticulum, an initial
calcium influx triggers a second wave of
calcium release through the ryanodine receptors,
thus resulting in the complete contraction of sar-
comeres. Mutations in ryanodine receptors cause
automaticity, characterized by calcium-triggered
delayed afterdepolarizations (DADs) (Figure 1,
Table 1).25,32



FIGURE 1 Mechanisms of Atrial Fibrillation-Associated Genetic Variants

Genetic variants create an arrhythmogenic substrate by different mechanisms, including alteration of action potential duration, cell-to-cell

coupling, fibrosis, and inflammation. APD ¼ action potential duration; DAD ¼ delayed afterdepolarization; EAD ¼ early afterdepolarization;

GOF ¼ gain-of-function; LOF ¼ loss-of-function.
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Gap junct ion mutat ions . Connexins are gap junc-
tion proteins that play an important role in cell-cell
communication, syncytial electrical coupling, and
impulse propagation in the human myocardium.
Thus, mutations in GJA5 (encoding the atrial-specific
gap junction protein connexin-40) could lead to het-
erogeneous cardiac conduction, impaired propaga-
tion of an electrical impulse between adjacent
cardiomyocytes, and increased AF susceptibility
(Figure 1, Table 1).33 Several studies have reported the
association of both common and rare germline vari-
ants and somatic mutations in GJA5 with AF suscep-
tibility and pathogenesis, respectively.34-36

NONION CHANNEL VARIANTS. Traditionally, AF is
considered to be a channelopathy, but over the past
decade, GWAS as well as candidate gene studies have
identified an increasing number of variants in non–
ion channel genes that are associated with AF. Vari-
ants in cytoskeletal proteins, cardiac hormones, nu-
clear envelope proteins, and transcription factors
have been linked to AF pathogenesis. Here, we
discuss non–ion channel variants that are associated
with AF and the underlying molecular mechanisms
that create an arrhythmogenic substrate for AF.

Transc r ipt ion factors . GWAS have identified a sig-
nificant genetic signal on chr4q25, an intergenic re-
gion with at least 4 independent AF-associated loci
near the PITX2 gene.37 Although nonhuman animal
models suggest that PITX2 plays a key role in AF
pathogenesis, it was only recently that chromosome
conformation capture studies showed that chr4q25
SNPs interact with the promoter of the cardiac-
specific isoform of PITX2C, supporting the hypothe-
sis that 4q25 variants regulate PITX2 expression.38 In
adult human hearts, PITX2C is confined to the left
atrium and targets genes encoding ion channels
(CACNA1D, CACNA2D2, RYR2, ATP2A2, JPH2, KCNQ1,
KCNN3, KCNJ11), transcriptional regulators (TBX20,
HDAC7, ZFHX3), and intercalated disk proteins (GJA1,
CTNNB1).39 Deficiency in PITX2 increases suscepti-
bility to AF.40 PITX2C is required for the formation of
the pulmonary myocardium, which is a source of
triggered electrical activity in AF. In paroxysmal AF,
pulmonary vein isolation is the main ablation
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strategy.41 PITX2 is also regulated by gremlin-2,
encoded by GREM2, which is a bone morphogenetic
protein antagonist and is associated with AF.
Increased expression of gremlin-2 has led to
decreased contraction and slower conduction
velocity.25,41

A recent study on PITX2�/� atrial engineered heart
tissue (aEHT) recapitulated some of the electrical
remodeling in AF. PITX2�/� aEHT had a triangulation
of APD and a slight increase in APD90. That supported
the use of aEHT for studying the effects of specific
variants on ion channel electrophysiology in AF.42 In
addition to potassium channel remodeling, hap-
loinsufficient mouse models of PITX2þ/� have impli-
cated hyperactivity of ryanodine receptor channels in
PITX2-mediated AF pathogenesis.43 ZFHX3 (zinc
finger homeobox3) is the second most common gene
associated with AF.44 It encodes for a transcription
factor required for right-left atrial patterning and
predisposes to atrial cardiomyopathy. A recent study
showed that ZFHX3 regulates the expression of the
sodium channel and peak INa.45

A multiethnic GWAS conducted by Roselli et al46

identified loci close to genes encoding transcription
factors TBX3, TBX5, and NKX2-5 with AF. These
genes play an important role in the development of
the cardiac conduction system.47 NKX2 insufficiency
caused the up-regulation of HCN4 channels, down-
regulation of CX40, and disruption of calcium
handling proteins in cultured atrial cells, revealing
the molecular substrate for AF.48,49 Furthermore,
NKX2.5 regulates the expression of PITX2 by binding
to the enhancer element of PITX2. The 2 transcription
factors may work in concert to regulate the expres-
sion of genes involved in AF pathogenesis.50

