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Abstract

Long QT syndrome (LQTS) is an arrhythmogenic disorder that can lead to sudden death.
To date, mutations in 15 LQTS-susceptibility genes have been implicated. However, the
genetic cause for approximately 20% of LQTS patients remains elusive. Here, we per-
formed whole-exome sequencing analyses on 59 LQTS and 61 unaffected individuals in
35 families and 138 unrelated LQTS cases, after genetic screening of known LQTS genes.
Our systematic analysis of familial cases and subsequent verification by Sanger sequenc-
ing identified 92 candidate mutations in 88 genes for 23 of the 35 families (65.7%): these
included eleven de novo, five recessive (two homozygous and three compound heterozy-
gous) and seventy-three dominant mutations. Although no novel commonly mutated gene
was identified other than known LQTS genes, protein-protein interaction (PPl) network
analyses revealed ten new pathogenic candidates that directly or indirectly interact with
proteins encoded by known LQTS genes. Furthermore, candidate gene based association
studies using an independent set of 138 unrelated LQTS cases and 587 controls identified
an additional novel candidate. Together, mutations in these new candidates and known
genes explained 37.1% of the LQTS families (13 in 35). Moreover, half of the newly identi-
fied candidates directly interact with calmodulin (5 in 11; comparison with all genes;
p=0.042). Subsequent variant analysis in the independent set of 138 cases identified 16
variants in the 11 genes, of which 14 were in calmodulin-interacting genes (87.5%). These
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results suggest an important role of calmodulin and its interacting proteins in the pathogen-
esis of LQTS.

Introduction

Long QT syndrome (LQTS) is characterized by a prolonged QT interval in the electrocardio-
gram (ECG) and ventricular tachyarrhythmia. Arrhythmia is often triggered by exercise, par-
ticularly swimming, or emotional stress, resulting in recurrent syncope, seizures, and
sometimes, sudden, unexpected cardiac death [1].

LQTS has an estimated prevalence as high as one in 2,000 people [2]. To date, mutations in
15 susceptibility genes have been identified. The majority of those affected have mutations in
KCNQI (LQT1), KCNH2 (LQT?2) and SCN5A (LQT3), encoding potassium and sodium jon
channel alpha-subunits. These three genes account for 75% of LQTS cases (LQT1: 30%-35%,
LQT2: 25%-30%, LQT?3: 5%-10%), while the remaining known LQTS genes, which encode beta
subunits of plasma membrane channels, channel-interacting proteins, structural membrane
scaffolding proteins or membrane anchoring proteins, account for only 5% of cases [3]. Muta-
tions have not been detected in the remaining 20% of patients.

Whole-exome sequencing (WES) is widely used to identify genetic variations in coding
regions [4). WES is more powerful and cost-effective for exonic regions than whole-genome
sequencing because it obtains a deeper coverage of the target regions. WES has been recently
used to successfully identify causal mutations of Mendelian diseases [5, 6] and driver mutations
in tumors [7-9]. »

Here, we report the identification of candidate pathogenic mutations, through WES and val-
idated by Sanger sequencing, in two-thirds of the examined LQTS families. Although no com-
monly mutated gene was identified other than known genes, protein-protein interaction (PPI)
network analysis revealed that ten candidates interact with proteins encoded by known LQTS
genes. Interestingly, half of these directly interact with calmodulin, which is statistically signifi-
cant when compared to the number of molecules that directly interact with calmodulin. In
addition, candidate gene based association studies using an independent set of unrelated LQTS
individuals and unaffected individuals identified an additional novel LQTS candidate. Exami-
nation of the presence of mutations in these candidate genes in the unrelated LQTS cases
revealed that most mutations were in calmodulin-interacting genes. We believe these findings
contribute to a greater understanding of LQTS and provide clues for future research into its
pathogenic mechanism.

Materials and Methods
Ethics Statement

This study was approved by the ethics committee of the Institutes of National Cerebral and
Cardiovascular Center and RIKEN. The design and performance of the current study involving
human subjects were clearly described in a research protocol. All participants provided written
informed consent before taking part in this research.

Study subjects

LQTS is diagnosed using the following criteria: patients with a Schwartz risk score > 3.5 in the
absence of a secondary cause for QT prolongation [10], and/or an unequivocally pathogenic
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mutation in one of the LQTS genes, or QTc > 500 ms in repeated 12-lead ECG in the absence
of a secondary cause for QT prolongation. Among the LQTS patients registered at National
Cerebral and Cardiovascular Center who provided written informed consent, we recruited 186
genetically unrelated LQTS cases whose mutations were not detected by genetic screening of
known LQTS genes. Among them, 35 had family data (21 family trio data of LQTS patients
with unaffected parents and 14 pedigrees with at least one additional LQTS family member, S1
Fig) with DNA samples, and therefore were selected for pedigree analysis. Therefore, among
the 35 families, excluding the proband, an additional 85 family members (24 LQTS and 61
unaffected control subjects) were recruited for this analysis. We also included the remaining
151 samples with no family data as genetically independent LQTS cases. In total, 271 samples
were subjected to WES analysis. In the course of the analysis, we detected mutations in known
LQTS genes for 13 out of 151 non-pedigree cases (Table 1) [11~14] and these individuals were
excluded from further analysis. Consequently, we examined 59 LQTS and 61 unaffected indi-
viduals in 35 families and 138 unrelated LQTS cases (n = 258). The participant summary,
including gender, average age, and the other clinical information, is shown in Table 2.

