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Abstract

BACKGROUND—RAare variants in candidate atrial fibrillation (AF) genes have been associated
with AF in small kindreds. The extent to which such polymorphisms contribute to AF is unknown.

OBJECTIVE—The purpose of this study was to determine the spectrum and prevalence of rare
amino acid coding (AAC) variants in candidate AF genes in a large cohort of unrelated lone AF
probands.

METHODS—We resequenced 45 candidate genes in 303 European American (EA) lone AF
probands (186 lone AF probands screened for each gene on average [range 89-303], 63 screened
for all) identified in the Vanderbilt AF Registry (2002-2012). Variants detected were screened
against 4300 EAs from the Exome Sequencing Project (ESP) to identify very rare (minor allele
frequency < 0.04%) AAC variants and these were tested for AF co-segregation in affected family
members where possible.

RESULTS—Median age at AF onset was 46.0 years [interquartile range 33.0-54.0], and 35.6%
had a family history of AF. Overall, 63 very rare AAC variants were identified in 60 of 303 lone
AF probands, and 10 of 19 (52.6%) had evidence of co-segregation with AF. Among the 63 lone
AF probands who had 45 genes screened, the very rare variant burden was 22%. Compared with
the 4300 EA ESP, the proportion of lone AF probands with a very rare AAC variant in CASQ2
and NKX2-5 was increased 3-5-fold (P < .05).

CONCLUSION—NOo very rare AAC variants were identified in ~80% of lone AF probands.
Potential reasons for the lack of very rare AAC variants include a complex pattern of inheritance,
variants in as yet unidentified AF genes or in noncoding regions, and environmental factors.
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Introduction

Methods

Atrial fibrillation (AF) is the most common cardiac arrhythmia in clinical practice and is
associated with considerable morbidity and mortality.! Whereas traditional risk factors for
AF such as advancing age, coronary artery disease, and congestive heart disease are well
described, there is accumulating evidence that genetic factors also play a role in the
pathogenesis of AF. Epidemiologic studies have shown that offspring with one parent
affected with AF have a three- to five-fold increase in the risk of developing AF.2

Multiple genes and genetic loci affecting AF susceptibility have been identified using
positional cloning and candidate gene approaches.3-> More recently, genome-wide
association studies (GWAS) have revealed multiple novel AF susceptibility loci, although
these findings only explain a small fraction of the interindividual risk for AF and the
majority of common single nucleotide polymorphisms (SNPs) identified by GWAS reside in
noncoding regions in which functional characterization remains a major challenge.6-°

Rare variants in candidate genes encoding cardiac ion channels, gap junction proteins, and
signaling molecules have previously been reported in isolated AF cases and small kind-
reds.5-11 Rare variants that co-segregate with AF in extended families also demonstrate
abnormal electrophysiologic properties in vitro.12 Although previous studies have identified
common loci in unrelated AF individuals, we still do not have a good estimate of the overall
prevalence of rare variants in candidate AF genes among lone AF patients.5-2 Here, we
determined the spectrum and prevalence of rare variants in AF candidate genes in a large
lone AF cohort and tested for disease co-segregation.

Vanderbilt AF Registry

Since November 2002, subjects with AF have been prospectively enrolled in the VVanderbilt
AF Registry, a clinical and genetic database. Patients were recruited from the VVanderbilt
Cardiology and Arrhythmia Clinics, the emergency department, and in-patient services.
Individuals older than 18 years with a confirmed diagnosis of AF on an electrocardiogram
(ECG), rhythm strip, event recorder, or Holter monitor were included in the Vanderbilt AF
Registry. The proband in each family was defined by having lone AF (i.e., early AF onset [
65 years old]) and no predisposing risk factors for AF including hypertension) and being the
first family member encountered in the clinic. Familial AF was defined as the presence of
AF in one or more first-degree relatives of the proband.

We defined paroxysmal AF as self-terminating AF lasting > 30 seconds and persistent AF as
AF lasting > 7 days that was terminated by either pharmacologic intervention or electrical
cardioversion. Permanent AF was defined as AF resistant to any type of cardioversion or
allowed to continue.