Variants in GATA-4 and GATA-6 transcription fac-
tors genes have been found to co-segregate with
AF.47,51 This may be partially explained by impaired
development of pulmonary sleeve myocardium as
well as impaired regulation of transcription of AF-
associated genes such as ANP.50 Rare variant joint
analysis as well as GWAS studies have associated
PRRX1 with AF.52,53 PRRX1 regulates transcription
factors involved in smooth muscle development.54

Abnormal smooth muscle morphogenesis of pulmo-
nary vasculature leading to ectopic electrical activity
may be a potential link between PRRX1 variants and
AF.48,54

T-box transcription factors TBX3 and TBX5 have
been associated with AF.46 TBX3 regulates the sino-
atrial node gene program and may be involved in
abnormal ectopic automaticity in AF.55 TBX5 is
involved in cardiac development and limb identity.
Variants in TBX5 are associated with AF and cause
Holt Oram syndrome, which is characterized by
congenital heart defects, conduction disease, and
upper limb deformities. The synergistic action of
TBX5 and NKX2 regulates the transcription of AF-
related genes such as NPPA, KCNJ2, CX40, and
TBX3.56,57

More recently, a cross-ancestry GWAS of more than
1 million individuals conducted by Miyazawa et al58

analyzed transcription factors that bound to AF loci
and found substantial enrichment of estrogen recep-
tor g at AF loci. Functional studies in hiPSC-CMs
revealed that pharmacologic inhibition of estrogen
receptor g caused irregular beating, prolongation of
contraction duration, and decreased expression of
AF-associated genes. Transcriptome-wide analysis
implicated IL6R to be a causal gene that is supportive
of the role of inflammation in AF pathogenesis.58

Cytoskeleta l prote ins . We and others have
recently identified rare mutations in myocardial sar-
comeric proteins associated with early-onset
AF.37,59,60 Increasingly, atrial myopathy, ie, any
structural, macro- or cyto-architectural, contractile,
fibrotic, or EP remodeling in the atria is being recog-
nized as a potential cause of AF.61-63 Atrial dilation
may be secondary to increased ventricular filling
pressures, creating a substrate for AF. However, he-
modynamic consequences of ventricular cardiomy-
opathy may not always be responsible for AF.
Increasingly, mutations in genes encoding sarcomeric
proteins have been associated with early-onset AF. A
mutation in the gene that encodes for the atrial-
specific sarcomeric protein myosin light chain 4
(MYL4) was the first gene linked with AF due to an
atrial myopathy.60 MYL4 is part of an adenosine tri-
phosphatase cellular motor protein complex. Loss of
MYL4, resulting in highly penetrant AF, suggests the
involvement of the contractile apparatus in impulse
conduction, with or without an associated cardio-
myopathy.62 Increasingly, genes implicated in ven-
tricular cardiomyopathy are being recognized as a
cause of AF. Zhang et al64 reported a family with AF
harboring a pathogenic mutation in LMNA. A recent
study compared echocardiographic parameters of
patients with LMNA and truncating variants in TTN
(TTNtvs) with healthy control subjects and found
evidence of atrial myopathy in patients harboring
LMNA variants reflected by reduced left atrial con-
tractile strain in the absence of left ventricular
dysfunction and left atrial dilation.65

The sarcomeres serve as the bridge between me-
chanical and electrical functions in the heart. The Z-
disk of sarcomeres links excitation with contraction,
communicating electrical impulses to the sarcomere
by means of the deep invaginations of the T-tubule
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system, which is densely packed with L-type calcium
channels.66 Titin, which connects the thick filament
of the sarcomere to the Z-disks, is expressed in all
chambers of the heart. Heterozygous TTNtvs are
responsible for about 20% of all dilated cardiomyop-
athy and have also been associated with an increased
burden of AF.59,67 TTNtvs result in compromised
cardiac performance and metabolism, and one-third
of patients with these variants develop heart failure
within 5 years of AF diagnosis.68 AF development
following heart failure onset is also common.69 This
co-occurrence of heart failure and AF suggests that
sarcomeric dysfunction could be a common patho-
physiologic link with early-onset AF.58 A zebrafish
model of a rare variant in TTN showed atrial fibrosis
in larval and adult zebrafish, highlighting the poten-
tial role of fibrosis in the pathogenesis of AF.67 Vari-
ants associated with hypertrophic cardiomyopathy,
such as MYH7 and MYBPC3, are also associated with
AF, but it remains unclear why there is a higher
incidence of AF associated with these variants.70