Whole-exome sequencing

Exome capture was performed by the Agilient SureSelect Human All Exon V4 according to the
manufacturer’s instructions. This kit captures genomic DNA by in-solution hybridization with
RNA oligonucleotides, enabling specific targeting of approximately 51Mb of the human
genome. The captured DNA was sequenced using the Illumina HiSeq2000 platform with
paired-end reads of 101bp for insert libraries of 150-200bp according to the manufacturer’s
instructions.

Exome sequence data analysis

Read sequences were mapped by the Burrows-Wheeler Aligner (BWA: version 0.6.1) [15] to
the human reference genome (GRCh37). Duplicate PCR reads were identified and removed
using SAMtools (version 0.1.8) [16] and in-house software. After filtering by pair mapping dis-
tance, mapping uniqueness and pair orientation, the mapping result files were converted into
pileup format using SAMtools. Variant calling was conducted based on methods we have pub-
lished elsewhere, VCMM [17]. We used the following quality control filters: (i) alignments
near putative indels were refined using GATK [18]; (ii) a stand bias filter excluded variants
whose alternative allele was preferentially found in one of the two available read orientations at
the site.

Variants that were found in dbSNP (version 137) [19], 1000 Genomes Project (n = 1,094)
[20], NHLBI Exome Sequencing Project Exome Variant Server (n = 6,503; http://evs.gs.
washington.edu/EVS/) [accessed June 2012] (ESP6500) [21] and our in-house whole genome
and exome data composed of 1,257 non-cardiac Japanese individuals were excluded from fur-
ther analyses. Nongenic, intronic and synonymous variants other than those occurring at
canonical splice sites and non-synonymous variants predicted as benign/tolerant by both SIFT
(http://sift.jevi.org/www/) [22] and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) [23]
were also excluded. Furthermore, we assumed that affected individuals had de novo or recessive
(both homozygous and compound heterozygous) mutations for parent/affected offspring trio
families and dominant for the other families. All candidate mutations were validated using
Sanger sequencing of both the affected and unaffected individuals.

All mutations in known LQTS genes and in candidate genes, identified in this study,
have been deposited into NCBI ClinVar with the accession numbers SCV000221974—
SCV000222093.
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Table 1. Identification of known-gene and disease-causing variant in the LQTS.

Phenotype Gene Transcript ID cDNA level Protein level QTc Symptoms HGMD?, others
symbol change change (ms)
LQT1* KCNQ1. NM_000218.2 ¢.760G>A ; p.V254M 570 syncope CM960898 [11]

LQT2* KCNH2 NM_000238.3 c.1849T>C p.F617L 475 asympt

€.307+2T>A

LQT4* ANK2 NM_001148.4 c.6149T>C p.12050T 464 VF

LQT5 KCNE1 NM_000219.3 ~ ¢253G>A ~  p.D85N ' 492 asympt CMO040436 [14], Pedigree analysis,

LQT11% AKAPS NM_147185.2 ¢.2295T>A . p.D765E 453 asympt

LQT12* SNTA1 NM_003098.2 c.1498C>T p.R500C - 444 asympt

syncope isease causing variant

asympt; asymptomatic, SNV: single nucleotide variant
Taccession number obtained from HGMD professional (ver. 2014.4, accessed on Mar. 19, 2015)
*mutations detected in known LQTS genes for non-pedigree cases.

doi:10.1371/journal pone.0130329.t001

Network analysis

Network analysis was performed using the Ingenuity Pathway Analysis software (IPA; Ingenu-
ity Systems) based on the 15 known LQTS genes and the 88 candidate pathogenic genes identi-
fied. We considered molecules and/or relationships available in the IPA Knowledge Base for
human, mouse and rat and set the confidence filter to experimentally observed or high (pre-
dicted). Networks were generated with a maximum size of 35 genes and allowing up to 10 net-
works. Molecules in the query set with recorded interactions were eligible for network

Table 2. Clinical background of LQTS patients and their family members.
35 LQTS families unrelated LQTS (n = 138)

LQTS (n =59) Control (n = 61)

syncope, n (%) 24 (41) 1(1) 59 (43)

VF: ventricular fibrillation, CA: cardiac arrest

doi:10.1371/journal pone.0130329.t002

PLOS ONE | DOI:10.1371/journal.pone.0130329 July 1,2015 4/15

— 219 —




e @
.@ * PLos | ONE Exome Analyses of Long QT Syndrome

Read mapping in sifico R
Sequencing X Filtering procedure Validation
and variant calls . functional analysis

Fig 1. Experimental work flow for detecting sequence variants by WES. In-house database with asterisk is our in-house whole exome or whole genome
data composed of 1,257 non-cardiac Japanese individuals.

doi:10.1371/journal.pone.0130329.g001

construction using the IPA algorithm. Networks were ranked by IPA network score according
to their degree of relevance to the eligible molecules in the query data set. The network score is
calculated using Fisher’s exact test on a basis of the number of eligible molecules in the network
and its size, as well as the total number of eligible molecules analyzed and the total number of
molecules in the Ingenuity Knowledge Base that could potentially be included in the networks.