Study cohort

All probands in the Vanderbilt AF Registry of European American (EA) ancestry who
presented with lone AF (2002-2012) were identified. Lone AF was defined as AF occurring
at age < 65 years with no evidence of structural heart disease, hypertension, or thyroid
dysfunction as determined by clinical examination, ECG, echocardiography, and thyroid
function tests. For the present study we also gathered echocardiographic information and
body mass index (BMI, kg/m?2) at the time of enrollment. Information on left atrial (LA;
mm) size measurements was available in 254 lone AF probands, left ventricular ejection
fraction (LVEF; %) in 270, left ventricular end-diastolic diameter (LVEDD; mm) in 241,
left ventricular end-systolic diameter (LVESD; mm) in 228, and BMI in 291.
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Screening of candidate genes

Resequencing of 45 candidate genes was performed in lone AF probands (2002-2012)
(Online Supplemental Table 1) and in family members who provided consent. Lone AF
probands enrolled in the VVanderbilt AF Registry were screened for genes associated with AF
at the time of enrollment. Hence, genes that have only recently been implicated with AF
(e.g., MYHG6) will tend to have a greater proportion of lone AF proband individuals screened
compared to genes that were screened earlier in development of the resource (e.g.,
KCNQ1).813

In brief, coding and flanking regions were amplified by polymerase chain reaction using
primers designed to obtain fragments of appropriate size for each gene. Polymerase chain
reaction—-amplified DNA fragments were analyzed using the Reveal Discovery System
(based on temperature gradient capillary electrophoresis) to identify aberrant conformers,
which were then directly sequenced.

Rare variants and segregation analysis

Very rare amino acid coding (AAC) variants (i.e., missense, nonsynonymous, splice site,
insertions, and deletions) in screened candidate genes among the lone AF probands were
analyzed using the filtering steps shown in Figure 1. First, all AAC variants in screened
candidate genes were identified. Second, we screened all of the identified AAC variants
against dbSNP134 and the 4300 EAs in the National Heart, Lung, Blood Institute (NHLBI)
Exome Sequencing Project (ESP) of 6500 individuals, excluding variants with a reported
minor allele frequency (MAF) > 0.04%.14 Third, because structural variants may be less
well reported in publically available databases compared to singletons, we calculated the
MAF among the lone AF probands excluding insertions and deletions with an internal MAF
> 2%. Thus, we assumed that if an insertion or deletion is common among the lone AF
probands, it is also likely to be common in the general population even though it may be
absent from publically available databases (Figure 1). We assessed conservation and
predicted functional effects for all variants with SIFT and PhastCons, GERP, Grantham
scores, and PolyPhen2 using the SeattleSeq Genomic Variation Server (http://
snp.gs.washington.edu/SeattleSegAnnotation134/)

We tested each variant for co-segregation with AF if possible. A variant was designated to
have evidence of co-segregation with AF if > 1 first-degree relative was affected with AF
and also carried the same very rare variant as the proband.

Variant burden in the ESP6500

Using the reported MAF among 4300 EA in the ESP, we identified all very rare AAC (MAF
< 0.04%). Because individual level data are not available in the ESP, we estimated the rare
AAC variant burden (i.e., the proportion) for each of the 45 candidate genes screened among
the lone AF probands assuming that every individual carried only one very rare AAC variant
across the 45 genes.

Statistical analysis

Ethics

Statistical comparison of variant counts was performed with the Fisher exact test. All
statistical analyses were performed using SAS (version 9.2, SAS institute, Cary, NC).

The study protocol was approved by the Vanderbilt University Institutional Review Ethics
Board, and informed written consent was obtained prior to enrollment.
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Lone AF cohort

The study cohort consisted of 303 lone AF probands of EA ancestry (72.6% male), with
paroxysmal AF being the most predominant type of AF (73.3%). Median age at diagnosis
was 46.0 years (interquartile range [IQR] 33.0-54.0 years), and 35.6% of the lone AF
probands had a positive family history of AF. The clinical characteristics for the lone AF
study cohort are listed in Table 1.

