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Figure 2. Functional characterization of K 1.5 H463R in HEK293 cells. A, Representative currents generated in HEK293 celis that had
been transfected with 0.2 pg of a vector expressing wild-type (WT) KCNAS alone (left), 0.2 pg of a vector expressing KCNAS5 H463R
alone (middle), or 0.1 pg of each of the KCNA5 WT and KCNAS H463R vectors (right). Pulse protocol is shown in the inset. B and

C, I-V relationships for peak currents (B) and tail currents (C) in HEK293 cells expressing WT alone (closed circle, n=20), H463R
(closed triangle, n=9), and WT+H463R (closed square, n=15). D, Mean amplitudes of normalized tail currents for WT alone (closed
circle, n=17) and WT+H463R (closed square, n=8). *P<0.001 or 1P<0.01 among indicated current-voltage relationships by 2-way

repeated-measures ANOVA.

Whole-cell patch clamp experiments were conducted on
CHO-K1 cells transfected with vectors expressing K, 7.1 WT
or K, 7.1 1L.492_E493insDL. The activating and tail current
amplitudes of K 7.1 WI/KCNE1 were similar to those of the
K,7.1 mutan/KCNET1 (Figure IA-IC and Table I in the Data
Supplement; Table 4). The normalized tail current-voltage
relationship for K, 7.1 WT/KCNEI1 channels was also simi-
lar to that for K, 7.1 mutant/KCNE1 channels (Figure ID and
Table I in the Data Supplement).

Clinical Characteristics and Functional Properties
of KCNH?2 Variants

The proband who was heterozygous for KCNH2 T436M
was a 61-year-old man with onset of AF at the age of 38.
The ECG showed chronic AF and a normal QTc interval

Table 4. In Vitro Cellular Electrophysiology
Gene Amino Acid Change Current Density Channel Kinetics
KCNA5 H463R Absent f, No change
T527M Increased peak and tail Faster activation
currents
KCNQ1  1L492_E493 ins DL No change No change

KCNH2 T436M Increased peak currents ~ Slower deactivation
T895M Increased peak and tail  Slower deactivation
currents
SCN5A R986Q Decreased peak No change
currents
SCN1B T189M Increased peak currents Negative shift
in steady-state
activation

(Table 3). His brother and sister had been affected with AF
from a young age.

We transiently expressed WT and T436M in cultured
mammalian CHO-K1 cells for whole-cell voltage clamp
measurements (Figure II in the Data Supplement; Table 4).
Electrophysiological studies showed that the peak current
density for T436M was significantly greater than that for
the WT (Figure IIB and Table II in the Data Supplement).
No significant difference in activation kinetics or the steady-
state inactivation kinetics was observed between the mutant
and WT channels (Figure IID and IIF and Table II in the
Data Supplement). In contrast, slow and fast time constants
in the mutant channel were increased significantly compared
with those of the WT (Figure IIE and Table II in the Data
Supplement). Two-way repeated-measures ANOVA revealed
that the fast time constants were significantly increased in
the T436M compared with the WT (Figure IIE in the Data
Supplement). In silico prediction analysis indicated that
T436M was potentially benign, according to 5 algorithms
(Table 5).

The proband who was heterozygous for KCNH2 T895M
was a 58-year-old man with onset of AF at the age of 40
(Table 3). The ECG showed a normal QTc interval. He under-
went radiofrequency catheter ablation at the age of 59. His
father, who also carried T895M in KCNH2, had experienced
paroxysmal palpitations since his early 50s and developed a
transient ischemic attack at the age of 81. The proband’s son,
who carried the same variant, had also experienced paroxys-
mal palpitations about once a week since his late 20s.

When we transiently expressed WT and T895M in cul-
tured mammalian CHO-K1 cells for whole-cell voltage clamp
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Table 5. In Silico Prediction Analysis

Gene Amino Acid Change Polyphen-2 Grantham SIFT Score PROVEAN Score Score CADD

KCNAS H463R 0.195 29 0.031, damaging ~3.49, deleterious 14.25, deleterious
T527M 0.954, possibly 81 0.007, damaging ~4.96, deleterious 19.35, deleterious

damaging

KCnQ1 L492_E493 ins DL N/A N/A N/A N/A N/A

KCNH2 TA36M N/A 78 0.138 -0.42 1.52
T895M N/A 78 0.178 -1.57 17.78, deleterious

SCN5A R986Q N/A 103, radical 0.308 -0.62 11.17, deleterious

SCN1B T189M N/A 113, radical 0, damaging -0.08 15.27, deleterious

CADD indicates Combined Annotation Dependent Depletion; N/A, not available; PROVEAN, Protein Variation Effect Analyzer; and SIFT, Sorting Intolerant From Tolerant.

