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Abstract

Susceptibility to atrial fibrillation (AF) is determined by well-recognized risk factors such

as diabetes or hypertension, emerging risk factors such as sleep apnea or inflammation, and
increasingly well-defined genetic variants. As discussed in detail in a companion article in this
series, studies in families and in large populations have identified multiple genetic loci, specific
genes, and specific variants increasing susceptibility to AF. Since it is becoming increasingly
inexpensive to obtain genotype data and indeed whole genome sequence data, the question

then becomes to define whether using emerging new genetics knowledge can improve care for
patients both prior to and after development of AF. Examples of improvements in care could
include identifying patents at increased risk for AF (and thus deploying increased surveillance

or even low-risk preventive therapies should these be available), identifying patient subsets in
whom specific therapies are likely to be effective or ineffective or in whom the driving biology
could motivate the development of new mechanism-based therapies, or identifying an underlying
susceptibility to comorbid cardiovascular disease. While current guidelines for the care of patents
with AF do not recommend routine genetic testing,1 this rapidly increasing knowledge base
suggests that testing may now or very soon have a place in the management of select patients. The
opportunity is to generate, validate, and deploy clinical predictors (including family history) of AF
risk, to assess the utility of incorporating genomic variants into those predictors, and to identify
and validate interventions such as wearable or implantable device-based monitoring ultimately to
intervene in patients with AF before they present with catastrophic complications like heart failure
or stroke.
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INTRODUCTION

Susceptibility to atrial fibrillation (AF) is determined by well-recognized risk factors such
as diabetes or hypertension, emerging risk factors such as sleep apnea or inflammation,
and increasingly well-defined genetic variants. As discussed in detail in a companion
article in this series, studies in families and in large populations have identified multiple
genetic loci, specific genes, and specific variants increasing susceptibility to AF. Since it
is becoming increasingly inexpensive to obtain genotype data and indeed whole genome
sequence data, the question then becomes to define whether using emerging new genetics
knowledge can improve care for patients both prior to and after development of AF.
Examples of improvements in care could include identifying patents at increased risk for
AF (and thus deploying increased surveillance or even low-risk preventive therapies should
these be available), identifying patient subsets in whom specific therapies are likely to be
effective or ineffective or in whom the driving biology could motivate the development of
new mechanism-based therapies, or identifying an underlying susceptibility to comorbid
cardiovascular disease.

While current guidelines for the care of patents with AF do not recommend routine genetic
testing,! this rapidly increasing knowledge base suggests that testing may now or very

soon have a place in the management of select patients. The opportunity is to generate,
validate, and deploy clinical predictors (including family history) of AF risk, to assess

the utility of incorporating genomic variants into those predictors, and to identify and
validate interventions such as wearable or implantable device-based monitoring ultimately to
intervene in patients with AF before they present with catastrophic complications like heart
failure or stroke.

Genomic variation

It is convenient to classify genomic variants increasing susceptibility to any complex disease
by their effect size.2 At one end of this spectrum are typical rare single gene Mendelian
conditions with very large effect sizes (Supplementary Figure). These cannot be common
across broad populations (otherwise, many would have the disease) and have therefore
usually been identified in families or in closed populations. As described below, associations
have been more recently described between rare genetic variants and common traits like

AF using whole exome or genome sequencing in very large population subgroups. At the
other end of the effect size spectrum are common variants, usually identified using the
genome-wide association study (GWAS) paradigm, that individually confer very modest
increased risk but may be combined to create polygenic risk scores (PRS) to identify patients
with clinically-meaningful increased risk.
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COMMON GENETIC VARIATION IN AF

Finding common variants mediating AF risk

GWAS interrogates hundreds of thousands of common variants across the genome to
identify associations between loci, genes, and individual variants and a trait of interest.2
“Common” is generally defined as a minor allele frequency greater than ~5%. The method
uses single nucleotide variants (SNVs) that “tag” haplotype blocks, which are genetic data
that are co-inherited; the result is that the SNVs with the strongest association with the

trait being interrogated are not necessarily those with the biologic activity that underlies the
association, nor is the nearest gene necessarily the one whose function mediates the biology.
Unraveling new biology from GWAS results continues to present a major opportunity and
challenge to genome science.

The first GWAS were expensive and studied small patient populations (thousands) and
few variants (less than a million). Initial GWAS results for common traits and conditions
like AF,3 coronary artery disease (CAD),%=6 or the QT interval” defined specific loci at
which variants modulate risk. These findings, in turn, have been used to define specific
risk alleles and underlying biology, as described in companion articles in this series. One
additional hope of these early studies was that risk alleles could be used to identify specific
patients at elevated disease risk, and indeed soon after initial GWAS results genetic testing
companies began to deliver risk allele information to patients.® Further, individual SNVs
were studied for their effects across clinically-related traits. For example, a very early
signal examining variability in the QT interval was at chromosome 1 near NOS1AP,” and
subsequent studies have suggested that the risk allele modifies penetrance in the congenital
long QT syndrome,®-11 risk for amiodarone-related long QT syndrome,12 and risk for
sudden death in the broad population.13 However, the hazard ratio for these effects is
modest, generally 1.5 or less.

The initial GWAS for AF risk, which studied 550 cases unselected for any other risk
factor, identified variants at chromosome 425 near P/7.X2as risk alleles,3 and subsequent
increasingly larger and ancestrally diverse patient sets have identified dozens of loci at
which SNVs confer risk for AF.14 Unlike the situation in many other common diseases

or traits, the AF GWAS result is unusual in that the 4925 locus carries much smaller P
values (107259) and larger effect sizes, odds ratio ~1.7-fold per allele, than other loci (Figure
1). Importantly, genetic association studies have identified multiple independent risk loci
at 4025, and interestingly these seem to vary across ancestries;1* one likely interpretation
is that each locus independently regulates expression of target gene(s), possibly P/TX2. A
major outcome of AF GWAS to date has been to define novel AF susceptibility pathways
and these fall into 3 broad categories: electrical signaling, contractile function, and cardiac
development.14