Quality control and gene-based association study

We used 748 Japanese individuals, which included 161 LQTS cases (23 probands in LQTS fam-
ilies and 138 independent LQTS patients) and 587 controls. Closely related subjects, where the
identity-by-descent (IBD) proportion of alleles shared was over 0.125, and outliers by princi-
pal-component analysis (PCA) [24] (S2 Fig) were previously excluded. We estimated the IBD
sharing score using PLINK’s ‘-genome’ option [25] and performed PCA using gdsfmt and
SNPRelate packages in the statistical software R [26]. We also excluded all SNV with a geno-
type call rate < 0.80, a Hardy-Weinberg equilibrium p-value < 1x10°® or nongenic and
intronic variants other than those occurring at canonical splice sites. When also considering a
MAF < 0.005, 51,393 SN'Vs passed these stringent quality control criteria. The quantile-
quantile (QQ) plots of the p-values from the Cochran-Armitage test for trend showed the
genomic inflation factor Agc to be 1.027 (S3 Fig).

For the gene-based association studies, we used the SKAT-O test [27], which encompasses
both burden tests (e.g. CMC method [28]) and variance-component tests (e.g. SKAT [29]). We
performed the analysis using default weights and MAF < 0.01 for the combination of non-syn-
onymous variants predicted to be damaging by SIFT [22] or PolyPhen-2 [23] analysis and
splice-site variants. We performed the test for candidate genes with at least two variants and
declared a gene-based test association significant when g-value < 0.05.

Results
Identification of candidate mutations in probands

On average, 6.7 Gbp of short read sequence data were obtained from WES (81 Table). In total,
68.6% of the sequenced bases were mapped to the targeted regions and 92.8% of mapped exon
sequences had at least ten times coverage (54 Fig). The average coverage was 68X across indi-
viduals. An average of 19,505 coding SNVs and 516 coding insertion/deletion (indels) were
identified per proband with high confidence (S2 Table). We developed an automated pipeline
to systematically identify all candidate non-synonymous mutations in each affected individual
(Fig 1). We first excluded all synonymous variants other than those occurring at canonical
splice sites. This first step reduced the number of candidates to an average of 9,256 non-synon-
ymous and canonical splice site variants per proband. We further reduced this number to 76
variants and 15 coding indels by excluding variants found in public databases; dbSNP137 [19],
1000 Genomes Project [20], NHLBI Exome Variant Server (ESP6500) [21], the Human Genetic
Variation Database (HGVD: http://www.genome.med kyoto-u.ac.jp/SnpDB). We also used
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our in-house whole exome or whole genome database composed of 1,257 Japanese individuals.
We then excluded the variants predicted as benign/tolerant by both SIFT (http://sift.jcvi.org/
www/) [22] and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) [23], and finally selected
candidate mutations that co-segregated among affected individuals within each of the pedi-
grees (S2 Table). We identified 92 candidate pathogenic mutations in 88 genes in 23 out of the
35 families (65.7%), all of which were validated by Sanger sequencing. These are eleven de
novo, five recessive (two homozygous and three compound heterozygous) and seventy-three
dominant mutations (S3 Table). No gene was found to be commonly mutated among
pedigrees.

Protein-protein interaction (PPI) network analysis

We applied PPI network analysis to a gene set of the 15 known genes and the 88 candidate
pathogenic genes identified in this analysis, in order to elucidate any enrichment of functional
units or categories. Using Ingenuity Pathways analysis software (IPA; Ingenuity Systems), we
identified an interesting network, ranked top in IPA network score, composed of proteins
encoded by all 15 known genes and 10 candidate pathogenic genes. Seven of the 10 pathogenic
candidates were found to directly interact with at least one protein encoded by known LQTS
genes (Fig 2) and contain candidate mutations that occur at evolutionarily conserved amino
acids (S5 Fig) which were predicted to be damaging by SIFT [22] or PolyPhen-2 [23] analysis
and to have a strong functional impact on the gene (Table 3). In addition, half of the 10 patho-
genic candidates were calmodulin-interacting genes (RYR2, UBR4, UBR5, PI4KA and KIF21B)
(Fig 2), which was statistically significant when compared to the number of molecules that
directly interact with calmodulin (p = 0.042, Fisher’s exact test). We previously reported that
calmodulin mutations are associated with LQTS [30). These results suggest an important role
of calmodulin and its interacting proteins in the pathogenesis of LQTS. Through PPI analysis,
we could detect candidate mutations in 12 families.

Candidate gene-based association study using an independent set of
case/control samples :

We could not identify candidate pathogenic genes supported by PPI analysis for the remaining
11 families, although 44 genes were still candidates. Therefore, we performed candidate gene-
based association studies using the sequence kernel association optimal test: SKAT-O (Fig 3,
see Materials and Methods) [27], in order to identify likely pathogenic genes with cumulative
effects in LQTS patients from the 44 candidate genes. We used 11 probands from each of these
families, 12 probands from each of the families in which no candidates were identified by pedi-
gree analysis, and a set of 138 genetically unrelated LQTS cases and 587 controls (Fig 3). In
total, 161 cases and 587 controls were examined and a significant association in the SLC2A5
gene (also known as GLUTS5, FDR-adjusted p-value (q-value) = 0.014, Tables 3 and 4) was
found.

Candidate pathogenic mutations in an independent set of unrelated
LQTS cases

Investigation into the presence of possible mutations in these 11 genes in 138 genetically inde-
pendent cases identified 16 candidate pathogenic mutations in 15 individuals (Table 5, candi-
date mutations in both WDR26 and RYR2 were identified in the same individual), which were
non-synonymous variants and absent from in-house/public variant databases. Out of the 16
candidate mutations, 14 were calmodulin-interacting genes (87.5%, Fig 2), and 9 of these
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Fig 2. The top-scoring IPA network constructed on the basis of known genes/proteins and candidate pathogenic genes/proteins identified. The
green and pink objects represent known LQTS genes and candidate pathogenic genes identified in this PPl analysis, respectively.

doi:10.1371/journal.pone.0130329.9002
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Table 3. Potential pathogenic mutations detected in PPl analysis and Gene based Association Study (GAS) using independent samples.