measurements, we observed a larger current for the mutant
channel than the WT channel (Figure 4). Electrophysiological
studies showed that the peak and tail current densities for
T895M were significantly larger than those for the WT, respec-
tively (Figure 4B and 4C; Table II in the Data Supplement;
Table 4). No significant difference in activation kinetics or
the steady-state inactivation kinetics when compared with the
WT was observed (Figure 4D and 4F; Table II in the Data
Supplement). In contrast, both slow and fast deactivation time
constants for the mutant channel were increased significantly
compared with those of the WT for voltages at —40 and —30
mYV (Figure 4E; Table II in the Data Supplement). In silico
analysis predicted that T895M was likely to be pathogenic,
although only according to the score CADD (Table 5).

Clinical Characteristics and Functional Properties
of SCN5A and SCN1B Variants

The proband who was heterozygous for SCN5A R986Q was
a 64-year-old man with onset of paroxysmal AF at the age of

58 (Table 3). None of his family members had clinical signs
of AE.

CHO-K1 cells were transiently transfected with vectors
expressing WT or R986Q ¢cDNA and the human 31 subunit
c¢DNA in combination with a bicistronic plasmid encoding
green fluorescent protein. Compared with the WT, R986Q
significantly reduced the peak sodium current density (; Table
4 Figure IIIB and Table III in the Data Supplement). No sig-
nificant difference was observed in the voltage-dependence of
steady-state activation or the voltage-dependence of steady-
state fast inactivation (Figure IIIC and IIID and Table III in
the Data Supplement). In silico analysis predicted that R986Q
was pathogenic, according to 2 algorithms (Table 5).

SCNIB T189M was detected in 2 probands with lone AF
(Table 3). One proband who was homozygous for the variant
was a 59-year-old woman who showed paroxysmal AF with
palpitations every few months. Her AF was always terminated
soon after taking pilsicainide. Her daughter, who was heterozy-
gous for the variant, was a 33-year-old woman and had never
experienced paroxysmal palpitations. The second proband, who
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Figure 3. Functional characterization of K 1.5 T527M in HEK293 cells. A, Representative currents generated in HEK293 cells, transfected
with 0.2 pg of a vector expressing KCNA5 WT alone (left) or 0.2 pg of a vector expressing KCNA5 T527M alone (right). B and C, -V rela-
tionships for peak currents (B) and tail currents (C) in HEK293 cells transfected with the wild-type (WT) vector alone (closed circle, n=33)
or the T527M vector (closed triangle, n=47). D, Mean amplitudes of normalized tail currents for WT alone (closed circle, n=33) and T527M
alone (closed triangle, n=42). *P<0.05 between the indicated current-voltage relationships by 2-way repeated-measures ANOVA.
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Figure 4. Functional characterization of K, 11.1 T895M in CHO-K1 cells. A, Representative currents generated in CHO-K1 cells, trans-
fected with 1 ug of a vector expressing KCNH2 wild-type (WT) alone (left) or 1 ug of a vector expressing KCNH2 T895M alone (right).
Pulse protocol is shown in the inset. B and C, /-V relationships for peak currents (B) and tail currents (C) in CHO-K1 cells transfected with

WT alone (closed circle, n=18) and T895M (closed triangle, n=18). D,

Mean amplitudes of normalized tail currents for WT alone (closed

circle, n=10) and T895M (closed triangle, n=13). E, Deactivation time constants of K 11.1 currents (protocol shown in the inset). The deac-

tivation process was fitted to biexponential functions. Deactivation ti

me constants of WT (fast component: open circle, n=13; slow com-

ponent: closed circle, n=13) and T895M (fast component: open triangle, n=15; slow component: closed triangle, n=15) are shown.

F, Normalized steady-state inactivation curves for WT (closed circle, n=8) and T895M {(closed triangle, n=11). Pulse protoco! is shown

in the inset. The current amplitude at the test potential was normalized and plotted against the prepulse potential. Curves represent the
best fits to a Boltzmann function. *P<0.01 or 1P<0.05 between the indicated current-voltage relationships by 2-way repeated-measures

ANOVA. $P<0.05 vs WT by Student t test.