Predicting AF — role of common variants

One major challenge to the field is to identify individuals at high risk for AF before
they present with arrhythmia-mediated heart failurel® or stroke. Epidemiological studies
such as the Framingham Heart Study (FHS) have proven invaluable in identifying AF
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risk factors such a hypertension or diabetes. Further, early reports from the founders of
modern electrocardiography,6: 17 studies in FHS,18 as well as in patients seen for AF at
tertiary care institutions,19 20 have identified a positive family history of AF as a risk factor.
GWAS results can also be used to estimate the heritability of common traits; for AF in the
UK Biobank, a very large middle-aged, predominantly European ancestry population, this
estimate is ~22%.21 Importantly, most of this risk was attributable to common SNVs, but
only a minority of those SNVs were located near known risk loci for arrhythmias (including
AF) or cardiomyopathy. Taken together, these data support a role for multiple genetic factors
in determining AF risk, and suggest further studies may be useful to further delineate the
mechanisms underlying this shared risk.

The first study to use GWAS-identified SNVs to attempt to predict AF risk found that
adding SNVs at three GWAS loci, near PITX2, KCNN3, and ZFHX3, did not improve
prediction of AF beyond conventional risk factors in FHS.22 Another early study identified
3 independent risk SNVs at chromosome 4q25, and reported that a few individuals (<2%)
carried 5 or 6 risk variants, and were at >5-fold relative risk for AF (Figure 2);23 a similar
result was later replicated in both European and Japanese ancestry subjects.?4 These initial
studies suggested that combining multiple risk SNVs into a polygenic risk score (PRS)
might enhance the ability of genetic variation to predict AF. In an initial study, scores based
on 11 to 719 common SNVs were developed. Hazard ratios comparing highest versus lowest
risk quartiles were significantly greater than 1: the hazard ratios for incident AF varied from
1.28 (for 719 SNVs) to 1.67 (for 25 SNVs), and a 127 SNV score predicted those with
cardioembolic stroke.?® A study in the UK biobank dataset used a 6,730,541-SNV PRS to
identify 6.1% of the population at >3-fold risk for prevalent and incident AF.28 The authors
also studied PRS for four other common diseases (coronary artery disease, breast cancer,
inflammatory bowel disease, and type 2 diabetes), and reported that in each case a small
group at >3-fold risk could be identified, that this risk was similar to or greater than that

for monogenic diseases conferring risk (such familial hypercholesterolemia for CAD), and
that therefore it is worth considering incorporating PRS into clinical decision making. The
optimal number of SNVs to be incorporated into a PRS has not yet been established.

PERSONALIZATION OF CARE: ROLE OF COMMON VARIATION

An understanding of the genetic basis of AF susceptibility has motivated studies to

predict not only who will develop AF, but also clinical outcomes such as stroke or
arrhythmia recurrence after AF ablation discussed below. Initial studies in this area
focused on individual common variants that were selected from candidate genes based on
known biology; for example, common variants in ACE (angiotensin converting enzyme)2’
and /L6R (interleukin-6 receptor)?® were examined for an association with AF ablation
outcomes due to their possible roles in fibrosis and inflammation. Subsequently, candidate
SNVs such as the chromosome 4025 susceptibility alleles were examined.2%-32 Today, with
the development of PRS to estimate the combined effect of thousands of common variants,
the association between overall common variant susceptibility to AF and AF outcomes is
underway.

Circ Res. Author manuscript; available in PMC 2021 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shoemaker et al. Page 5

Predicting Stroke

The goal of preventing strokes through early diagnosis of AF is a major driving force behind
AF genetics research. Adding to the potential for clinical application in this area, GWAS

to define the genetic associations with stroke discovered that common variants associated
with AF (4025/PITX2, 16922/ ZFHX3) were also among the strongest associations with
cardioembolic stroke.33: 34 In an early iteration of polygenic risk modeling for AF, a

genetic risk score for AF derived from 12 known AF susceptibility alleles was examined

for association with stroke in the Malmo Diet and Cancer Study. Among 27,471 participants,
1,495 participants experienced incident stroke and individuals in the highest genetic risk
quintile for AF had a 23% higher risk for stroke compared to the lowest genetic risk
quintile.3> More recently, using a variety of PRS for AF derived from as many as 719 SNVs,
polygenic risk for AF was calculated in 18,919 individuals and found to confer up to a
2.25-fold increase in risk of cardioembolic stroke in the highest versus lowest AF genetic
risk quartiles.2> While this sounds highly promising, there has been concern that the addition
of PRS provides only a small improvement in AF (or stroke) risk prediction beyond clinical
only models. This was addressed in a more recent study by Weng et al. by using a new PRS
derived from a larger discovery cohort and by focusing on long-term rather than short-term
risk for AF; the results provided further support for an AF PRS to reclassify patient’s risk for
AF.36

Predicting outcomes after AF Ablation

Originally recommended for patients with paroxysmal AF and few comorbidities, AF
ablation has become an increasingly common therapy for AF as its use has expanded

to patients with almost any clinical and genetic risk profile.3” However, the procedural
approach is largely the same across patient subgroups despite a multitude of potentially
different AF mechanisms.3” All patients receive pulmonary vein (PV) isolation and the
decision of whether or how to modify the atrial substrate or ablate non-PV triggers is

a source of general disagreement.3” Accordingly, 20-40% of patients have residual AF
requiring continuation of antiarrhythmic medications or repeat ablation38, which must be
weighed along with the risk of procedural complications and cost when considering a
patient for AF ablation. Taken together, AF ablation is a treatment for which a personalized
approach, potentially based on a clear understanding of mechanism and of underlying
genetics, could be useful.