Desmin is an intermediate filament protein enco-
ded by the DES gene. Variants in desmin increase the
risk for cardiac arrhythmias.71 Studies in mouse
models and hiPSC-CMs have provided insights into
the molecular mechanism underlying desmin-
associated cardiomyopathy and arrhythmogenesis.
Desmin knockout mice have prolonged interatrial
conduction and an increase in supraventricular as
well as ventricular ectopic beats and a reduction in
the atrial effective refractory period.72 Desmin ag-
gregates hamper mitochondrial function by altering
mitochondrial respiration. Interestingly, mitochon-
drial dysfunction in mouse models has been observed
before the onset of cardiac pathology.73 PLEC encodes
a large cytoskeletal protein. A GWAS on an Icelandic
cohort identified variants in PLEC to be associated
with AF.74

Variants in JPH2, encoding junctophilin, a struc-
tural protein linking L-type calcium channels in T-
tubules with ryanodine receptors, were found in 2
patients with juvenile-onset AF. A knockin mouse
model of this variant had increased inducibility of AF
and abnormal calcium release events. This was
attributed to decreased binding of JPH2 with ryano-
dine receptors revealing the molecular mechanism
underlying JPH2.75

Card iac hormone: A-type natr iuret i c pept ide .
Next-generation sequencing has identified common
and rare genetic variations in genes that encode A-
type natriuretic peptide (ANP), NPPA, and the renin-
angiotensin-aldosterone system. ANP is crucial in
controlling intravascular blood volumes, vascular
tone, vasodilation, and diuresis, as well as
modulating sodium, potassium, and calcium chan-
nels. The protein that results from a frame-shift mu-
tation in NPPA shortened the atrial monophasic AP,
potentially predisposing to a reentrant mechanism of
AF.76 GOF mutations in both KCNQ1 and NPPA
shortened APD and altered calcium handling.77

Furthermore, mutations in angiotensin, angiotensi-
nogen, and angiotensin-converting enzymes cause
atrial fibrosis and structural remodeling, resulting in
electrical heterogeneity and a reentrant mechanism
of AF.76,77 Ly et al77 modeled an NPPA variant in
hiPSC-aCMs that showed a shortening of APD and an
increase in the delayed rectifier potassium current
(IKs).
Nuclear enve lope prote ins . LMNA encodes the
nuclear envelope proteins lamin A/C, which play an
important role in maintaining the nuclear and cyto-
skeletal architecture, gene expression, and tran-
scriptional regulation.78 Pathogenic variants in LMNA
cause malignant heart disease characterized by con-
duction disease, atrial and ventricular arrhythmias,
and dilated cardiomyopathy.78,79 AF is the most
common arrhythmia in lamin A/C heart disease and is
often the first clinical presentation in the absence
of overt cardiomyopathy.80 Studies from rodent
models have implicated mitogen-activated protein
kinase (MAPK), mammalian target of rapamycin,
and increased activity of transforming growth
factor-b pathways underlying the cardiomyopathy in
lamin A/C heart disease, with hiPSC-CMs providing
important insights into arrhythmogenic mechanisms.
hiPSC-CMs derived from a frameshift mutation in
LMNA-K117fs showed increased activity of the trans-
forming growth factor b pathway underlying the
phosphorylation of sarcoplasmic reticulum calcium
channel and ryanodine receptor, leading to sponta-
neous calcium release and DADs.81 Lamin A/C in-
teracts with chromatin in defined regions known as
lamin-associated domains. Mutations in lamin A/C
can cause changes in lamin-associated domains as
well as spatial organization of chromatin, leading to
altered expression of genes. hiPSC-CMs derived from
a family affected by a missense variant K219T in
LMNA revealed epigenetic silencing of the SCN5A
gene that led to a decrease in peak INa as well as
diminished conduction velocity.82 Variants in
NUP155, which encode nucleoporins, co-segregate
with AF and sudden death in early childhood.83,84

Studies in mouse models have shown the shortening
of APD and impaired nucleocytoplasmic transport as
the underlying mechanism in AF.

An incomplete understanding of the genetic
mechanisms by which genetic variants in TTN, MYL4,
and other nonion channel genes cause AF limits
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pharmacologic therapy for patients harboring these
mutations as current AADs solely target ion channels.
Elucidating the underlying molecular mechanisms by
which mutations in structural genes result in AF will
not only identify novel therapeutic targets, but also
enable a mechanism-based approach to the treatment
of this common and morbid arrhythmia. The Central
Illustration lists the genes associated with AF. Mech-
anisms of AF underlying genetic variants are illus-
trated in Figure 1.