was heterozygous for the variant, was a 55-year-old woman who
showed paroxysmal AF that was controlled well by pilsicainide.
This variant was also detected in a control subject in his 20s.
Threonine at 189 is located in the C terminus of the Na, (31
subunit and is highly conserved among the mammalian homo-
logs of this protein. Thus, we performed electrophysiological
analysis of the mutant Na 1 protein. When we coexpressed
Na,1.5 with the mutant Na 31 subunit, the expressed cur-
rent density was significantly larger than that observed with
the WT Na,f1 subunit (Figure 5A; Table 4). The maximum
peak current density of Na, 1.5 plus Na 1 T189M, measured
at =30 mV, was —463+100 pA/pF, which was significantly
smaller than the —240£34 pA/pF for Na, 1.5 plus Na 31 WT
(Figure 5B; Table III in the Data Supplement). -V curves

of normalized peak sodium current showed that the mutant
channel resulted in a significant negative voltage shift of
steady-state activation when compared with the WT chan-
nel (Figure 5C; Table III in the Data Supplement). No sig-
nificant difference was observed in the voltage dependence of
steady-state fast inactivation (Figure 5D; Table III in the Data
Supplement). In silico analysis predicted that T189M was
pathogenic, according to 3 algorithms (Table 5).

In Silico Prediction Analysis of Rare Variants
Associated With Lone AF

CADD is an integrated algorithm based on a total of 65
annotations; this approach predicted that both KCNAS vari-
ants (H463R and T527M), KCNH2 T895M, SCN5A R986Q,
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Figure 5. Functional characterization of Na,1.5+Na, 1 T189M in CHO-K1 cells. A, Representative currents generated in CHO-K1 cells
that had been transfected with 0.6 ug each of a vector expressing the Na, 1.5 channel and wild-type (WT) Na,f1 subunit (left) or 0.6 ug
each of a vector expressing the Na 1.5 channel and mutant Na,f1 subunit (right). Pulse protocol is shown in the inset. B, I-V relationships
for peak currents of Na,1.5+Na, 31 WT (closed circle, n=16) or Na,1.5+Na 1 mutant (closed triangle, n=16). C and D, Voltage depen-
dence of the steady-state activation and fast inactivation of Na V1.5+Na, 31 WT (closed circle, n=16) or Na,1.5+Na 31 mutant (closed

triangle, n=16), measured using standard pulse protocols.

and SCNIB T189M were deleterious (CADD score, >10;
Table 5). Seven variants were divided into 3 categories on the
basis of their cellular electrophysiological profile and CADD
scores: (1) cellular electrophysiologically abnormal and bio-
informatically deleterious variants, including KCNAS H463R
and T527M, KCNH2 T895M, SCN5A R986Q, and SCNIB
T189M; (2) cellular electrophysiologically abnormal and bio-
informatically benign variant, including KCNH2 T436M; and
(3) cellular electrophysiologically normal but bioinformati-
cally radical variant, including KCNQI 1.492_E493 ins DL
(Figure 6).

We also investigated how many rare (MAF, <1%) vari-
ants were predicted to be deleterious using an in silico pre-
diction tool (CADD scores, >10) and how many such alleles
were present in the 12 AF-associated genes, in the largest
exome sequencing study to date, using 61486 unrelated
individuals (ExAC data and browser).'">? We found as many
as 2255 variants (17859 alleles) that could potentially be
(mis)judged as causative based only on these frequency/
in silico prediction tool strategies (Figure IV in the Data
Supplement).

KCNQ1
1492_E493

NAS , 15271

KCNH2 T835M
SCN5A R986Q
SCN1BT189M

Electrophysiologically abnormal and
bioinformatically deleterious variants

Electrophysiologically abnormal and
bioinformatically benign variant

Electrophysiologically normal and
radical variant

Discussion
In this study, we analyzed 90 patients with lone AF for rare
genetic variants in 12 genes and identified 7 rare variants in
8 patients. This indicates that 8.9% of patients with lone AF
carry rare genetic variants. Of these 7 variants, 2 variants were
identified in the 250 control subjects (MAF, 0.2% each), 1 vari-
ant was reported in the EVS (MAF, <0.01%), and 3 variants
were reported in the EXAC (MAF, <0.05% each). More vari-
ants were reported in the EXAC than the EVS, likely because
the ExAC includes data of east and south Asia, whereas the
EVS comprises data of black and European American indi-
viduals. Because the MAFs of 3 variants (KCNAS T527M,
KCNH2 T436M, and SCN5A R986Q)) in the ExAC database
were significantly smaller than those in our case population,
these seem to be extremely rare variants. Recently, Olesen
et al'” reported that 29 rare variants had been identified among
192 patients with early-onset lone AF (onset of disease before
the age of 40). The frequency of rare variants in our lone AF
cohort (8.9%) was lower than that in Olesen’s study (15.1%).
There are several reasons for the difference in frequency: (1)
our cohort included individuals with onset of lone AF at an

Figure 6. Classification of rare variants
according to their electrophysiological and
bioinformatic properties. Seven rare variants
detected in this study were divided into' 3
groups: cellular electrophysiologically abnor-
mal and bioinformatically deleterious vari-
ants, cellular electrophysiologically abnormal
and bioinformatically benign variants, and
cellular electrophysiologically normal and
bioinformatically radical variants.
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older age, (2) Olesen et al'” defined rare variants as variants
with an MAF of <0.1% in the EVS, and (3) they performed
screening of genomic DNA for 14 genes, whereas 12 genes
were investigated in our study.