One of the earliest candidate SNV analyses detected an association between AF risk alleles
at the chromosome 4q25/P/7.X2 locus and increased odds of recurrence3?, and this result
has been replicated in 3 European ancestry cohorts.%: 41 In populations of Asian-ancestry,
an initial report by Choi et al. in 2015 detected no association with recurrence in a
multicenter cohort from the Korean AF Network,32 but subsequently 3 separate reports from
Chinese and Japanese AF ablation cohorts detected an association with increased risk of
recurrence.*2-44 Most recently, a meta-analysis of seven qualifying studies of both European
and Asian ancestries reported the AF risk allele at rs2200733 (4925/P/TX2) conferred a 45%
increased risk of AF recurrence following ablation.#> Of note, there was no association with
recurrence for common variants at the other top AF susceptibility loci (1921/ KCNNZ and
16q22/ ZFHX3).
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Experimental data suggest that A/7.X2regulates development of the pulmonary vein
myocardial sleeve and/or increased automaticity of left atrial cardiomyocytes, both of
which may predispose to arrhythmia mechanisms poorly addressed by PV isolation.*
Thus, the association of 4g25 SNVs with ablation outcomes motivated other studies that
investigated candidate SNVs associated with AF mechanisms thought to respond poorly to
PV isolation; these included genes associated with cardiac fibrosis and inflammation (e.g.
ACE, IL6R)27. 28

The absolute difference in ablation outcomes between carriers and non-carriers of individual
variants is too small to be used to guide clinical management decisions, such as selecting
patients for AF ablation. A recent study evaluated a 929-SNV PRS for AF in 4,276 patients
from 10 AF ablation centers (unpublished data). At baseline, patients with higher AF genetic
susceptibility were younger and had fewer comorbidities; however, there was no association
with recurrence after ablation. These results suggest that genetic susceptibility to AF and to
recurrence after ablation are genetically different phenotypes, and so a PRS predictor of AF
recurrence after ablation may be best derived from studies of ablation response, and not AF
susceptibility in the general population.

In summary, the current state of this field is left with evidence that some common variants
are associated with increased risk of recurrence, however the effect size for individual

SNVs is small and the optimal panel of SNVs to derive a polygenic risk score is yet to be
determined. Future studies that integrate data from GWAS of AF in the general population
into mechanistic pathways using various bioinformatic approaches could be used to enhance
the predictive power of PRS.

Predicting other outcomes

Carriers of the common Arg389Gly SNV in the B1 adrenergic receptor gene (ADRBI) were
found to require lower doses of rate control medications (beta-blockers and calcium channel
blockers) to achieve target heart rates in AF.4’ This SNV had previously been reported to
predict a beneficial effect of the beta-blocker bucindolol in patients with heart failure,*8

and reanalysis of data from that trial found that bucindolol also reduced incident AF in
Arg389 carriers.#® This prompted a large, multicenter genotype-guided clinical drug trial
randomizing patients with Arg389Arg ADRBI to bucindolol versus metoprolol.>% While
the study found no difference between treatment groups, it is noteworthy as the first large
randomized controlled pharmacogenomic trial for rhythm-control in AF.52

Outcomes with antiarrhythmic drug therapy and cardioversion were also explored for

an association with the top 3 AF susceptibility loci at 1921, 4925, and 16g22. One

study reported that a 4925 SNV (rs10033464) was associated with higher odds of
favorable response to antiarrhythmic drug therapy as measured by remaining on the same
antiarrhythmic drug for 6 months with a corresponding reduction in symptomatic AF
burden (OR 4.7 in the discovery cohort and 1.5 in the validation cohort).>2 A different
common SNV at 4g25 (rs2200733) has also been associated with AF recurrence following
cardioversion, conferring a 2.4-fold higher risk of recurrence (HR 2.4, 95% CI: 1.4-4.1,
P=0.001).53 Taken together, these studies suggest 4g25 is statistically associated with
response to medical rhythm-control therapies, but it remains unknown whether the effect
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size is clinically significant. Interestingly, 4925 SNVs have also been associated with an
increased risk for sudden death.>*

Other biomarkers

Biomarkers often derived from transcriptomic, metabolomic, or proteomic studies may also
be useful in predicting AF,%%: %6 and will be discussed in further detail in other sections of
this series. Both natriuretic peptides®’~60 and C-reactive protein89 have been proposed as
predictors of AF. One appeal of candidate biomarkers is that they may be “downstream”

of genomic predictors and thus may capture both environment and genomic variation. A
challenge is to validate such newer biomarkers and to assess the extent to which they provide
predictive value beyond other markers like family history, clinical variables and genomics.
A further difficulty is that a candidate biomarker may not have been measured in the

large numbers of patients (often from epidemiologic cohorts) required for validation. One
proposed approach to this problem has been to develop “virtual” biomarkers: a candidate
biomarker is measured in an epidemiologic cohort such as FHS and a multi-SNV instrument
is then developed to predict the biomarker in any set that has longitudinal data and dense
genotype data, even if the biomarker itself has not been measured.%: 62 One application

of this approach was to assess associations between predicted plasma concentrations of
Thyroid Stimulating Hormone (TSH) and EHR-based phenotypes in subjects without
recognized thyroid disease (Figure 3). In most such subjects, TSH has not been measured
but a multi-SNV “virtual” TSH derived from FHS identified associations between AF and
low TSH.83

Measured biomarkers associated with genetic markers have been used to help establish
causative pathways of AF using the Mendelian Randomization approach. If genetic markers,
which are randomly distributed in a natural setting, are associated with an outcome such as
AF, and if these association are dependent only on the measured biomarker levels, then this
is powerful evidence of a causative pathway. This approach has been used to validate the
causative relationship between thyroid function and AF%4,

PERSONALIZATION OF CARE: ROLE OF RARE VARIATION

Finding rare variants mediating AF risk

The strongest evidence that a rare variant mediates a human trait comes from linkage
analysis of large kindreds in which individuals from multiple generations can be
unambiguously classified as affected or unaffected. While a number of reports have
described multi-generation families with a high incidence of AF, only a few have
successfully used conventional linkage analysis to identify causative genetic variants in
these families, often with other phenotypes like heart failure or conduction system disease
(Supplementary Table 1)55-72 One possible explanation for the failure to identify causative
variants in many of these kindreds is that AF is common and has variable, age-related
penetrance, so even in affected families some individuals may have AF without carrying
the family’s AF-causing variant, while variant carriers may not necessarily develop AF.
Some affected families may have other manifestations, such as sudden death in childhood?3
or heart failure (e.g. laminopathies’#), which can help assign phenotype. Further, AF is
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increasingly recognized as an initial manifestation of a well-described cardiomyopathy or
channelopathy as discussed in further detail below.