GENOTYPIC DIFFERENCES IN RESPONSE

TO THERAPY

RESPONSE TO AADs. The first pharmacogenetic
study that supported the idea of genotype-guided
response to AADs assessed the ACE I/D poly-
morphism.85 ACE I and D correspond to the insertion
or deletion, respectively, of a 287-base-pair intronic
segment in the ACE gene. Patients with ACE DD or
ACE I/D genotype have higher circulating levels of
angiotensin-converting enzyme (ACE) which leads to
activation of the renin-angiotensin-aldosterone sys-
tem and myocardial fibrosis. Patients with ACE DD or
ACE I/D genotype had a higher percentage of failure
of response to AADs. Polymorphisms in adrenergic
receptor genes have also been shown to modulate
response to b-blockers. A study conducted on pa-
tients from the Vanderbilt AF Registry showed that
patients with the Gly389 polymorphism, in the ADRB1
gene, which encodes the b1 receptor, responded
better to rate control (OR: 1.42; 95% CI: 1.00-2.03;
P < 0.05).86 G389R is an LOF variant that acts syner-
gistically with b-blockers and augments their effect. A
study in a Japanese cohort of 159 patients found that
in patients with Gly389 polymorphism, the efficacy of
flecainide was reduced when co-administered with
b-blockers.87 Another polymorphism in the ADRB1
gene, Arg389Arg was investigated in a substudy of the
BEST (b-Blocker Evaluation of Survival Trial), which
determined that Arg389 homozygotes showed a bet-
ter response to bucindolol treatment, with a 74%
reduction in new-onset AF (HR: 0.26; 95% CI: 0.12-
0.57).88 However, the Arg389Arg polymorphism was
not associated with a better outcome in a clinical trial
comparing rhythm status in a heart failure cohort
randomized to bucindolol or metoprolol.89 b1 re-
ceptors are the primary target for bucindolol, but
polymorphisms in the ADRA2C gene, which encodes
the a2C-adrenergic receptor located in the prejunc-
tional sympathetic nerve terminal, also modulate the
response to b-blockers. A 4-amino-acid deletion in
positions 322-325 generates an LOF phenotype that is
associated with an exaggerated response to bucin-
dolol in heart failure.90 The presence of more than 1
variant can have a synergistic effect in reducing the
efficacy of b-blockers.

Genetic polymorphisms can also affect drug effi-
cacy by modulating pharmacokinetics. The CYP2D6
gene which encodes the cytochrome P450 enzyme is
a key enzyme involved in the metabolism of AADs.
Flecainide is a CYP2D6 substrate, and variants in
CYP2D6 are associated with delayed clearance of
flecainide and require more frequent monitoring of
serum levels.90 A population pharmacokinetic study
showed that there was an age-related decline in
flecainide clearance in different genotype groups of
CYP2D6 (22.1% in heterozygous extensive metabo-
lizers and 49.5% in heterozygous intermediate and
poor metabolizers).91,92 Variants in the promoter of
the SCN5A gene termed Asian specific promoter
HapB genotype are associated with slowed conduc-
tion and various arrhythmias.93 A study compared
the efficacy of flecainide between the HapA and
HapB genotypes in a cohort of 146 patients with
supraventricular arrhythmias and determined that
HapB carriers can achieve therapeutic efficacy at
lower doses of flecainide (42.9% vs 68.8%;
P ¼ 0.02).94

Parvez et al95 reported that 3 AF loci on chr4q25,
chr16q22, and chr1q21 modulated response to AADs,
and found that a common SNP (rs10033464) in the
chr4q25 locus not only predicted response to AADs,
but also demonstrated a differential response to class
I vs class III AADs. Patients with this SNP had almost
4-fold higher odds of maintaining sinus rhythm when
prescribed a class I AAD. Although its results were
promising, the study was limited to whites of Euro-
pean descent. A large clinical trial in a multiethnic
cohort is in progress to determine genetic modulators
of response to class I vs class III AADs (NCT02347111).
Table 2 summarizes the variants modulating drug
responses in the management of AF.