ID Gene Modelt Transcript ID cDNA level change Protein level change SIFT/PolyPhen-2* Analysis

AR (CHTZ) NM_015902.5 ¢.5837A>G p.H1946R

T17 UBR4 De novo NM_020765.2 c.6397G>A p.A2133T T/D PPI

D02 SLC2A5 AD NM_003039.2 c.808C>T p.R270W D/D GAS

NM_016539.2

D14 Pl4KA AD NM_058004.2 C.247G>A p.D83N ) ~..DID PPI

*D = damaging; P = probably damaging; T = tolerated; B = benign.
TAR: autosomai recessive (CHTZ = compound heterozygous), AD: autosomal dominant. Bold: known LQTS genes.

doi:10.1371/journal.pone.0130329.1003

occurred at evolutionarily conserved amino acids (64.3%): four were missense variants in
RYR2, three in UBR4, one in PI4KA and one in KIF21B (Table 5). Functional analysis of these
mutations though evolutionarily conserved amino acid residue examination showed these
mutations to be strong candidates.

Interestingly, nine (including 6 novel) mutations were identified in the RYR2 gene, which
were found in younger patients with no affected family members (Table 6). Many of the
patients with the RYR2 mutation had similar exercise-induced cardiac events (4 syncope, 2 VF,
1 cardiac arrest). This frequency was also higher and more severe compared with that in geno-
type-unknown LQTS, while the QTc¢ interval was shorter in patients with the RYR2 mutation
than that with genotype-negative LQTS (439 + 30 vs. 471 + 50 ms; p-value = 0.01), strengthen-
ing the importance of RYR2 in LQTS pathogenesis.

Discussion

We sequenced the exomes of 59 LQTS individuals and 61 unaffected individuals from 35 fami-
lies and systematically identified candidate mutations in the affected individuals. Subsequent
PPI network analysis revealed that a statistically significant proportion of pathogenic candidate
molecules interacted directly with calmodulin (RYR2 [31], UBR4 [32], UBR5 [33], PI4KA [34]
and KIF21B [34]). Calmodulin is a primary sensor of intracellular calcium levels in eukaryotic
cells, playing a key role in the proper mediation of Ca®* signaling, and interacts with several
known LQTS genes (SCN5A [35], SNTA1I [36] and CACNAIC [37]), giving strength to the
possibility that these candidate genes also play a pathogenic role in LQTS. In particular, RYR2
has previously been reported as gene associated with several arrhythmic diseases, including
LQTS [38], catecholaminergic polymorphic ventricular tachycardia (CPVT) [39-41],
arrhythmogenic right ventricular dysplasia type 2 [42-44] and sudden infant death syndrome
[45]. Along with one candidate non-synonymous mutation (c.12892G>A [p.V4298M]) in
RYR2 that has been previously reported in LQTS [38], we identified nine additional candidate
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mutation detection in
known LQTS genes by WES
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in 13 LQTS cases

e M S i i, Vo S, S o S S W

independent samples

138 LOTS cases <

A4

12 pedigrees without candidates 23 pedigrees with candidates
(12 LQTS & 24 unaffected) (47 LOTS & 37 unaffected)

587 unrelated controls

e e s e e st s

candidate mutation
detection by PPI

not detected in 11 pedigrees
(24 LQTS & 19 unaffected)
44 candidates

detected in 12 pedigrees

did
(23 LOTS & 18 unatfected) Search of candidate

pathogenic mutations

candidate mutation
detection by GAS”

\L/

Y Y Y

not detected in 22 pedigrees detected in 1 pedigree
{33 LQTS & 42 unaffected) {3 LQTS & 1 unaffected) )

candidate path genes

Fig 3. Experimental work flow for detecting candidate pathogenic mutations.

doi:10.1371/journal.pone.0130329.g003
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Table 4. Significant association of SLC2A5 detected by gene-based association study.

Case Control

Transcript ID cDNA level change Protein level change 11 12 22 1 12 22 g-value

doi:10.1371/journal.pone.0130329.t004

mutations (Table 6), strengthening the importance of RYR2 in LQTS pathogenesis. PPI
network analysis also revealed candidate pathogenic genes that interact directly or indirectly
with known LQTS genes (RIMSI [46], CIT [47], PIK3CG [48], SIRT6 [49] and WDR26 [33]),
implying that these candidate genes might also cause LQTS. In particular, RIMSI has been
reported to regulate insulin secretory machinery [50]. Since insulin infusion has been shown to
cause QTc prolongation in animal models [51, 52], this gene may be more likely to play a
pathogenic role in LQTS.

A candidate gene based association study also identified an additional candidate pathogenic
gene, SLC2A5, encoding a facilitated glucose/fructose transporter that plays a fundamental role
in the pathogenesis of fructose-induced hypertension [53]. Since the mechanistic link between
hypertension and fatal arrhythmia is not well-characterized, the role of this gene in the patho-
genesis of long QT syndrome requires further investigation.