More than 100 rare variants have been reported in patients
with lone AF™; however, the functional effect of most vari-
ants has not been evaluated. In this study, we carefully charac-
terized each of the rare variants and could find that they have
novel or overt abnormalities in channel function.

One of the 2 KCNA5 variants identified in this study,
H463R, was a novel mutation; the histidine at codon 463
is located in the S5-pore loop, in the vicinity of the pore of
the K, 1.5 subunit. Our patch clamp study showed that this
mutation caused dominant-negative suppression of K 1.5
WT function and was considered to have a loss-of-function
effect. The loss-of-function mutation in the KCNAS gene can
lead to a decrease in I, , action potential prolongation, and
early after-depolarization. The other KCNAS variant, TS27M,
showed a gain-of-function effect with an enhanced steady-
state activation, which was revealed by electrophysiological
analysis. A previous study reported that 3 gain-of-function
variants in KCNAS displayed a negative voltage shift in the
steady-state activation curves.'® The T527 variant had previ-
ously been identified in a Chinese family with AF."

We identified 2 KCNH2 variants with gain-of-function
effects in patients with lone AF, although only a few KCNH2
variants have so far been reported in patients with lone AF%
KCNH?2 T436M had previously been identified in a long QT
syndrome family with low disease penetrance.?’ The proband
in our study was affected with AF from the age of 38 and had a
number of AF-affected family members. Furthermore, KCNH2
T895M had previously been identified in a patient with sud-
den infant death syndrome.? In our study, the proband’s father
and son, who both carried the T895M variant, had paroxysmal
palpitations. Our cellular electrophysiological studies showed
that the deactivation time course in both these K 11.1 chan-
nels were significantly slower than that in the WT channel,
which resulted in a gain-of-function effect. A previous study
of T895M in Xenopus oocytes showed that the deactivation
time constants in the T895M channel were increased signifi-
cantly compared with those of the WT,22 which corresponded
to our results. The gain-of-function KCNH2 variants impli-
cated in susceptibility to AF may exist more frequently than
indicated in previous reports.

Several KCNQI gain-of-function mutations have been
identified in patients with lone AF to date.® We found a
KCNQ!1 insertion variant (L492_E493insDL) in a lone AF
proband with normal QTc intervals. This is a so-called radical
variant, which is likely to be pathogenic; however, its channel
properties were similar to those of the WT channel.

We found a rare SCNSA variant, R986Q, in patients
with lone AF. In a heterologous expression study, R986Q
was categorized as a loss-of-function variant and can cause
shortening of the refractory period and slowing of conduc-
tion. We also identified an SCNIB T189M variant in 2 pro-
bands with lone AF and in 1 of 250 control subjects in this
study. Previously, several SCNIB variants have been reported
in patients with AF and had a loss-of-function effect.®* Our
cellular electrophysiological study showed that T189M was

Functional Characterization of Lone AF Variants 1103

a gain-of-function variant, which was predicted to lower the
threshold potential for cellular excitability. This is the first
report on an AF-associated SCNIB variant that leads to an
increased peak sodium current density and that changes the
voltage dependence of the steady-state fast activation of the
Na* channel. Moreover, our data indicated that the sodium-
channel blocker pilsicainide was effective for AF in probands
with gain-of-function variants in SCNIB.

Many prediction tools are available for predicting a patho-
genic or benign status for rare variants identified in patients
with various genetic disorders.'***? Giudicessi et al'* tested
whether 4 prediction tools—conservation analysis, Grantham
values, Sorting Intolerant From Tolerant, and PolyPhen2—
have the potential to enhance the classification of rare non-
synonymous single-nucleotide variants in type 1 and 2 long
QT syndromes. Their findings supported the potential syner-
gistic utility of these tools to enhance the classification of rare
variants; however, their use in isolation in clinical application
remains limited. CADD is an attractive prediction tool that
uses a total of 65 annotations, including gene models, con-
servation measures, and ENCODE data summaries.'® In this
study, 5 of 6 variants exhibiting electrophysiological abnor-
malities were predicted to be pathogenic according to their
CADD scores, reinforcing classification of these rare variants
as pathogenic in patients with lone AF.