An alternative to family studies is to search for rare variants by sequencing likely candidate
genes (e.g. those encoding ion channels or contractile proteins) in patients presenting

with AF. This approach has the greatest appeal in families in which multiple members
present with early onset of AF (eoAF) and in the absence of known risk factors, i.e. in a
setting in which genetic factors are more likely than usual to play a role. Evidence that

a rare non-synonymous variant in a logical candidate gene identified in this fashion is
causative for AF can include segregation between the variant and other family members with
AF and /n vitro studies showing that the variant generates a dysfunctional protein.’> 76
While the use of functional studies to help classify the pathogenicity of rare genetic

variants seems intuitively appealing, systematic and critical re-examination of gene-disease
or variant-disease associations have called into question many of these associations. For
example, among 21 genes associated with Brugada syndrome, systemic curation validated
only one association (with SCN5A), and questioned the remaining 20 associaitons.’ Similar
analyses found limited supportive evidence for 25/33 genes associated with hypertrophic
cardiomyopathy (HCM)78 and more than half of 17 genes associated with long QT7°.
Hence, the validity of many associations between genetic variants and AF remain to be
re-examined using contemporary validation criteria.

Very recently, exome or genome sequencing across populations has been used to identify
rare variants associating with disease. Herman et al.80 sequenced the sarcomeric gene 77N,
encoding titin, in patients with dilated cardiomyopathy (DCM) or HCM, or controls; TTN
is the largest gene in the genome and a candidate gene for DCM.81 Because 77N is

so big, most patients harbor at least one missense variant, so this analysis, and others

that have followed, focused on nonsense variants, like early stop codons, that definitely
produce a change in the encoded protein. They found nonsense mutations in 54/203 patients
with DCM compared to 3/231 with HCM and 7/249 controls, and reported (as have

others subsequently) that disease associated variants concentrated in the region of the gene
encoding the A-band.8% Subsequent studies have reported that nonsense 77\ variants are
risk factors for cardiomyopathies provoked by pregnancy82 or cancer chemotherapy.83 The
National Heart, Lung, and Blood Institute’s Trans-Omics for Precision Medicine (TOPMed)
initiative examined whole exome or genome sequences in 2781 European ancestry cases

of e0AF, and 4959 controls without AF, and found that 2.1% of the cases carried rare
nonsense 77/ variants, compared to 1.1% of the controls. Interestingly, the prevalence of
TTN nonsense variants in the case group varied by age, and was as high as 6.5% in those
presenting with AF at age under 30 (Figure 4).84 In a group of 25 patients referred to a
tertiary care arrhythmia clinic for early onset AF (eoAF), defined as age of onset < 45,
TTN nonsense variants were found in 4/25, and a pathogenic rare variant in RBMZ20 (a
DCM-associated gene known to modulate #tin splicing®®) in 1/25.86 While loss of function
variants in TTN are the most prevalent abnormalities identified in young participants

with AF, they only account for a relatively small proportion of cases. Further studies are
necessary to more completely explain the genetic architecture of eoAF.
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Clinical Implications of Rare Variants and Early Onset AF

Though AF is the most common cardiac arrhythmia and confers significant risk of morbidity
and mortality with increasing age,3” approximately 0.5% of AF is identified before the

age of 45 and the clinical significance of detecting AF at such an early age is not well
understood.88 The descriptor “lone” AF was previously used to designate AF without known
risk factors or underlying heart disease and the term connoted a benign clinical course

in younger patients. However, the identification of AF in the young, in the absence of
conventional qualifiers, is not necessarily free of risk for stroke, syncope, and early heart
failure and mortality. Very few studies have been published that investigate the association
between rare variants and AF outcomes.8 This reflects the need for large study cohorts to
establish a clinical role for any rare variant.

Rare inherited disorders associated with AF

Many of the genes associated with inherited ion channelopathies, cardiomyopathies and
other rare familial disorders have independently been linked to AF (Figure 5). This suggests
a shared mechanism and has implications on the clinical genetic testing that could be
recommended.

While the incidence of AF in the young is low in the overall population, the prevalence

of AF is higher among patients with primary arrhythmia syndromes, ranging from 2%

in long QT syndrome (LQTS) to 30% in short QT syndrome (SQTS).%0 Individuals with
LQTS have a greater than 15-fold higher risk of AF before the age of 50 compared with
population-based matched controls (RR 17.5).%1 In Brugada Syndrome, concomitant AF is
associated with increased rates of syncope and ventricular arrhythmias.92: 93

AF is the most common documented arrhythmia in patients with inherited cardiomyopathies
and portends a worse prognosis. In those with hypertrophic cardiomyopathy (HCM), cross-
sectional studies reveal that AF is found in 15-25% of patients.* 9 In patients with HCM,
rare pathogenic variants in MYH7 are associated with a greater frequency of AF compared
to other pathogenic variants.%6 The presence of AF in patients with HCM has been linked

to decreased exercise tolerance,%’ clinical deterioration, and increased risk of death8: 99
compared to those diagnosed with HCM without AF. Similarly, AF occurs in 14-20%

of patients with arrhythmogenic cardiomyopathy (ACM) and is present at a significantly
younger age than in the general population.19 AF in ACM has been associated with

worse RV function and increased mortality.101 MRIs in patients with AF and ACM show
increased atrial size but — in contrast to AF in the general population — no increased fibrosis.
Similarly, AF in patients with left ventricular non-compaction cardiomyopathy (LVNC)

has been associated with worse heart failure symptoms, decreased ejection fraction and
increased mortality.102 In addition, those with rare, non-sarcomeric variants demonstrated
higher frequency of AF, lower LVEF, and increased rates of composite heart transplantation
and death.193 Poor outcomes in the presence of AF are not only observed in cardiac muscle
disorders, but also neuromuscular disorders. Atrial arrhythmias occur in up to 25-30% of
patients with myotonic dystrophy type 1 and are associated with increased mortality.104. 105
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Combinations of rare and common variants