Coding variants

We screened for coding variants in 45 AF-associated genes. An average of 186 lone AF
probands (range 89-303) were screened for each gene (Online Supplemental Table 1). A
subset of 63 of 303 lone AF probands (20.8%) were screened for all 45 genes. Among the
303 lone AF probands, we identified 63 very rare AAC variants, for a minimum frequency
of 20.0%. Similarly, among the 63 of 303 lone AF probands who were screened for all 45
candidate genes, the very rare AAC frequency was 22.2%. All very rare AAC variants (n =
63) are listed in Online Supplemental Table 2 along with predicted conservation, functional
scores, MAF among the lone AF probands, and reported MAF from the 4300 EAs in the
ESP6500. The variant selection process is shown in Figure 1.

Five very rare variants were identified in > 1 lone AF proband, and 26 variants were
predicted to be functionally deleterious by SIFT and 9 by PolyPhen2. Insertions and
deletions comprised 15.9% (10/63) of all very rare AAC variants (Online Supplemental
Table 2). The genes that harbored the most very rare or novel variants were ZFHX3 (n = 15),
SCN5A (n = 7), and SCN10A (n = 7) (Online Supplemental Table 2). Variants in genes
encoding sodium channels and their subunits (SCN5A, SCN10A, and SCNB1-3) and
potassium channels or their subunits (KCNAB1, KCNIP2, KCNQ1, KCNJ5, KCNJ11,
KCNJ12, KCNE1, KCNNS3, and KCNAD5) accounted for 38.1% (n=15and n =9,
respectively) of all very rare AAC variants.

Rare variants segregating with AF

We were able to test 19 of the very rare AAC variants for disease co-segregation within a
total of 18 families. Ten of nineteen very rare AAC variants (52.6%) had evidence of co-
segregating with AF (i.e., present in = 1 first-degree relative). Figure 2 shows the pedigrees
of the families that we were able to test for AF co-segregation. Evidence of a very rare AAC
variant co-segregating with AF was found in the following genes: CASQ2, KCNN3, KCNAS5,
KCNJ12, LRIT3, NKX2-5, KCNQ1, HCN4, and ZFHX3. Due to the lack of affected family
members or available DNA in affected family members, we were unable to interrogate 45
very rare AAC variants for evidence of co-segregation with AF.

Burden of rare variants

At least one very rare variant was identified in 60 of 303 lone AF probands. Because not all
probands were screened for all genes, the minimal estimate is that 20% of lone AF subjects
carry such variants. Notably, a subset analysis among the 63 lone AF probands who were
screened for all 45 genes yielded a similar rare variant burden: 22.2% (14/63). Among the
303 lone AF probands, very rare AAC variants were identified in 25 of the 45 candidate
genes screened and 2.9% of probands (9/303) had = 2 rare AAC variants. We identified 1 of
303 lone AF proband (0.3%) with = 2 very rare AAC variants in the same gene (ZFHX3).
The burden of very rare AAC variants for the lone AF probands and the 4300 EA from the
ESP6500 is listed in Table 2. Compared with the 4300 EA from the ESP6500, the lone AF
probands had a three- to five-fold greater burden of very rare AAC variants in CASQ2 and
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NKX2-5 (P = .01 and P = .049, respectively). No other genes were associated with greater
very rare AAC variant burden, although 15 genes trended toward a greater very rare AAC
variant burden among the lone AF probands (Table 2). No very rare AAC variant was
identified in 20 of 45 candidate genes among the lone AF probands. The rare AAC variant
burden among the 4300 EA from the ESP6500 for these 20 genes is listed in Online
Supplemental Table 3. The estimated overall burden of very rare AAC variants in the 45
candidate AF in the 4300 EA in the ESP6500 is 31.9% (1372/4300).

Discussion

In this study, we resequenced the coding regions of 45 candidate AF genes encoding cardiac
ion channels, gap junction proteins, cytoskeletal proteins, and signaling molecules
associated with AF in order to estimate the prevalence of very rare AAC variants in a large
cohort of lone AF probands. At least 20% of the lone AF probands carried a very rare AAC
variant in a candidate AF gene of which ~ 53% had evidence of co-segregating with AF.
However, the majority of lone AF probands did not carry very rare AAC variant in the
screened candidate AF genes, which underscores the complexity of lone AF and suggests
that variants in important AF genes yet to be identified, epigenetic or environmental factors,
or variants outside the screened regions contribute to the risk of lone AF.