Several clinical applications can be derived from this study.
First, at least 9% of patients with lone AF have a rare variant in
cardiac ion-channel genes. Four of 7 rare variants implicated in
susceptibility to AF showed gain-of-function effects by electro-
physiological studies. Second, rare ion-channel variants identi-
fied in patients with lone AF have therapeutic implications.” In
particular, patients with gain-of-function variants are likely to
benefit from a drug that enables selective inhibition of mutant
channel complexes. A previous study showed the enhanced
sensitivity of KCNQ! gain-of-function mutations for the I,
selective blocker HMR-1556.% In our study, sodium-channel
blockers were shown to be effective in patients harboring
SCNIB T189M. Similarly, /,  channel blocking or I channel
blocking may be effective for preventing the shortening of action
potential duration in patients with KCNAS T527M or KCNH2
T436M and T895M. Thus, genetic testing of major ion-channel
genes for patients with lone AF is therefore significant. In addi-
tion, the rare variants annotated as pathogenic by CADD should
be evaluated to determine whether they have loss-of-function or
gain-of-function effects by electrophysiological studies. Third,
several asymptomatic family members with rare variants were
identified in this study and may have a risk of developing AF
in future. These subjects should be advised to avoid acquired
risk factors for the development of AF, and preventive care for
reducing these risk factors should be provided.

Study Limitations

This study has several limitations. First, 12 major genes were
examined here for rare variants associated with AF and were
only a small fraction of potential genes related to AF. Whole-
exome sequencing or targeted next-generation sequencing
may reveal more variants associated with AF in many genes.
Second, the case population (n=90) and the control popula-
tion (n=250) used in this study were relatively small. Indeed,
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recent reports studied 192 to 307 patients with Jone AF or 216
to 240 healthy subjects as a reference.'®* However, we used
data from the EVS'' and the EXAC data and browser'? as refer-
ence groups. Finally, only the individual variants identified in
the cases were evaluated in the control population. It is pos-
sible that a series of rare variants may have been identified in
the controls if the rest of the coding region of each gene had
been fully screened in the controls. In fact, 2255 rare and del-
eterious variants (MAF, <1%; CADD scores, >10) in 12 AF-
associated genes were found in the EXAC data and browser,
which comprises in excess of 60000 unrelated individuals
sequenced (Figure IV in the Data Supplement). This empha-
sizes the importance of both phenotype assessments and
functional analyses for the determination of disease-causing
variants even in this comprehensive genotyping era.

Conclusions

In our cohort of patients with lone AF, 7 rare variants in car-
diac ion-channel genes were identified in 8 probands, with a
prevalence of =9%. These variants were extremely rare and
characterized as causing susceptibility to AF by either electro-
physiological study or in silico prediction analysis. More than
half of AF-associated rare variants showed gain-of-function
behavior, which is likely to benefit from a drug that blocks
particular ion channels.
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Abstract

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is one of the causes of sud-
den cardiac death in young people and results from RYR2 mutations in ~60% of CPVT
patients. The inheritance of the RYR2 mutations follows an autosomal dominant trait, how-
ever, de novo mutations are often identified during familial analysis. In 36 symptomatic
CPVT probands with RYR2 mutations, we genotyped their parents and confirmed the origin
of the respective mutation. In 26 sets of proband and both parents (trio), we identified 17 de
novomutations (65.4%), seven from their mothers and only two mutations were inherited
from their fathers. Among nine sets of proband and mother, five mutations were inherited
from mothers. Four other mutations were of unknown origin. The inheritance of RYR2 muta-
tions was significantly more frequent from mothers (n = 12, 34.3%) than fathers (n =2,
5.7%) (P = 0.013). The mean ages of onset were not significantly different in probands
between de novo mutations and those from mothers. Thus, half of the RYR2 mutations in
our cohort were de novo, and most of the remaining mutations were inherited from mothers.
These data would be useful for family analysis and risk stratification of the disease.