TTNvariants in exons highly expressed in the heart were found in 0.44% of subjects in the
UK biobank, and 14% had AF, while in the 0.44% of subjects with the highest PRS for AF,
9.3% had AF. Interestingly, the PRS explained 4.7% of the variance in AF susceptibility,
while the TTN variants accounted for only 0.2%,16 indicating that both common and

rare variants will likely be used in any attempt to identify individuals at genetically-driven
increased risk for AF. There is also precedent for thinking that common variant-based PRS
may modulate the penetrance of rare variants. In one study in 12 families each with multiple
individuals with AF and a rare culprit variant implicated, common variants at 4925 were
very strong determinants of penetrance, particularly at age <50.197 In the UK Biobank study,
AF was seen in 21.5% of those with the highest PRS tertile compared to 6.7% in the lowest
tertile in the presence of a 77/ loss of function variant.

CLINICAL INTEGRATION

Since the publication of the first human genome sequence in 2001,108: 109 there has been
a public expectation that genetic testing would quickly play a central role in allowing us
to tailor specific treatments based on individual characteristics. While understanding of
the genetic architecture of rare and common diseases has advanced at a rapid pace, the
implementation of this knowledge in the clinical setting has been slower.

Clinical testing for very early onset AF

In the most recent guideline statements, clinical genetic testing for AF was not
recommended!: 119, Emerging data, however, suggests that clinical testing with targeted
gene sequencing may play a role in evaluating patients with early onset AF. Whether

there is sufficient evidence to recommend the clinical implementation of genetic testing
depends heavily on the clinical setting. The role of clinical genetic testing, using targeted
sequencing of a handful of genes, in the diagnosis of rare cardiovascular disease has

been well established and is now routinely recommended for several inherited arrhythmic
conditions10, Genetic testing can also be cost-effective in the screening of family members
at risk for inherited conditions like long QT syndrome?11,

A contemporary view of AF etiology posits a role for both genetic as well as environmental
factors, and their interactions. Thus, until we understand better the genetic basis of AF,
widespread genetic testing runs the risk of being low yield and identifying many false
positives or variants of uncertain significance. On the other hand, there now seems little
doubt that identifiable genetic variants play a prominent role in mediating AF susceptibility
in some patient populations. One obvious group are those with eoAF, particularly in those
who have a family history of eoAF and no conventional risk factors.

Early studies focused on the idea that AF was an ion channel disease, but screening for
variants in channelopathy genes was very low yield.112: 113 However, in a study in patients
with AF onset before age 45 described above, rare pathogenic variants were found in 6/25
subjects, including variants in 77N and RBMZ20in patients with previously undiagnosed
cardiomyopathy8®. Although young patients may be at low risk for stroke, early reports
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show a high incidence of cardiomyopathy among eoAF patients. In one study, 9/11 had an
abnormal cardiac MRI despite a normal echocardiogram®8, and eoAF patients also had a
higher than expected family history of cardiomyopathy and/or sudden cardiac death. Thus,
patients with eoAF may well have an underlying susceptibility to cardiomyopathy and be at
increased risk of developing more overt structural abnormalities. Further, detection of early
cardiomyopathy should lead to more careful surveillance in family members. Long term
follow-up of a larger number of eoAF patients will be needed to help better define these
risks.

Practical Recommendations for Evaluating Early Onset AF in clinic

Figure 6 shows one model for the workup of patients who are candidates for a genetics-
focused evaluation of AF. The emphasis is on those with eoAF (AF onset before age 45)
and without identifiable risk factors, or those with a family history of eoAF. The description
of an established inherited arrhythmia clinic model follows and may serve as a platform for
other growing centers.

Given the complexity of potential screening and need for diverse expertise, an inherited
arrhythmia clinic consists of multiple team members ideally including adult and pediatric
electrophysiologists, clinicians with expertise in cardiomyopathy, nurses specializing in
inherited disease, and genetic counselors with experience in counseling, educating patients
and their families on genetic testing and variant interpretation. Genetic counseling services
in cardiovascular medicine have been growing at a rapid pace and are becoming more
widely available.114

Patients are often referred to an inherited arrhythmia clinic based on identification of an
abnormal arrhythmia at an early age or a suspicious family history. A pre-visit telephone
interview between patient and genetic counselor or specialist nurse is valuable in obtaining a
brief history of present illness and an initial inquiry of family history. Given the substantial
importance of family history, this allows an opportunity for the patient to further explore
any background uncertainties prior to the visit. Following the initial call, it is essential for
the clinic to assist the patient in pursuing any record of prior cardiac testing results such

as electrocardiography, Holter, exercise treadmill test, echocardiogram, etc. Occasionally,
a referral to complete such studies is recommended prior to the in-person visit on a case

by case basis. During the visit, ample time is allotted for several layers of the interview
which focus on personal clinical history, as well as an extensive family history taken in
concert by the specialist nurse, electrophysiologist, and genetic counselor (Supplementary
Table 11). The use of open-ended questions!1® as well as focused inquiries!18 are helpful in
creating a multi-generation pedigree for every patient which is then reviewed in a “working
case,” roundtable format, the purpose being to identify any suspicious trends and the extent
of possibly affected members. Additional testing, such as dedicated cardiac imaging or
wearable patch recorders, may be recommended to guide clinical decision making. When
indicated and felt to be high yield, either following the initial visit or following resulted
additional testing, patients receive extensive genetic counseling and may elect to undergo
genetic testing after informed consent.
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During the evaluation of eoAF, it is important that the clinic maintains resources to provide
ongoing counseling, expert advice, and support for the proband. Based on inheritance
patterns, a systemic process for cascade screening should be instituted for patients to receive
written recommendations to communicate with any biologic relatives who may be at-risk.
Individualized recommendations are made to each family member as carriers of pathogenic
variants are identified; generated letters can be effective. It is equally critical to recognize
several limitations that may arise during the evaluation process. Cultural differences,
individuals no longer in communication, adopted family members, and inability to obtain
records of elderly or geographically distant family members are all barriers to establishing

a comprehensive family pedigree. Clinically, it is important for the program to furthermore
be prepared to interpret genetic test results that may be of uncertain significance, pathogenic
but incidental to the observed phenotype, or discrepant involving a mismatch between an
individual’s phenotypic evidence of early onset AF and that of other family members.