GENOTYPIC DIFFERENCES IN RESPONSE TO CATHETER

ABLATION. Rhythm control therapy improves AF-
related symptoms and maintenance of sinus
rhythm.96 The CABANA (Catheter Ablation vs Anti-
arrhythmic Drug Therapy for Atrial Fibrillation) trial
showed that catheter ablation has higher efficacy in
maintaining sinus rhythm compared with AADs.97

However, recurrence after ablation is common and
often requires repeated ablation. An improved un-
derstanding of the underlying atrial substrate may
enable the selection of patients most likely to respond
to ablation.98 Although cross-sectional studies

https://clinicaltrials.gov/study/NCT02347111


TABLE 2 Genetic Modifiers of Response to AADs

Genetic Determinant Modulation of Response to AADs First Author

ACE ACE DD or ACE I/D genotype were significant predictors of failure of response to AADs
(OR: 2.25; 95% CI: 1.05-4.80; P ¼ 0.04)

Darbar et al85

ARDB1 Gly389 polymorphism is associated with a better response to rate control (OR: 1.42; 95% CI:
1.00 to 2.03; P < 0.05)

Parvez et al86

Gly389 reduced the efficacy of flecainide when co-administered with b-blockers (P ¼ 0.001) Doki et al87

Arg389Arg showed a better response to bucindolol (HR: 0.26; 95% CI: 0.12-0.57) Aleong et al88

ADRA2C A 4-amino-acid loss-of-function deletion is associated with an exaggerated response to
bucindolol in heart failure (P ¼ 0.012)

O’Connor et al90

CYP2D6 Variants in CYP2D6 decrease the clearance of flecainide and require more frequent monitoring
(22.1% in heterozygous extensive metabolizers, 49.5% in heterozygous intermediate and
poor metabolizers)

Doki et al91

SCN5A Haplotype B Haplotype B genotype is associated with higher therapeutic efficacy at lower doses of flecainide
(42.9% vs 68.8%; P ¼ 0.022)

Doki et al94

4q25 (rs2200733,
rs10033464)

rs2200733, rs10033464 predicts recurrence of AF (OR: 3.27; 95% CI: 1.7-6.0; P < 0.001) and
better response to AADs, and showed a differential response to class I vs class III AADs
(OR: 10.0; 95% CI: 1.03-97.5; P < 0.05)

Parvez et al95
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suggest that chr4q25 SNPs predict postablation AF
recurrence,99 the findings need to be confirmed in a
prospective and randomized clinical trial before a
genotype-based catheter ablation approach is
considered. The differences in response to catheter
ablation are most likely due to interindividual dif-
ferences in AF mechanisms. An improved under-
standing of the myocardial substrate for AF will guide
the ablation procedure, patient monitoring, and
postablation follow-up.
ATRIAL-SPECIFIC AADs. Pharmacologic approaches
for AF are aimed at inhibiting ectopic activity and
preventing reentry by prolonging the APD. Class I
AADs inhibit the INa, decrease conduction velocity,
and suppress ectopic beats, whereas class III AADs
inhibit potassium channels, prolong the APD, and
prevent reentry.99 However, a significant challenge
with currently available AADs is their proarrhythmic
side-effects.100,101 A decrease in conduction velocity
by class I AADs may promote r-eentry, especially in
the presence of structural remodeling.99 On the
other hand, excessive prolongation of the APD by
class III AADs in ventricles can lead to EADs and
result in dangerous ventricular arrhythmias such as
torsades de pointes. Atrial-specific drugs that target
ion channels specifically expressed in the atria
could avert the ventricular proarrhythmic effects.
This idea has led to many preclinical investigations
for atrial-selective therapy, which have shown
promising results. However, none have shown any
benefit in clinical trials thus far.99 The failure of
the initial clinical trials for inhibitors of atrial-
selective currents acetylcholine-activated inwardly
rectifying potassium current (IKach) and ultrarapid-
activating delayed rectifier potassium channel
(IKur) along with the success of ablation therapy in
symptom reduction after ablation reduced the
enthusiasm for developing atrial-selective pharma-
cologic therapy. However, AADs continue to be
commonly used for AF management and may be
essential when there are contraindications to abla-
tion therapy. Table 3 summarizes trials investi-
gating atrial-specific therapy.

In permanent AF, shortening of the APD that leads
to reentry102 is mainly brought about by increasing
potassium currents.103 Potassium channels are the
major players in determining the APD and waveform.
Calcium-activated potassium channels of small
conductance (SK1-3) are an emerging atrial-specific
target. They are encoded by the KCNN1-3 genes and
conduct the IKCa current, which contributes to AP
repolarization and is increased in permanent AF.104

However, the expression of SK channels increases in
the ventricles in heart failure patients, which would
result in the loss of atrial selectivity.105 An SK channel
inhibitor, AP30663, is currently in a phase 2 clinical
trial for the conversion of AF (NCT04571385).106