Introduction

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited disease char-
acterised by polymorphic ventricular tachycardia induced by exercise or emotional stress in
childhood[1]. Sometimes, the first attack of CPVT leads to sudden cardiac death in the young.
Five causative genes of CPVT have been reported; RYR2[2], CASQ2[3], KCNJ2[4], TRDN{5]
and CALM1(6], and >60% of CPVT patients carry mutations in RYR2[7]. RYR2 gene encodes
cardiac ryanodine receptor (RyR2), and RyR2 is indispensable for Ca** release from sarcoplas-
mic reticulum (SR), consequently controls the cardiac contraction{8]. CPVT-related RYR2
mutations were reported to cause abnormal calcium leak from SR[9].
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The inheritance mode of CPVT is both autosomal dominant and recessive; mutations in
RYR2[2], KCNJ2[4] and CALM1[6] follow a dominant trait, CASQ2[3] and TRDN|[5], reces-
sive. Among RYR2-positive CPVT patients, large CPVT families with RYR2 mutations have
been reported in the literature, however, sporadic cases have also been frequently found. We
recently demonstrated two families with RYR2 exon 3 deletion[10]. In both families, the muta-
tion was inherited from the maternal side, and there was only one male among six carriers of
this exon deletion mutation. As the inheritance mode or frequency of de novo RYR2 mutation
has not been extensively studied, this study searched for the characteristics of RYR2 mutations

in the view of their mode of inheritance.

Methods
Study Cohort

The study cohort consisted of 36 Japanese CPVT probands (18 boys) with RYR2 mutations,
their 62 parents and their 29 siblings. All the probands suffered syncope or cardiac pulmonary
arrest (CPA) and were registered for genetic screening between 2005 and 2013 in Shiga Univer-
sity of Medical Science. Genetic analysis was performed after obtaining written informed con-
sent in accordance with the study protocol approved by the Institutional Review Board of
Shiga University of Medical Science. The approved number is 23-128. In the study protocol,
we included the statement that the research results would be published with anonymized clini-
cal information. If the participants were minors or children, we obtained the informed consent
verbally from them and written consent from their guardians. The verbal consent was recorded
in the clinical record, and our Institutional Review Board approved to obtain written consent
from their guardians. According to the participating family members, we divided them into
three groups: 26 sets of proband and both parents (trio), 9 sets of proband and mother (P-M)
and 1 sets of proband and father (P-F) (Fig 1). All the participating parents were also geno-
typed, and the origin of the mutation was classified into four groups: de novo, from mother,
from father and unknown. Their consanguinity of de novo group were confirmed by screening
of 15 single nucleotide polymorphisms and 1 microsatellite. The unknown group included the
case where the inheritance mode could not be determined due to the non-participation of
either one of their parents. We evaluated the clinical and genetic characteristics of the probands
and compared them in two groups: de novo and maternal origin. The mutation locations were
classified into three groups based on the previous report [11]. In 23 trio families, we compared
the age of parents at the birth of the probands in three groups: de novo, maternally- and pater-
nally originated mutations.

Statistical analysis

All continuous variables are reported as mean * SD. Differences between continuous variables
were evaluated using unpaired Student ¢-test or Mann-Whitney Rank Sum Test, and categori-
cal variables were analysed using Fisher exact test. Statistical significance was considered at
P<0.05.

Results
Origin of the mutations

In 26 mutations identified in 26 probands of the trio group, 17 RYR2 mutations were con-
firmed to be de novo, seven mutations were from their mothers and two from their fathers.
(Fig 1 and Table 1). One of the fathers (patient 15) was suspected to carry the mutation in
mosaicism (Fig 2). Five mutations from nine mutations in the P-M group were inherited from
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CPVT probands and parents

17 A ,

de novo | Mothers Father | Unknown

17/26 12/35 2/27 5/10
L1

P<0.013

Fig 1. Scheme for Mutation Inheritance. Showing the number of screened family members and the origin of
RYR2 mutations. The boxes in the middle lane show genotyped family members in each group. Trio; proband
and both parents, P-M; proband and mother, P-F; Proband and father.

doi:10.1371/journal.pone.0131517.g001

their mothers, and four were unknown origin; de novo or from their fathers. Although four
fathers in the P-M group did not agree to the genetic analysis, they were all healthy and had no
history of syncope or cardiac arrest. The mother and maternal grandmother of patient 26
(Table 1) died suddenly at a young age, and his sister carried the same mutation. Accordingly,
the mutation appeared to come from his mother side, but we failed to obtain their maternal
genomic information. Therefore, his mutation was consequently classified as unknown origin.

In total, 17 mutations were confirmed to be de novo from the 26 trio group, 12 were from
35 mothers and only two were from 27 fathers (Fig 1). The frequency of mutations originating
from mothers was significantly higher than that from fathers (P = 0.013). Five of 12 mothers
with mutations suffered syncope and were diagnosed as CPVT after the diagnosis of their chil-
dren. In contrast, no father had symptoms nor was diagnosed as CPVT (Table 1).