Identification of a pathogenic rare variant associated not just with a familial cardiomyopathy
but also with other arrhythmic conditions such as neuromuscular or mitochondrial disease
can have significant implications for the patient and the family members. These findings
will likely change the clinical care offered to the patient and will permit cascade genetic
screening of the family, which is indicated in most of these conditions. Patients should be
informed ahead of time that these discoveries are possible. Clinicians should be ready to
provide guidance for addressing pathogenic variants linked to the broad set of disorders
tested, particularly as genomic panels continue to expand.

Regardless, in all scenarios it is imperative that if clinical suspicion of a latent arrhythmic
syndrome or cardiomyopathy remains high, despite genetic testing, surveillance with
periodic interview, physical exam, and occasionally cardiac testing — is established to follow
course of individuals long-term. As in other areas, the generation of large national and
international databases linking genotypes and phenotypes is a useful tool for continuously
updating the role of specific genes (and specific variants) in AF pathogenesis, 117 especially
as the cost of sequencing continues to fall and thus more variants of uncertain significance
are identified.

Figure 6 also emphasizes that genetic susceptibility is not the only potential explanation for
e0AF. Congenital heart disease!18, Wolf Parkinson White Syndrome!19, substance abusel2°
and endurance athleticism21: 122 are well-described causes of early manifestations of AF.
While there may be a genetic contribution to AF in these scenarios, these entities should

be independently considered and potentially ruled out with clinical history and testing
including ECG and echocardiogram. For now, the data summarized suggests that a thorough
family history which includes assessment of cardiomyopathy and sudden death should be an
integral part of the evaluation of eoAF. Further studies are needed to better define whether
channelopathy or cardiomyopathy clinical testing should become routine practice in some
patients.

Similarly, while there are emerging data that PRS can identify patients at risk for AF,
or modulate penetrance of rare pathogenic variants, the clinical role of AF PRS will
require further study. When direct-to-consumer genetic testing was first introduced, results
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of predisposition to common diseases such as AF using common genomic variants was
included. However, the Food and Drug Administration (FDA) recognized many of these
challenges and has since begun to regulate this testing and has given clearance for marketing
of genetic testing for some conditions,23 although this has not included AF.

Bringing Clinical Genetics of early onset AF to the inherited arrhythmia clinic

The studies discussed above are pointing to a shift in the value of genetic testing with

broad cardiac panels in patients with eoAF. This area is also ripe for further investigation

as clinical genetic testing in these patients begins to move into the inherited arrhythmia
clinic. One salient question is at what age should genetic sequencing be recommended. The
prevalence of AF begins to rise at approximately 55 years of age,124 suggesting that at
approximately this age, the genetic and environmental contributions become more complex.
However, the yield of rare variant genetic testing will need to be described at different ages.
It is also possible that only certain families, such as those with multiple members with AF or
established cardiomyopathy, will benefit from genetic testing.

FUTURE STUDY DIRECTIONS

Predicting AF risk — an integrated view

There remain several major research questions to be addressed in the field of clinical
integration of genetics of AF (Table). While increasingly sophisticated genomic approaches
can identify patients at increased risk for AF, other factors — such as environmental
influences or yet unidentified genomic variation — might enhance the value of predictive
algorithms for AF. It is, for example, not yet established to what extent a strong family
history predicts the development of AF independent of known genetic risk predictors;
indeed, methods to capture and quantitate a “strong” family history have not been
standardized.

Clinical variables have also been used to predict the development of AF. The Cohorts for
Heart and Aging Research in Genomic Epidemiology-Atrial Fibrillation (CHARGE-AF)
consortium reported a risk prediction instrument using readily obtained variables from

a series of epidemiologic studies.12> One appeal of this approach is that the variables
could also be extracted from electronic health records (EHRs), and an EHR-based study
in 33,494 subjects did show nearly identical performance characteristics compared to the
CHARGE-AF epidemiologic cohort-derived performance (C-statistic 0.708 [CHARGE-AF]
vs 0.709).126 A more recent study used 412,085 EHRs to derive a model that included sex,
age, race, smoking, height, weight, diastolic blood pressure, hypertension, hyperlipidemia,
heart failure, coronary heart disease, valvular disease, prior stroke, peripheral arterial
disease, chronic kidney disease, hypothyroidism, and quadratic terms for height, weight,
and age. Its performance (C-statistic: 0.777; 95% confidence interval [CI:] 0.771 to 0.783)
was equivalent or superior to other models such as CHA2DS2-VASc or that proposed by
CHARGE-AF,127 although some these variables may not be coded in all EHRs. Further, a
UK biobank study found that a polygenic risk predictor and “poor health behaviors” (e.g.
smoking, physical inactivity, diet) generated additive risk for incident AF, CAD, stroke,
hypertension, and diabetes with no interaction between genomics and behaviors.128 A
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challenge in this area is that “poor health behaviors”, and other increasingly well-recognized
predictors of AF such as sleep apnea, may not be readily captured in most current EHRS.