TWIK-related acid-sensitive potassium channels
(TASK-1) encoded by KCNK3 conduct the IK2P current
and are responsible for background currents and
stabilization of resting membrane potential.107 TASK-
1 is up-regulated in patients with permanent AF and
is predominantly expressed in the atria. Pharmaco-
logic inhibition of TASK-1 leads to APD prolonga-
tion.108 A respiratory stimulant, doxapram, that has
TASK-1 inhibitor properties is being investigated for
AF conversion in the DOCTOS (Doxapram Conversion
To Sinus Rhythm; EudraCT 2018-002979-17) trial. The
acetylcholine-activated inwardly rectifying potas-
sium channel and the ultrarapid-activating delayed
rectifier channel are expressed in the atria. However,
clinical trials of IKAch and IKur inhibitors have not
demonstrated any significant benefit in reducing AF
burden.109,110

https://clinicaltrials.gov/study/NCT04571385
https://www.clinicaltrialsregister.eu/ctr-search/trial/2018-002979-17/DE


TABLE 3 Atrial Selective Drug Targets for AF

Current Gene Channel Subunit Progress in Development First Author

IKCa KCNN1 (1-2) SK (1-3) An SK channel inhibitor, AP30663, is currently in a phase 2
clinical trial for the conversion of AF (NCT04571385)

Gal et al106

IKP KCNK3 TASK-1 A respiratory stimulant, doxapram, that has TASK-1 inhibitor
properties is being investigated for AF conversion in the
Doxapram Conversion To Sinus Rhythm (DOCTOS) trial

EudraCT 2018-002979-17

INa SCN5A Nav1.5 Ranolazine and vernakalant are nonselective blockers that
show frequency- and state-dependent binding kinetics

McIntyre et al117 and
Guerra et al118

IKur KCNA5 Kv1.5 S66913 Did not decrease the AF burden in the DIAGRAF-IKUR
clinical trial, potentially because IKur Is decreased in AF

Camm et al109

IKAch KCNJ3/KCNJ5 Kir3.1/Kir3.4 BMS 914392 did not decrease AF burden in a clinical trial in
patients with paroxysmal AF

Podd et al110
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In permanent AF there is constitutive activity of
IKACh.111,112 Several IKAch blockers have shown to be
effective in preclinical models but have failed to
reduce AF burden in clinical trials. Some of the
currently used AADs have IKAch-blocking properties,
such as dronedarone, amiodarone, propafenone, and
flecainide; however, they block other ion channels as
well.113-115 Although the initial trials have failed or
were aborted early on, because Kir3.1/3.4 channels
are primarily expressed in atria there is potential for
developing IKAch-specific inhibitors for AF. Kv1.5 po-
tassium channel encoded by KCNA5 conducts IKur.
Studies have shown an increase in this current at high
pacing rates. One potential reason why IKur inhibitors
have failed to show any benefit in clinical trials is that
IKur is decreased in AF.109,116 Other potassium chan-
nels that contribute to APD shortening include
increased basal inward-rectifier potassium current
(IK1), IKs, and Ito.

STATE-DEPENDENT INHIBITION OF SODIUM CHANNELS.

EP differences between the atria and ventricles pro-
mote the atrial selective binding of sodium channel
blockers. The more depolarized RMP in atria and high
atrial rates in AF favor the binding of sodium channel
blockers in the atria such as Ranolazaine and Verna-
kalant. Vernakalant also inhibits the atrial-specific
IKAch and IKur.117,118

TRANSLATION OF GENETIC DISCOVERIES TO

THE CLINICAL CARE OF PATIENTS

HIGH-THROUGHPUT ASSAYS FOR FUNCTIONAL

ASSESSMENT OF VUS. According to the American
College of Medical Genetics and Genomics, variants
are classified as pathogenic, likely pathogenic,
benign, or likely benign.119 Variants that have insuf-
ficient evidence for clinical classification are labeled
as VUS. VUS can account for more than 50% of known
variants for a certain gene.7 Whereas in vitro func-
tional studies can effectively validate pathogenic and
benign variants, assays lag for functional validation
of VUS. Recently, a few groups have developed high-
throughput assays for screening thousands of
variants using multiplexed assays for variant evalu-
ation (MAVE).

Muhammad et al7 screened 2,592 VUS in KCNE1
with the use of a MAVE that assessed potassium flux
and cell surface expression as a readout. Their results
were concordant with EP and computational analysis.
Their approach could potentially be used to reclassify
VUS.7 Anderson et al8 recently performed a high-
throughput analysis of LMNA VUS and showed that
most pathogenic LMNA variants are prone to aggre-
gation in the nucleoplasm. They overexpressed 178
variants in myoblasts and HEK293 cells and performed
aggregation analysis. They examined the phenotype
for a small subset of variants in hiPSC-CMs as well.