The estimated burden of very rare AAC variants in the present study was found to be ~ 20%
among 303 lone AF probands. However, because the lone AF probands were only screened
for the genes associated with AF at the time of enrollment, not every lone AF proband was
not screened for all candidate genes; this implies that the true proportion of lone AF
probands with a very rare AAC variant is likely to exceed 20%. In agreement with the latter
notion, the rare AAC variant burden among the 63 lone AF probands who had all 45
candidate genes screened was 22.2%. In contrast, the estimated burden from the ESP is
likely to be considerably lower than the estimated 31.9% because some individuals will have
>1 very rare AAC variant; indeed, 2.9% of the lone AF proband cohort had > 2 very rare
AAC variants in the 45 candidate genes, but only 0.3% lone AF probands had > 2 variants in
the same gene. Hence, a comparison of overall burden is not as meaningful as a gene-by-
gene comparison of variant burden between the lone AF probands and the EA in the
ESP6500. Although the ESP6500 is a very useful reference for assessing the MAF of
specific variants in EA and African Americans, the lack of individual level data does limit
its usability (e.g., in aggregate rare variant or burden analysis). Although the 1000 Genomes
Project does provide individual level data, population stratification and the small sample
sizes are of concern, especially in studies of rare variants that may be subpopulation
specific; the 1000 Genomes Project comprises 14 distinct populations (range 14-100
individuals).1®

The lone AF probands were significantly more burdened by very rare AAC variants in two
genes: CASQ2 and NKX2-5. CASQ2 encodes a calcium buffering protein located in the
sarcoplasmic reticulum, which forms a complex with triadin and junctin that is associated
with the cardiac ryanodine receptor 2 (RyR2).16 Disruption of calcium homeostasis is
thought to be a key a contributor to generating the AF-prone substrate.1” Of the three very
rare AAC variants identified in CASQ2, we were able to test for and establish co-segregation
with one (AF606 family; Figure 2). A three-fold increase in burden of very rare AAC
variants in NKX2-5 was identified among the lone AF probands compared to the EAs in the
ESP6500 (0.4% vs 0.1%, P =.049). NKX2-5 encodes a homeodomain-containing
transcription factor that is essential for normal cardiovascular morphogenesis and has
previously been linked with atrial septal defects and AV nodal conduction disturbances.18
Interestingly, the NKX2-5 F145S variant identified in the present study has recently been
implicated in autosomal dominant familial AF, with functional studies demonstrating the
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F145S variant to be associated with significantly decreased transcriptional activity compared
to wild type.1? In the AF027 family, three individuals (11-2, 111-1, and 111-3) carried F145S
mutation, in which 11-2 and I11-1 were affected with AF. One brother (111-3) has an atrial
septal defect but has not yet developed AF. Although the F145S carrier status of one
deceased brother (111-2) is unknown, it is noteworthy that he was born with tetralogy of
Fallot and underwent heart transplantation (Figure 2).

Very rare AAC variants that co-segregate with disease are likely to be of importance,3-12.13
although caution should be exercised before any variant is defined as being causative
without supporting segregation and/or functional studies. In the present study, we tested 19
very rare AAC variants for disease co-segregation and found that ~ 53% had evidence of co-
segregating with AF. Conversely, ~ 47% of the very rare AAC variants did not. These may
be false positives, or it is possible that low-frequency variants still affect disease risk without
demonstrating a clear mendelian inheritance pattern.29 For example, variants may not
segregate with AF if a second “hit” is required before AF is manifest. This second hit may
be a clinical risk factor such as hypertension or diabetes. Alternatively, other AF
susceptibility alleles, common or rare, may modulate the penetrance of AF.21