Thus, one opportunity that seems ripe for study is the optimization of tools like PRS,
clinical risk factors, and family history to capture AF, develop methods to integrate

these into validated risk predictors (Figure 7), and then to show that deploying them can
identify patients with previously-undetected AF and prevent adverse AF-related outcomes.
A key component of this vision is the development of robust methods to monitor for

AF in high-risk subjects, discussed further below.12% Genomic tools including common
variant-based PRS and rare variants would be a component of such risk prediction. Others
might include family history, individual conventional risk factors and their combinations,
newer clinical risk factors such as sleep apnea or inflammatory stimuli, and biomarkers.
Validation would require studies in epidemiologic cohorts like FHS, Atherosclerosis Risk

in Communities (ARIC), Women’s Health Initiative (WHI), the Multi-Ethnic Study of
Atherosclerosis (MESA) and others, and very large epidemiologic or EHR-based cohorts,
such as the UK biobank,30 the Million Veterans Program (MVP),131 the Electronic Medical
Records and Genomics (eMERGE) network,132 133 and the All of Us (AoU) Program.134

A major limitation of most genomic and other studies in this area to date is that they

have been conducted primarily in European ancestry populations. The extent to which any
predictive tool works well only in one ancestral population is a potential source of increasing
healthcare disparities,13% so an early priority in future studies should be extending the
knowledge base to all ancestries. Datasets like MVP, WHI and AoU have extensive and large
non-EA populations. Further, population stratification even within major ancestral groups
may influence the utility of PRS.136 It will be especially important to demonstrate and
quantify added value of any algorithm that requires new resources (including genomics or
new biomarkers), and to identify populations in which risk prediction is especially useful or
not useful.

Several questions remain prior to considering implementation of PRS for the purpose of
preventing AF-related outcomes such as strokes. First, what is the optimal genetic risk
score? As already seen, this is likely an iterative process as newer and larger datasets
continue to be introduced, but will PRS for stroke continue to be derived only from AF
GWAS or can more specific scores be developed to identify subgroups of patients with AF at
higher risk for stroke? For example, would a GWAS of AF patients with and without stroke
further refine AF-related stroke risk? Second, what clinical interventions are recommended
for individuals with a high genetic risk for AF? Risk of stroke in AF can be defined by
integrating multiple clinical risk factors such as the CHADS2-VASC score.137 However,
individuals with higher PRS for AF are known to be younger and have fewer cardiovascular
comorbidities. Will PRS for AF primarily identify individuals who are at low overall risk

for stroke (CHADS2-VASC=0 or 1) and for whom anticoagulation is not recommended even
following detection of AF? If so, should secondary prevention of stroke be a major focus

of future trials? Patients with cryptogenic stroke without a prior diagnosis of AF but a high
genetic risk for AF may be started on anticoagulation due to a presumed cardioembolic
source. Recent data to support this idea comes from a study that demonstrated polygenic risk
for AF is associated with strokes determined to be from cardioembolic, but not other causes
of stroke such as large artery atherosclerosis or small artery occlusion.138
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There should also be a focus on genome-wide discovery efforts to identify individual
common variants specifically associated with recurrence after ablation, and to explore
genetic associations with intermediate phenotypes of AF mechanisms!39-141 that can be
targeted by specific ablation techniques (e.g. LA voltage, non-PV triggers, ganglionic plexi)
ultimately moving the field towards a personalized approach to AF ablation and away from
a one-size fits all approach relying solely on PV isolation with empiric adjunctive ablation.
These are among some of the many questions to be addressed over the next 5 years, along
with the logistical challenges of deploying polygenic risk models in the clinic and hospital
setting.

Device-based prolonged monitoring of cardiac rhythm

A paradigm shift in AF is that direct-to-consumer technologies, such as smartwatches,

are now capable of monitoring for AF. In the Apple Heart Study, 0.16% and 0.37% of
participants in the 22-39 and the 40-54 year-old age groups were found to have an irregular
pulse consistent with AF129, These younger consumers have thus far been the early adopters
of these technologies and are therefore going to be increasingly exposed to AF monitoring
with wearable devices and future technologies. The proportions of young participants found
to have AF may remain small, but with screening at a population scale, there may be large
numbers of young patients with newly diagnosed AF. While these patients may not be at
high risk of stroke, they may be at risk for underlying cardiovascular disease. Future studies
will need to examine the role of rare variant testing in young patients who present after
detection with new digital health technologies and continue to study whether there is a
threshold level of atrial arrhythmia that increases the risk of stroke, heart failure or other
outcomes.

Another area ripe for investigation is the role of rare genetic variation or polygenic risk

in early onset AF due to environmental stimuli such as alcohol consumption or endurance
athleticism. As discussed above, truncating variants in TTN have now been associated with
increased risk of peri-partum and post-chemotherapy cardiomyopathy.82 83 Thus, future
studies should explore the interaction between rare variation and environmental exposures in
AF.

Role of Stem Cells and Gene Therapy in AF

Stem cell therapy, with delivery of stem cells into the myocardium, has demonstrated a
modest clinical effect in the treatment of heart failure and has not yet been studied in AF. In
2012, the first FDA-approved gene therapy became available!42 and several gene therapies,
including those that use small interfering RNA, are signaling a new wave of therapeutics.
Although animal studies of gene therapies for AF have shown early promise,143 none are
yet available for the treatment of AF. These technologies need to overcome several hurdles,
including improved gene delivery to myocardial tissue, high cost and minimization of
unintended mutagenesis.

The use of human-derived stem cells to model “disease in a dish” along with genome
editing has opened several possibilities for the future role of clinical genetics in AF. In
LQTS, patient-derived induced pluripotent stem cells, in combination with gene editing
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tools, have been used to evaluate the pathogenicity of variants of unclear significance.144
Stem cell models have also been used to model response to antiarrhythmic drug therapy.
More recently, human induced pluripotent stem cell-derived atrial myocytes have been used
to model AF.145 While these models will need to be developed further, there are early
examples of how patient-specific genetic information could be used to recreate an individual
patient’s disease in a cellular model and use it to optimize therapy. Over the next few years,
as stem cell models are improved and gene editing tools are further optimized, we will use
these to better understand the role of rare variants in AF and perhaps someday use them to
truly provide precision medical care.