We examined the presence of mutations in the 11 candidate pathogenic genes in the geneti-
cally independent individuals. Most of the mutations were observed in calmodulin-interacting
genes or known LQTS interacting genes (15 out of 16, Table 5), and many of these occurred at
evolutionarily conserved amino acid across multiple species (10 out of 15). Since amino acid

Table 5. Candidate mutations in independent unrelated cases.

Gene Transcript ID cDNA level change Protein level change SIFT /PolyPhen-2* Evolutionally conserved amino acidt
RYR2 NM_001035.2 c.497C>G p.5166C DD Conserved

c.1298T>C i DI ' Conserved

UBR4 NM_020765.2 c.1097A>G p.K366R TP Conserved

UBR4 ‘NM_020765.2 ¢.1557G>C “p.Q519H e D/D L Conserved

Conserved

*D = damaging; P = probably damaging; T = tolerated; B = benign.

TConserved: evolutionally conserved amino acid in seven organisms: Homo sapiens, Macaca mulatta, Mus musculus, Canis familiaris, Gallus gallus,
Xenopus tropicalis and Danio rerio.

Only candidate mutations in WDR26 (c.59G>A [p.G20E]) and RYR2 (c.11017C>T [p.R3673W]) were identified in the same individual.

doi:10.1371/journal.pone.0130329.1005
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Table 6. Clinical background of patients with long-QT interval and RYR2 mutation

cDNA level change Protein level change age sex Affected family members QTc
497C>G S166C 11 F

c.8470C>T p.R2824W 7 M none 439 Asympt, novel

c.12272C>T p.A4091V 16 M none 443 CA during exercise

¢.13780A>C p.K4594Q S 12 F ' none 496 Syncope during swim (10 y), novel

doi:10.1371/journal.pone.0130329.1006

substitutions at evolutionarily conserved positions could potentially lead to deleterious effects
on gene functions, these mutations may play an important role in the pathogenesis of LQTS.

To our knowledge, this study is the largest whole-exome sequencing analyses for LQTS. Our
analysis revealed several novel candidate pathogenic genes through PPI analysis and gene-
based association study. We believe our findings will be an anchor point for finding novel path-
ogenesis of this disorder.

Supporting Information

S1 Fig. Pedigree data. Samples with an asterisk were subject to WES analysis and those with a
question mark have unknown affected status.
(PDF)

S2 Fig. Relatedness among Japanese, Han Chinese, European and African individuals. Plot
of the first and the second principle components of the 749 subjects along with 45 East Asian
(HapMap populations of Japanese in Tokyo: JPT), 45 Han Chinese in Beijing: CHB), 90 Afri-
can (HapMap population of Yoruba in Ibadan, Nigeria: YRI), and 90 European (HapMap pop-
ulation of Utah, USA residents with ancestry from northern and western Europe: CEU)
populations. The one outlier indicated by the arrow (case) was excluded.

(PDF)

$3 Fig. A quantile-quantile (QQ) plot for association results. The genomic inflation factor
}u(;(; was 1.027.
(TIFF)

S4 Fig. Coverage plots of all 120 individuals. Each line corresponds to one of the 120 individ-
uals. On average, 92.8% of all target exons had at least 10-fold coverage.
(PDF)

S$5 Fig. Missense mutations observed at evolutionally conserved amino acids across seven
species. Homologous sequences were aligned using CLUSTALW. We identified evolutionally
conserved amino acid across seven organisms: Homo sapiens, Macaca mulatta, Mus musculus,
Canis familiaris, Gallus gallus, Xenopus tropicalis and Danio rerio.

(PDF)

S1 Table. Overview of exome-sequencing performance. T Proband.
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S2 Table. Variants detected in each of the 35 probands. 1 NS: non-synonymous SNV, SP:
splice-site SNV. * Confirmed candidates: candidates co-segregated in the pedigree and vali-
dated using Sanger sequencing.

(DOCX)

$3 Table. Potential pathogenic mutations detected in 23 of the 35 families. T AR: autosomal
recessive (HMZ = homozygous, CHTZ = compound heterozygous), AD: autosomal dominant.
Bold: LQTS-susceptibility genes.

(DOCX)
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Functional Characterization of Rare Variants Implicated
in Susceptibility to Lone Atrial Fibrillation
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Background—Few rare variants in atrial fibrillation (AF)-associated genes have been functionally characterized to identify
a causal relationship between these variants and development of AF. We here sought to determine the clinical effect of
rare variants in AF-associated genes in patients with lone AF and characterized these variants electrophysiologically and

bioinformatically.

Methods and Results—We screened all coding regions in 12 AF-associated genes in 90 patients with lone AFE, with an
onset of 47+11 years (66 men; mean age, 56+13 years) by high-resolution melting curve analysis and DNA sequencing.
The potassium and sodium currents were analyzed using whole-cell patch clamping. In addition to using 4 individual in
silico prediction tools, we extended those predictions to an integrated tool (Combined Annotation Dependent Depletion).
We identified 7 rare variants in KCNAS, KCNQI, KCNH2, SCN5A, and SCNIB genes in 8 patients: 2 of 8 probands had
a family history of AF. Electrophysiological studies revealed that 2 variants showed a loss-of-function, and 4 variants
showed a gain-of-function. Five of 6 variants with electrophysiological abnormalities were predicted as pathogenic by

Combined Annotation Dependent Depletion scores.

Conclusions—In our cohort of patients with lone AF, 7 rare variants in cardiac ion channels were identified in 8 probands.
A combination of electrophysiological studies and in silico predictions showed that these variants could contribute to
the development of lone AF, although further in vivo study is necessary to confirm these results. More than half of AF-
associated rare variants showed gain-of-function behavior, which may be targeted using genotype-specific pharmacological
therapy. (Circ Arrhythm Electrophysiol. 2015;8:1095-1104. DOI: 10.1161/CIRCEP.114.002519.)