Cardiac potassium channel genes have previously been linked to familial AF13:22 put rarely
cause typical AF.23 Similar conclusions were drawn in another study that showed that
variants in KCNQ1 are an uncommon cause of lone AF.24 In agreement with the latter study,
we identified (and have previously reported) only one gain-of-function variant in KCNQ1, a
nine-base-pair insertion that showed augmented potassium currents in lks compared to wild
type.12 However, very rare AAC variants in genes encoding potassium channels or their
subunits (KCNABL, KCNIP2, KCNQ1, KCNJ5, KCNJ11, KCNJ12, KCNE1, KCNN3, and
KCNADb) accounted for 14.2% (9/63) of all very rare AAC variants, which suggests that
variants in genes encoding potassium channels and their subunits could be important
modulators of lone AF disease susceptibility (Table 2). Moreover, four of four very rare
AAC variants in genes encoding potassium channels or their subunits had evidence of AF
co-segregation (Figure 2). Thus, our findings support the idea that families with AF have an
excess of rare functional potassium channel gene variants that may contribute to an atrial
arrhythmogenic substrate.25

The gene harboring the most very rare AAC variants was ZFHX3 (zinc finger homeobox 3).
Although the lone AF probands were 1.5 times more burdened by rare variants in ZFHX3
than the 4300 EA in the ESP6500, this finding was not statistically significant (Table 2).
ZFHX3 encodes a transcription factor that was originally identified as being a regulator of
a-fetoprotein expression.28 Common noncoding variants in ZFHX3 have previously been
associated with typical AF7=9 but were not associated with early disease onset in a Danish
cohort of lone AF patients.2” Given that common variants in ZFHX3 have been associated
with AF and the largest number of very rare AAC variants was identified in this gene, it is
possible that both common and rare variants in ZFHX3 modulate AF susceptibility.21

Eighty percent of lone AF probands did not carry a very rare AAC variant in any of the
interrogated candidate AF genes. This finding lends support to the hypothesis that the
genetic architecture of AF includes multiple variants, and these can be rare or common.?8 In
particular, the recent study by Ritchie et al? found that common AF-associated 4925 SNPs
modified the clinical expression of latent cardiac ion channel and signaling molecule gene
mutations associated with familial AF. There are other potential explanations for our finding
that only a minority of subjects carried very rare AAC variants in the interrogated candidate
AF genes. First, even though we resequenced high-priority candidate AF genes, it is likely
that there are still many genes involved in AF pathophysiology that have not yet been
identified. Second, given that the vast majority of common AF susceptibility polymorphisms
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identified by GWAS have been in intronic regions, it is possible that by e-sequencing coding
regions we may have missed potentially important noncoding variants.5-9 Third, by focusing
on very rare AAC variants and ignoring common and low-frequency variants with MAF >
0.04%, we may have missed variants, or combinations of variants, with small or
intermediate effects.20 Fourth, identifying the underlying genetic basis of AF is complicated
because AF can, in many patients, be asymptomatic. Furthermore, the high prevalence of AF
in the general population and the likely modifying effects of environmental factors, as well
as the late age of onset of the arrhythmia, make the assignment of the correct clinical
phenotype a challenge.