SUMMARY

AF is common, and confers important risks including stroke, heart failure, and increased
mortality. Thus, the major challenge to the field is to identify patients at risk before

they present, with the goal of instating preventive therapies. Predictors of AF include

a positive family history, specific comorbidities, and rare and common genetic variants.
Within the next decade, the role of genetic testing will be further clarified and the
increasingly widespread use of robust wearable technologies will enable large trials to
identify patients with early AF. Preventive therapies may include currently available or
new drugs targeting specific mechanisms such as inflammation, drugs to prevent stroke, or
entirely new drug classes whose development will come from increased understanding of
AF genetic, molecular and cellular mechanisms.
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Figure 1. Resultsfrom arecent AF GWAS.
The 4925 AF susceptibility locus is one of the most significant genetic associations detected

for any phenotype with a P-value equal to 3.4x107195, 22 other loci at which common
variants are associated with AF at the genome-wide significance level (P<5 x 1078) are
shown. Figure courtesy of Patrick Ellinor.14
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Figure 2. The evolution of polygenicrisk scoresfor AF.
Early experience with PRS in AF used 3 SNVs from the 4925 locus (Panel A) compared

to a recent PRS in AF that used 6,730,541 SNVs (Panel B). Panel A: Reproduced with
permission from Circulation. 2010. 122(10): 976-984. Copyright © 2010 American Heart
Association. All rights reserved.23 Panel B: Reproduced with permission from Nature
Genetics. 2018. 50(9): 1219-1224. Copyright © 2018 Nature Publishing Group. All rights

reserved
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Figure 3. Leveraging genetics for biomarker research.
Using a population that has both GWAS data and a biomarker measured (e.g. TSH), a PRS

can be derived to predict that biomarker’s value in any separate population with GWAS data.
Using this “virtual biomarker” approach, a PRS for TSH was shown to be associated with
thyroid disorders and AF. Reproduced with permission from JAMA. 2019. 4(2):136-143.
Copyright © 2019 American Medical Association. All rights reserved.%3
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Figure 4. The association of titin (TTN) LOF in patientswith AF.
The odds of having 77N LOF compared to control participants increases with younger age

at AF diagnosis and was found to be highest in individuals diagnosed before the age of 30
years. Reproduced and modified with permission from JAMA. 2019. 320 (22): 2354-2364.
Copyright © 2019 American Medical Association. All rights reserved.8

Circ Res. Author manuscript; available in PMC 2021 September 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Shoemaker et al.

Page 29

Cardiomyopathies = Example genes:
Hypertrophic CM MYH7", MYBPC3, TNNT2
Arrhythmogenic CM PKP2, DSG2, DSP

LV Noncompaction = MYH7, MYBPC3, TNNT2
Dilated CM TTNS, LMNAT, RBM20"

/Channelopathies Example genes:
Long QT Syndrome  KCNQ1*, KCNH2*, SCN5A*
Brugada Syndrome  SCN5A*
Short QT Syndrome  KCNH2*, KCNQ1*, KCNJ2"

\CPVT RYR2, CASQ2

/N Metabolic/Others  Example genes: I
Metabolic GLAT, PRKAG2T, GAA
Conduction System TRPM4, LMNAT, SCN5A*T
Congenital TBX5T, NKX2.5, GATA4
Neuromuscular DMD, EMD, DMPK1T"

\_Mitochondrial mtDNA deletions, MT-TL1 /

Figure 5. Rare Inherited Disorders Associated with AF.
Displayed are examples of up to 3 genes associated with each inherited disorder, many of

which have independently been linked with AF. * Genes associated with AF in linkage
analysis. 8 Gene association with AF in rare variant association study. T Genes associated
with high frequency of AF in corresponding disease. CM- cardiomyopathy. LV- left
ventricular. CPVT- catecholaminergic polymorphic VT.
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AF with Family History AF onset < 45 years
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History, Physical Exam
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Echocardiogram or cardiac MRI
TSH
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Figure 6. Proposed evaluation of individuals with AF onset before age 45 or with a family history
of early onset AF.
*The presence of a causative factor does not preclude evaluating the individual for a

genetic etiology if the clinical features or family history suggest an underlying genetic
susceptibility exits. T Gene-guided management includes additional diagnostic testing (e.g.
sodium-channel blocker challenge, signal averaged ECG) or treatments (e.g. physical
activity restrictions, implantable cardioverter defibrillators) for specific inherited syndromes.
EPS- electrophysiology study. PE- pulmonary embolism. MI- myocardial infarction. SVT-
supraventricular tachycardia. AVNRT- atrioventricular nodal reentrant tachycardia. AVRT-
atrioventricular reentrant tachycardia.
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Figure 7. Proposed evaluation for early-onset AF that integratesfamily history and genetic risk
assessment with traditional clinical risk assessment.

HF- heart failure. SCD- sudden cardiac death. DCM- dilated cardiomyopathy. RCTs-
randomized controlled trials.
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Table.

Major questions to integrate AF genetics into clinical practice.

Genetic Testing for AF

1A. Who should be tested?
1B. How should age at AF diagnosis, clinical risk factors, and family history be factored?

2. What genes should be sequenced on a panel for AF?

3A. Should polygenic risk for AF be measured?
3B. What is the optimal polygenic risk score for AF (number and selection of SNPs)?

Genetic Subtypes of AF

4A. What is the cardiac phenotype and natural history of individuals found to have a rare variant associated with AF?

4B. What is the penetrance and natural history of heart failure in patients who present with AF and are found to have a cardiomyopathy-
associated rare variant?

4C. What is the penetrance and natural history of ventricular arrhythmias in those who present with AF and are found to have an arrhythmia-
associated rare variant?

5A. Which other AF susceptibility genes (e.g. those that are near AF GWAS loci but are not cardiomyopathy or arrhythmia genes), are
monogenic causes of AF?
5B. Do unique cardiac and non-cardiac phenotypes exist for rare variant carriers in the other AF susceptibility genes?

6A. What is the cardiac phenotype and natural history of individuals with high polygenic risk for AF?

Personalized AF Care using Genetics

7. Should enhanced AF surveillance be used for individuals at high clinical/genetic risk for AF?

8. Should empiric anticoagulation be used for stroke prophylaxis in individuals with a high CHADS-VASC score who are at high clinical/
genetic risk for AF?

9. Are there genetic subtypes of AF associated with arrhythmia recurrence after catheter ablation for AF?

10. Are there genetic subtypes of AF associated with arrhythmia recurrence or adverse drug reactions with antiarrhythmic drug therapy?
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