Key Words: analysis of variance ® atrial fibrillation m genetic association studies
® genetic variation ® ion channels

trial fibrillation (AF) is the most prevalent tachyarrhyth-

mia, with a prevalence of 1% to 2% in the general pop-
ulation.! In most cases, AF occurs along with hypertension,
mitral stenosis, ischemic heart disease, cardiomyopathy, and
hyperthyroidism.' In addition to these underlying diseases,
age, obesity, smoking, and alcohol are clinical risk factors
for AE.' However, 11% of AF patients present with AF in the
absence of predisposing factors; these are categorized as hav-
ing lone AF.? Previous studies have shown that at least 5%
of all patients with AF and 15% of those with lone AF had a
positive family history.* Another study has shown that the risk
for lone AF was 3.5x higher in those with a family history of
lone AF in parents or in siblings, compared with the risk in
individuals without such family history.* Recent studies have
shown that people with certain genotypes have an increased

risk for future AF.>® These reports indicate that the develop-
ment of AF is influenced by genetic background.

Editorial see p 1005

Genetic linkage analysis and candidate gene analysis for
familial AF in 1997 indicated that a gene responsible for familial
AF is located in the region of 1022 to 10q24, and in 2003, a
gain-of-function mutation in KCNQ! was implicated in a large
Chinese kindred with autosomal dominant AF” To date, many
variants in genes encoding ion-channel subunits, cardiac gap
Jjunctions, and signaling molecules have been identified in mono-
genic AF families.®® These genetic variants predispose individu-
als to AF by reducing the atrial refractory period as a substrate for
re-entrant arrhythmias, by lengthening the atrial action potential -
duration, which results in ectopic activity, or by causing impaired
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WHAT IS KNOWN

* To date, many variants in genes encoding
ion-channel subunits, cardiac gap junctions,
and signaling molecules have been identified
in monogenic families with atrial fibrillation
(AF) and patients with lone AF.

® Few rare variants in AF-associated genes have
been functionally characterized to identify a
causal relationship between these variants and
development of AFE.

WHAT THE STUDY ADDS

We identified 7 rare variants in cardiac ion
channels in 8 probands from 90 patients with
lone AF, indicating a prevalence of =9%.

® These variants were extremely rare and char-
acterized as causing susceptibility to AF by
either electrophysiological study or in silico
prediction analysis including a new predic-
tion tool, Combined Annotation Dependent
Depletion scores.

More than half of AF-associated rare variants
showed gain-of-function behavior, which is
likely to benefit from a drug that blocks par-
ticular ion channels.

electric cell-to-cell communication, which creates conduction
heterogeneity as a substrate for the maintenance of AR

Here, we performed candidate gene studies to identify rare
variants, under the hypothesis that these variants pose an AF
risk in these probands. In addition, to determine the functional
significance of these variants, we performed cellular electro-
physiological studies and in silico prediction analysis.

Methods

Detailed description of Methods is provided in the Data Supplement.

Study Subjects

The study subjects were recruited from multiple hospitals in Japan.
Lone AF was defined as AF occurring in individuals aged <65 years,
who did not present with hypertension, overt structural heart disease,
myocardial infarction, congestive heart failure, or thyroid dysfunc-
tion. Two hundred fifty healthy Japanese subjects with no history
of the cardiovascular disease described above were also included in
this study. Data from the National Heart, Lung, and Blood Institute
Exome Sequencing Project Exome Variant Server (EVS)'' and the
Exome Aggregation Consortium (ExAC) data and browser'> were
used as reference groups.

The study observed the principles outlined in the Declaration of
Helsinki and was approved by the Ethics Committee for Medical
Research at our institution. All study patients provided written in-
formed consent before registration.

DNA Isolation and Mutation Analysis and
Genotype-Phenotype Relationships
Genomic DNA was extracted from peripheral blood leukocytes using

standard methods. High-resolution melting curve analysis was used to
screen KCNAS, KCNQ1, KCNH2, SCN5A, SCNI1B, SCN2B, SCN3B,

KCNEI, KCNE2, KCNJ5, GJAS, and NPPA using a LightScanner
(BioFire Defense, Salt Lake City, UT). Samples in which the melting
curve deviated from the wild-type (WT) control were subjected to
DNA sequencing using an ABI PRISM 310 Genetic Analyzer. The
relationship between the clinical phenotype (AF) and the genotype
was determined for probands and their relatives in whom a variant
was identified.

Plasmid Constructs and Electrophysiology
Mutant ¢DNAs were constructed using an overlap extension strat-
egy" or by using the QuikChange XL Site-Directed Mutagenesis
Kit (Agilent Technologies, Santa Clara, CA). CHO-K1 or HEK293
cells were transiently transfected with WT or mutant cDNA, using
an X-tremeGENE 9 DNA Transfection Reagent (Roche Applied
Science, Penzberg, Germany). Cells were cotransfected with the
same amount of green fluorescent protein as each ion-channel cDNA.
Cells displaying green fluorescence at 48 to 72 hours after transfec-
tion were subjected to electrophysiological analysis. Potassium or so-
dium currents were studied using the whole-cell patch clamp technique
with an amplifier, Axopatch-200B (Molecular Devices, Sunnyvale,
CA), at room temperature. The voltage clamp protocols are described
in the figures. Data were acquired using pCLAMP software (version
9; Molecular Devices, Sunnyvale, CA). Data acquisition and analysis
were performed using a Digidata 1321 A/D converter and pCLAMPS.2
software (Molecular Devices, Sunnyvale, CA).