Other limitations to the present study warrant consideration. We acknowledge that by not
screening every lone AF proband for each gene, our estimation of very rare AAC variant
burden likely underestimates the true variant burden among lone AF probands, although our
subset analysis of the 63 lone AF probands who had all candidate genes screened (n = 63)
yielded a similar estimate of the very rare AAC variant burden. Similarly, by assuming that
each very rare AAC variant among the 4300 EA in the ESP6500 is unique to one person, our
estimation of the variant burden in the EA from the ESP may be inflated. However, by using
an MAF < 0.04% cutoff, we reduced the likelihood of each individual contributing with
multiple variants, particularly within genes (0.3% of the lone AF probands had > 2 very rare
AAC variants within the same gene). Given these limitations, it is important to note that we
consider a gene-to-gene comparison of rare variant AAC burden to be more meaningful than
overall comparison of all candidate genes. The latter is highlighted by the fact that
evaluating very rare AAC variant burden in all ~ 25,000 genes in the human genome
undoubtedly would increase the proportion to 100%, although it is important to note that the
genes included in the present study are based on previous findings and known associations
(i.e., the present study is hypothesis driven). We acknowledge that most of the AF kindreds
were small, which limited our ability to perform formal segregation analysis and calculate
LOD scores because clinical data and/or DNA were not available from some family
members. However, studying complex phenotypes such as AF is challenging because
families tend to be small due to variable age-dependent penetrance and the paroxysmal
nature and variable symptoms associated with AF, which can make assignment of the
clinical phenotype difficult given the high prevalence of AF in the general population. In
addition, rare variants may not segregate with AF in the absence of a “second hit,” which
may be a modifier common AF susceptibility SNP or a clinical risk factor.21 Although the
segregation analysis performed in the present study may be indicative of a causative variant
(e.g., the NKX2.5 F145S variant in the AF027 family demonstrated imperfect segregation,
although a previous study demonstrated that this variant is functionally important in familial
AF),19 it is important to note that the chance of first-degree relative sharing a given variant
is 50%.

Conclusion

This study evaluated the prevalence of very rare AAC variants in candidate AF genes using
a large lone AF cohort. At least one in five lone AF probands carried = 1 very rare AAC
variant in a candidate AF gene, of which 53% had evidence of AF co-segregation. The fact
that very rare AAC variants in candidate genes were absent in ~ 80% of lone AF probands is
suggestive of a complex AF inheritance pattern, unidentified candidate AF genes, or
epigenetic or environmental factors. Collectively, our findings represent important progress
toward molecular phenotyping of lone AF.
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AAC amino acid coding
AF atrial fibrillation
BMI body mass index
ECG electrocardiogram
ESP Exome Sequencing Project
GWAS genome-wide association study
IQR interquartile range
LVEDD left ventricular end-diastolic diameter
LVEF left ventricular ejection fraction
LVESD left ventricular end-systolic diameter
MAF minor allele frequency
SNP single nucleotide polymorphism
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AAC variants identified in 45
screened candidate genes
among 303 Caucasian Lone AF
probands,

(n=176)

Variants screened against
dbSNP134 and 4300 EA from
the ESP6500
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AAC variants with MAF >0.04
(n=106)

Variants present in dbSNP134
or 4300 EA from the ESP6500
with MAF<0.04%,
(n=40)

Variants absent from
dbSNP134 and 4300 EA from
the ESP6500
with MAF<0.04%,
(n=30)

Structural variants with a MAF>2% among lone AF probands

Very rare variants
(n=38)

Figure 1.

Novel variants
(n=25)

Flow chart identifying rare variants in screened candidate genes. AAC = amino acid coding;
AF = atrial fibrillation; ESP6500 = Exome Sequencing Project of 6500 individuals using the
reported minor allele frequency (MAF) for 4300 European Americans (EA).
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Figure 2.

Pedigrees of families with evidence of very rare amino acid coding (AAC) variants co-
segregating with lone atrial fibrillation (AF). A variant was designated to have evidence of
co-segregation with AF if > 1 first-degree relative was affected with AF and also carried the
same very rare variant as the proband.
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Clinical characteristics of 303 European American probands with lone atrial fibrillation

Table 1

Current age (years)
Age of onset (years)
Age of diagnosis (years)
Male sex (%)
Family history of AF (%)
AF type (%)
Paroxysmal
Chronic
Persistent
LA size (mm)
LVEF (%)
LVEDD (mm)
LVESD (mm)
BMI (kg/m?)

58.2 (46.8-67.6)
44.0 (29.0-52.0)
46.0 (33.0-54.0)
220 (72.6)
108 (35.6)

222 (73.3)

10 (33)

71 (23.4)

39 (35-44)

55 (55-60)

48 (44-52)

31 (27-35)

27.6 (25.1-31.7)

Continuous variables are presented as median and interquartile range.

Page 12

AF = atrial fibrillation; BMI = body mass index; LA = left atrium; LVEDD = left ventricular end-diastolic diameter; LVEF = left ventricular
ejection fraction, LVESD = left ventricular end-systolic diameter.
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