We extended the genetic analysis in the 29 siblings of the probands from 21 families; 14 in
de novo, 9 in maternal origin, one in paternal origin and 5 in unknown mutation origin. We
identified 4 siblings with mutations in maternal origin families and one sibling with a mutation
in a paternal origin family, though there were no genotype positive siblings in families of pro-
bands with de novo mutation. The result suggested the low possibility of germline mosaicism
in de novo families.

Location of mutations

Among 12 mutations inherited from mothers, seven (58.3%) were located in the N-terminus,
while only four (23.6%) from 17 de novo mutations were located in the N-terminus (Table 1).
Regarding four de novo N-terminal mutations, three were at residue 169. In contrast, two
maternal mutations (16.7%) were located in the central domain and three (12.5%) were located
in the C-terminus. Both paternal mutations were located in the central domain.
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Table 1. Clinical and genetic summaries of probands.

Age RYR2 mutation Phenotype of
Parents

Patient Sex Genetic Onset Most Nucleotide Amino Acids Location Genotyped Inheritance Father

Mother

Number Analysis severe Family
symptom Members

e
N57.G91del35

£
exon 3 deletion

NT : Maternal ‘none syncope

de novo

de novo

F 12 7 CPA

R420Q = - -NT P-M Maternal *  none

Maternal

Maternal

syncope
spmiont

~‘Central - Trio denovo

(

Paternal

18 M 12 12 CPA 7423g>t V2475F Central P-M de novo or. © ‘none none
. ; P

de novo

de novo

de novo or
M \

28 F 6 6 CPA 12579c>g - C4193W. CT ~ Tro' denovo ' none none

‘Syncope »a. o VATl oG PM Matemal syncope

34 M17 14 CPA = 14806c>a . Q4936K cT Trio de novo none - none

Q3304E, Central =

: Maternal none . syncope
A4T741V - +and CT )

CPA,; cardiac pulmonary arrest, NT; N-terminal, CT; C-terminal, SD; sudden death

doi:10.1371/journal.pone.0131517.1001
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Control

GG GAATGGGCTT C

Patient15
GG G A ATGAGGCTT C

;‘E“”::

Father (Patient 15)

GG G A ATGAGGCTTC

Fig 2. Sequence Electropherograms of Patient 15. Sequence electropherogram of control (upper), patient
15 (middle) and his father (bottom). The peak of the mutant ‘a’ allele in 7024 residue (red arrow) was lower
than the original ‘g’ peak in the sequence electropherogram of the father, which suggested the presence of
mosaicism.

doi:10.1371/journal.pone.0131517.g002

Clinical comparison between de novo and the P-M group

We compared clinical characteristics between 17 probands with de #ovo mutations and 12 with
mutations from the maternal side (Table 2). In the de novo mutation group, nine probands

Table 2. Clinical characteristics of probands with de novo or maternal mutations.

de novo Maternal
n=17 n=12

Mean age of Onset : . ; ) 11.0£6.4

Syncope n (%) o o8 (47.1) 7 (667)
doi:10.1371/journal.pone.0131517.1002
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F=0.018

40 -
e Father
1 Mother
30 + T
S 20
g |
10
0

De novo
{n=15}

T 1
Maternal Paternal
{n=6} {n=2)

Origin of the mutation

Fig 3. Mean Age of parents depends on the RYR2 mutation origin. Bar graphs depict mean ages of parents at the birth of probands. Filled bars indicate
those of fathers and open bars those of mothers. The mean age of genotype-positive fathers was significantly younger than that of the de novo mutation

group.

doi:10.1371/journal.pone.0131517.g003

(52.9%) were male, while in the maternal mutation group there were only four males (33.3%).
The mean ages of onset were younger in de novo mutation carriers (8.4 + 3.6 y.0.) than in
mother oriented mutation carriers (11.0 £ 6.4 y.0.). There was no significant difference in the
severity of symptoms between the two groups.

Ages of parents at birth of probands

In 23 trio families, we examined the ages of parents at the births of probands (Fig 3). According
to the category of RYR2 mutations, there were 15 de novo, six maternal and two paternal origin.
The mean age of fathers carrying mutations was significantly younger than that in the de novo
group (23.5 4.9 y.0. vs. 32.6 + 5.3 y.0. P = 0.019). On the other hand, there was no difference
of the ages among mothers.

Discussion

In the present study, we first demonstrated that almost half of CPVT-related RYR2 mutations
were de novo, and the remaining were mostly inherited from mothers. Although the inheri-
tance of CPVT caused by RYR2 mutations follows an autosomal dominant trait, the high
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frequency of de novo mutations would result in higher occurrence of sporadic cases and
thereby confusing the precise diagnosis of CPVT.