In Silico Prediction Analysis

A total of 5 prediction tools were applied to predict the pathogenicity
of lone AF-associated variants: the PolyPhen algorithm,'* Grantham
chemical scores,' Sorting Intolerant From Tolerant analysis," the
Protein Variation Effect Analyzer,”” and Combined Annotation
Dependent Depletion (CADD).'®

Statistical Analysis

Pooled electrophysiological data were expressed as mean+SE. The
minor allele frequency (MAF) in the AF cohort was compared with
the MAF from the EVS and the ExAC using Fisher exact test in 2x2
tables. Two-tailed Student r test was used for the single comparisons
between the 2 groups. One-way ANOVA, followed by a Bonferroni
post hoc test, was used to analyze data with unequal variance among
3 groups. Two-way repeated-measures ANOVA was used to adjust
for multiple comparisons across the different values of membrane
potentials. A value of P<0.05 was considered as statistically signifi-
cant. Statistical analysis was performed using JMP Pro 11.0.0 (SAS
Institute Inc, NC) and Origin 9.0 (OriginLab, Northampton, MA).

Results

Clinical Characteristics and Molecular Genetic
Analysis of the Study Cohort
Of the 90 patients with lone AF that were enrolled, 26 subjects
(29%) had a family history of AF in at least 1 first-degree relative
(Table 1). The study subjects had a mean age of 47+11 years at
the onset of AF (Table 1). Sixty-six subjects were men (73%),
and 57 of the 90 patients had paroxysmal or persistent AF
(63%; Table 1). Echocardiographic data of the cohort as a whole
revealed a normal mean ejection fraction, with a mean left atrial
dimension of 40+7 mm (Table 1). The 250 control subjects had
amean age of 39+19 years, and 157 of them were men (63%).
Screening for ion-channel variants in genomic DNA in the
study cohort of 90 individuals with lone AF identified a total
of 7 different variants present in KCNA5 (H463R and T527M),
KCNQI1 (1492_E493 ins DL), KCNH2 (T436M and T895M),
SCN5A (R986Q), and SCNIB (T189M; Figure 1; Table 2).
SCNI1BT189M was detected in 2 probands (1 homozygous and 1
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Table 1. Clinical Characteristics of the Lone AF Population

Total 90
Age at onset AF, y 4711
Age at enrollment, y 56+13
Male sex (%) 66 (73)
Family history (%) 26 (29)
AF type

Paroxysmal or persistent (%) 57 (63)

Permanent (%) 33(37)
Complication

Bradyarrhythmia (%) 10 (11)

Brugada syndrome (%) 33
Echocardiogram

Left atrial size, mm 407

Ejection fraction (%) : 65=8

Catheter ablation (%) 20 (22)

AF indicates atrial fibrillation.

heterozygous carrier). The presence of each of these variants was
assessed in 250 ethnically matched population control individu-
als; all variants were rare (MAF, <1%; Table 2). According to the
ExXAC data and browser, the MAFs of KCNAS T527M, KCNH?2
T436M, and SCN5A R986Q were 0.0236%, 0.001627%, and
0.001951%, respectively, which were significantly lower com-
pared with 0.6% in our case population (Table 2).

KCNA5 H463R KCNAS5 T527M
AGAGAAATGGGTTCC &G%;g_%ﬂcﬁ

KCNH2 T436M KCNH2 T895M
AAGGAGACGGAAGAA AGGCGCACGGACAAG
T T

pd

L gi§ L ‘ :
S
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Clinical Characteristics and Functional Properties
of KCNAS Variants

The proband who was heterozygous for KCNA5 H463R was a
62-year-old woman with onset of paroxysmal AF at the age of
51 and no family history of AF. She underwent radiofrequency
catheter ablation at the age of 61 (Table 3).

To define the functional effect of the H463R variant, we
transiently expressed WT, H463R, and WT+H463R in cul-
tured mammalian HEK293 cells for whole-cell voltage clamp
measurements. Voltage clamp recording from cells expressing
H463R alone did not exhibit any functional channels, when
compared with those expressing WT alone (Figure 2A; Table 4).
Coexpression of H463R with WT resulted in a significant cur-
rent density, which was less than one-third of the control current
observed with the expression of WT alone (Figure 2A).

The current—voltage relationships for activating currents
(Figure 2B) and tail currents (Figure 2C) were recorded dur-
ing depolarizing pulses. Two-way repeated-measures ANOVA
revealed that there was a significant difference in the activat-
ing currents and the tail currents (Figure 2B and 2C) among
these 3 channels. The amplitudes of the activating currents at
40 mV and the tail currents at 30 mV for the WT+H463R
and the H463R were significantly smaller than those for WT
(Figure 2B and 2C; Table I in the Data Supplement). No sig-
nificant difference in activation kinetics for the WT+H463R
was observed compared with WT (Figure 2D; Table I in the
Data Supplement). In silico analysis predicted that H463R
was pathogenic, according to 3 algorithms (Table 5).