BIOENGINEERING ADVANCES IN PATIENT-SPECIFIC

hiPSC-DERIVED CARDIAC MODELS. Bioengineering
advances in hiPSC-based disease modeling have
given rise to an array of 2-dimensional (2D) and 3-
dimensional (3D) cardiac models, such as micro-
patterned co-cultures, spheroids, organoids, EHT,
microphysiologic heart-on-a-chip, and multiorgan-
on-chip platforms for testing pharmacologic re-
sponses and understanding disease mechanisms
(Figure 2).120,121 hiPSC-derived cardiac models with
nonmyocyte cells of the heart not only better reca-
pitulate human cardiac physiology, but also are
important to study of the effects of genetic variants
on noncardiomyocytes that may contribute to dis-
ease pathogenesis.

A recent micropatterned co-culture platform of
hiPSC-CMs and cardiac fibroblasts significantly
improved the structural, metabolic, EP, and contrac-
tile kinetics compared with random monocultures.122

Patient-specific 3D models of EHT for modeling long
QT syndrome elicited arrhythmias only in response to
QT prolongation agents, whereas 2D models showed
frequent arrhythmias (Figure 2B).9 A microtissue
model of arrhythmogenic cardiomyopathy consisting
of cardiomyocytes, endothelial cells, and cardiac

https://clinicaltrials.gov/study/NCT04571385
https://www.clinicaltrialsregister.eu/ctr-search/trial/2018-002979-17/DE


FIGURE 2 From 2-Dimensional Monolayers to 3-Dimensional Organoids in Disease Modeling and Drug Development for Cardiac Arrhythmias

(A) An electrometabolic maturation (EMM) approach reveals a mitochondrial defect in human-induced pluripotent stem cell-derived atrial cardiomyocytes (hiPSC-

aCMs) as an underlying mechanism of atrial fibrillation due to an NPPAmutation (reproduced from Ly et al77 with permission). Immunofluorescence staining for cardiac

troponin T and actinin shows sarcomeric organization in EMM hiPSC-aCMs similar to that of human atrial tissue. Western blotting of mitochondrial oxidative phos-

phorylation proteins shows decreased expression only in the EMM hiPSC-aCMs with the NPPA-S64R variant. EMM NPPA S64R hiPSC-aCMs have reduced respiration

rate, indicating the necessity of using matured hiPSC-aCMs. (B) Activation maps of ring-shaped engineered heart tissues (EHTs) from patients with long QT syndrome

(LQTS) showing reentry on administration of 25 nmol/L dofetilide. LQTS EHT showed less frequent arrhythmias on administration of dofetilide compared with 2-

dimensional monolayers owing to differences in drug diffusion kinetics (reproduced from Goldfracht et al9 with permission). (C) A microtissue model of arrhythmogenic

cardiomyopathy consisting of cardiomyocytes, endothelial cells, and cardiac fibroblasts reveals decreased expression of connexin-43 and arrhythmic contraction

patterns but no change in microtissues with SF (reprinted from Giacomelli et al123 with permission). CF ¼ cardiac fibroblast; CPVT ¼ catecholaminergic polymorphic

ventricular tachycardia; EC ¼ endothelial cell; EHT ¼ engineered heart tissue; SF ¼ skin fibroblast.
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fibroblasts revealed decreased expression of CX43 in
atrial fibroblasts and arrhythmic contraction patterns
(Figure 2C).123

One of the main limitations of hiPSC-derived car-
diac models is their immature phenotype, which re-
sembles fetal cardiomyocytes more than adult
cardiomyocytes. This remains a challenge in the
reliable prediction of drug responses and character-
ization of genetic variants. A maturation strategy
developed by Ly et al,77 comprising electrical stimu-
lation and metabolic conditioning, markedly
improved the structural and EP characteristics of
hiPSC-aCMs and revealed a mitochondrial defect due
to a variant in the NPPA gene encoding A-type
natriuretic peptide. The EP studies showed a
shortening of APD and an increase in IKs. That study
highlighted targeting IKs as a potential therapy for AF
(Figure 2A). We and others have shown that the
shortening of APD is due to an increase in IKs,22 but
the partial contribution of IKs to atrial repolarization
reserve should also be recognized. Furthermore,
because IKs is not atrial specific, blocking IKs may have
torsadogenic effects.124,125

PRS FOR DETERMINING AF RISK. The large number
of common genetic variants associated with AF
identified by GWAS can be used to determine genetic
susceptibility to AF. A PRS, computed by the
weighted sum of AF-associated SNPs and their effect
size, provides an estimate of the cumulative genetic
risk for AF. Early studies performed in European and
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Japanese populations found that variants at the
chromosome 4q25 locus conferred a 5-fold increase in
the risk of AF.126 The AFGen Consortium found that
while PRS for AF were associated with AF and stroke
beyond clinical risk factors, they were not incre-
mental in predicting the risk of arrhythmia.127

Recently, a PRS for AF, using 6.6 million SNPs in the
UK Biobank, reported that 6.1% of the general popu-
lation was at a 3-fold increased risk for AF.128

Although PRS are independent predictors of AF risk,
the integration of clinical risk factors and biomarkers
may further refine risk assessment. This was recently
shown by Marston et al,129 with a 6.7-million-SNP PRS
independently predicting AF risk, and combining the
PRS with clinical risk factors and N-terminal pro–B-
type natriuretic peptide providing superior
risk prediction.