KCNQ1 c.1472_1473 ins GGACCT p.L492_E493 ins DL
TICGCCEAGGACCTGEACCTGGACCTGGARGEEG

i y
I 1 2
; %‘{E»fxz

SCN1B T189M
SCCECCACGEAGACT
T

SCN5A R986Q
grecrecescaceae

Figure 1. Sequencing of KCNAS5, KCNQ1, KCNH2, SCN5A, and SCN1B. DNA sequencing electropherograms demonstrated 7 genetic
variants. The KCNQ1 insertion variant was confirmed by sequencing the mutant allele in KCNQ7. The topology of the voltage-gated ion

channels shows the location of the detected variants.
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Table 2. Summary of lon-Channel Rare Variants

AF Probands, n=90

Controls, n=250

Exome Variant Server Exome Aggregation Consortium

Amino Acid Allele Allele Allele Allele  Allele
Gene Change  Allele Count Number MAF  Allele Count Number MAF  Allele Count Number MAF count number MAF
KCNA5  H463R 1 180  0.006 0 500 0 N/A N/A N/A N/A N/A N/A
T527TM 1 180  0.006 1 500  0.002 N/A N/A N/A 29 122816  0.000236%
KCNQ1 1492_E493 1 180  0.006 0 500 0 N/A N/A N/A N/A N/A N/A
ins DL
KCNHZ2 ~ T436M 1 180  0.006 0 500 0 N/A N/A N/A 2 122940 1.627x10-%*
T895M 1 180  0.006 0 500 O N/A N/A N/A N/A N/A N/A
SCN5A R986Q 1 180  0.006 0 500 0 1 12116 8.253x10°%% 2 102516 1.951x10%*
SCN1B  T189M 3 180  0.017 1 500  0.002 N/A N/A N/A N/A N/A N/A

AF indicates atrial fibrillation; MAF, minor allele frequency; and N/A, not available.

*P<0.01 vs MAF of probands.
1P<0.05 vs MAF of AF probands.

The proband who was heterozygous for KCNAS T527M was
a 51-year-old man, with onset of paroxysmal AF at the age of
49 (Table 3). The ECG showed a prolonged PR interval of 220
ms and a normal QTc interval. Monitoring ECG in an outpatient
clinic showed a sinus pause of 3.6 s after termination of AF. His
son, who also carried the T527M variant in KCNAS, had never
experienced AF and had a prolonged PR interval of 220 ms.

HEK293 cells expressing the T527M mutant showed a
larger Kv1.5 current than did those expressing WT (Figure 3A).
Cellular electrophysiological studies showed that the activating
current density for T527M was significantly larger than that for
WT (Figure 3B; Table I in the Data Supplement; Table 4). The
T527M mutant displayed a negative voltage shift in the normal-
ized activation curve and a significantly decreased the potential

Table 3. Clinical Characteristics of Patients With Rare Variants

when half of the channels were activated, V, , (Figure 3D; Table
I in the Data Supplement). In silico analysis using 4 algorithms
predicted that T527M was pathogenic (Table 5).

Clinical Characteristics and Functional Properties
of KCNQI Variants

The proband who was heterozygous for KCNQI
1492 _E493insDL was a 42-year-old man who was diagnosed
with AF on an ECG on routine examination (Table 3). Because
he had no symptoms, the age of onset of paroxysmal AF was
unknown. The ECG showed a normal QTc interval at rest and
during the late recovery phase of exercise stress testing. His
daughter and sons carrying the 1.492_E493insDL variant in
KCNQ1I had never experienced AF and had normal ECGs.

Proband Family ECG, HR/ Echocardiography  Catheter
Number  Patient Type Age,y Genotype Sex History  Phenotype  Onset,y PR/QRS/QTc LAD (mm)/EF (%)  Ablation
1 Proband 62 KCNA5 H463R F No Persistent 51 67/0.14/0.08/0.452 34/66 Yes
2 Proband 51 KCNA5T527M M No Persistent 49 67/0.22/0.07/0.391 35/70 No
Son 29 KCNA5 T527M M . No AF(-) 77/0.22/0.10/0.395 No
3 Proband 42 KCNQ11492_E493insDL M No Paroxysmal 42 68/0.19/0.08/0.392 36/53 No
Daughter 18 KCNQ11492 E493insDL  F No AF(-) 58/0.144/0.09/0.387 No
Son 16 KCNQ7L492_E493insDL M No AF(-) 54/0.16/0.09/0.426 No
Son 7 KCNQ71492_E493insDL M No AF(-) 81/0.146/0.07/0.437 No
4 Proband 61 KCNH2 T436M M Yes Chronic 38 73/-/0.08/0.371 49/73 No
5 Proband. 58 KCNH2 T895M M Yes Persistent 40 64/0.15/0.10/0.405 42/63 Yes
Father 87 KCNH2 T895M M Yes Paroxysmal 50s 69/0.17/0.11/0.451 No
palpitation
Son 37 KCNH2 T835M M Yes Paroxysmal 20s 59/0.16/0.11/0.386 No
palpitation
6 Proband 64 SCN5A R986Q M No Paroxysmal 58 52/0.134/0.11/0.369 37/70 No
7 Proband 59 SCN1BT189M F No Paroxysmal 59 50/0.151/0.09/0.378 30/76 No
(homozygous)
Daughter 33 SCN1BT189M F No AF(-) 56/0.13/0.08/0.424 No
(heterozygous)
8 Proband 55 SCN1BT189M F No Paroxysmal 55 65/0.18/0.08/0.420 30/65 No
(heterozygous)

AF indicates atrial fibrillation; EF, ejection fraction; F, female; LAD, left atrial diameter; and M, male.
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