Calculating a PRS predicts not only AF risk and
adverse outcomes such as stroke, but also response to
AAD and ablation therapy.5 Identifying AF as a cause
of ischemic stroke is important to initiate anticoagu-
lant therapy to prevent recurrent strokes. Using AF
PRS to predict the risk of stroke due to AF can be in-
cremental over cardiac rhythm monitoring. Pulit
et al130 determined that the genetic risk score for AF
was associated with cardioembolic stroke indepen-
dently from clinical risk factors. A genetic risk score
for stroke using 32 SNPs predicted stroke indepen-
dently from traditional risk factors. Those with AF in
that study with a low CHA2DS2-VASc score but a high
genetic risk score had a risk of stroke similar to those
with a higher CHA2DS2-VASc score.131 The addition of
clinical risk to PRSs for AF can also discriminate be-
tween cardioembolic and noncardioembolic causes of
stroke.132 A combination of AF PRS and clinical risk is
emerging as a promising strategy to reduce morbidity
due to AF-associated stroke.

Despite the advances in AF genomics, there are
some limitations and challenges that need to be
overcome before a genome-informed PRS can be
implemented into clinical decision making. First,
GWAS-derived PRSs are largely based on individuals
of European descent. Genomic differences between
ancestries with differing genetic variant frequencies
and phenotype severity warrant GWAS to be per-
formed in diverse populations.5 Diversification of
GWAS can also mitigate differences due to socioeco-
nomic disparities within populations, which may
affect AF-associated outcomes and access to health
care. Another limitation is that there are no guide-
lines that define the threshold for initiation of pre-
ventive therapy based on genome-informed PRS for
AF. We need to validate if AF PRS can predict sub-
clinical AF and identify those at the highest risk for
stroke and heart failure. Implementation of strategies
for risk stratification may not only improve AF diag-
nosis and management, but also prevent AF-
associated morbidities.

INTEGRATION OF AF GENETICS IN CLINICAL CARE.

Current guidelines do not recommend genetic testing
in AF. With the decreasing cost of genetic testing, it
may not be cost-prohibitive to be used widely. How-
ever, several questions remain to be answered
regarding the integration of AF genetics in clinical
care. Specifically, who should be offered genetic
testing: Should it be offered broadly or to a selected
group of patients most likely to have a genetic basis
for their disease? An increasing body of evidence
supports the utility of candidate gene screening in
patients with early-onset AF with a strong family
history of cardiac disease.11,133 Early detection can
prevent the onset of structural changes and associ-
ated comorbidities. Genetic testing not only will
facilitate early detection of AF in the individual, but
also may have important implications for personal-
ized therapy. Equally important is cascade screening
of first-degree relatives who may be at risk of devel-
oping phenotypes other than AF, such as dilated
cardiomyopathy and neuromuscular disease. For the
broader population at risk for AF, while emerging
studies support the utility of AF PRS in clinical risk
stratification,129,132 further studies are needed to
validate whether a genome-informed AF PRS is su-
perior to traditional risk stratification tools in pre-
dicting AF risk and AF-associated adverse outcomes.

CONCLUSIONS AND PERSPECTIVE

AF is a complex disease with significant clinical and
genetic heterogeneity. Improved understanding of
the myocardial substrate for AF and genotype-guided
prospective trials are urgently needed for translating
genetic discoveries to the bedside care of patients.
Although there have been significant advances in
ablation and device therapy for AF owing in part to
the AF epidemic, AADs will remain important for
therapy. Identification of variant-specific mecha-
nisms and new molecular pathways and targets will
broaden the scope of AADs, which currently target ion
channels only. Functional validation of VUS and
limitations of existing disease models are challenges
in the translation of genetic discoveries to the
bedside care of patients. These challenges are being
addressed by high-throughput multiplexed assays for
the reclassification of VUS and novel bioengineering
strategies to develop hiPSC-derived cardiac models
with increasing complexity to reliably recapitulate AF
pathophysiology and predict drug responses. These
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translational advances have the potential to develop
personalized therapy for this common and morbid
arrhythmia.
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