One of the most well-known de novo mutations is FGFR3-G380R, which is detected in
more than 98% of patients with achondroplasia [12]. Advanced paternal age has been shown to
increase the risk for the disease, and germline mutation in sperm has been reported in the dis-
ease. In RYR2 mutations, we showed that the age of fathers in the de novo mutation group was
older than that of fathers with mutations, though the number of paternal inheritance was
small, and mosaicism may be present in one of the fathers.

Several reports have investigated the inheritance of RYR2 mutations identified in CPVT.
Priori et al.,[13] demonstrated that RYR2 mutations were identified in 14 families, and 10 of
these 14 mutations were de novo and two were inherited from mothers and only one was inher-
ited from the father. The remaining one mutation was probably inherited from the maternal
side because she died suddenly at 38 years old. Notably, two genotype-positive mothers in their
report were symptomatic, while one genotype-positive father was not. Thus, there was a possi-
bility that the paternal mutation was not the major cause of CPVT, just a rare variant. In our
study, two genotype-positive fathers were also asymptomatic, and their mutation sites were
very close (residue 2342 and 2390).

In contrast, a dissimilar inheritance pattern was reported in 2012[11]. In familial evaluation
with RYR2 mutations, 17 families confirmed the inheritance of RYR2 mutations; six in both de
novo and maternal, and five in paternal. In the report, we could not obtain the phenotype of
their parents or confirm the malignancy of mutations; however, the high paternal mutation
inheritance differed from that reported in the previous study.

The low frequency of paternal inheritance may result from the poor prognosis of male
patients compared to females[13]. Male CPVT patients might die before the age of reproduc-
tion. Indeed, we found that fathers of probands with paternal RYR2 mutations were younger
than those of probands with de novo mutations. Recently, flecainide therapy for prevention of
polymorphic ventricular tachycardia has been prevalent[14, 15], and adequate ICD implanta-
tion will improve the prognosis of CPVT patients. These therapies may change the inheritance
mode of RYR2 mutations in CPVT in the future.

Study Limitation

Although we reported that half of the RYR2 mutations identified in CPVT were de novo, we
could not completely rule out cases of mosaicism by PCR-based Sanger methods. In addition,
we could not search for the germline mosaicism using other organs nor next generation
sequencing analysis to detect low frequency mosaicism.

Conclusions

Almost half of RYR2 mutations identified in CPVT patients were de novo, and others were
mainly inherited from their mothers. Parents with RYR2 mutations often remain asymptom-
atic, therefore we need a strict and detailed history taking, exercise tolerance test and genetic
survey to prevent a severe cardiac phenotype occurring in younger mutation carriers and their
siblings.
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Introduction

Sudden cardiac death (SCD) is a leading cause of mortality in West-
ern countries, with an incidence close to one per 1000 individuals
per year.1 Sudden cardiac death results most frequently from ven-
tricular fibrillation (VF) in the setting of coronary artery disease.?
In 5-10% of cases, however, SCD and VF occur in the absence of
identifiable structural heart disease, referred as idiopathic VF.?
The mechanism underlying idiopathic VF remains largely unknown,
except for rare hereditary cases with genetic mutations in cardiac
ion channels or their regulators.

In contrast to the atrium of the heart, where the electrical signal
propagates from top to bottom, in the ventricles electrical signals
propagate upward from apex to base, resulting in coordinated con-
traction of the heart and efficient cardiac output. To achieve reverse
propagation of electrical signals, the ventricle is equipped with a spe-
cialized conduction network, the His-Purkinje system. A plethora of
clinical information and recent experimental data have indicated
that perturbation in the His-Purkinje system is tightly associated
with cardiac arrhythmias and SCD**; however, the mechanistic
and genetic link between the His-Purkinje system and VF remain
largely unknown.

Irx3 is a member of the Iroquois homebox homeodomain

. transcription factors. Irx3 is expressed predominantly in the
His-Purkinje system in the heart, and its genetic deletion results in
perturbation of the His-Purkinje system in apparently normal
hearts.> Thus, Irx3-null (Irx3™'~) mouse should provide a good op-
portunity to study the relationship between the His-Purkinje system
and idiopathic VF. Here we examined the arrhythmogenicity in
Irx3™/~ mice. Since we found that Irx3™/~ mice were highly arrhyth-
mogenic, we subsequently set up for a genetic screening of IRX3 mu-
tations in patients with idiopathic VF. Our data showed that genetic
defects in Irx3/IRX3 are linked to arrhythmias in apparently healthy
hearts that mostly occur in the settings with elevated sympathetic
nervous system activity.

Methods

Detailed methods are described in Supplementary material.

In vivo and ex vivo studies in mice

In wild-type (WT), Irx3*'7, and I3 ™'~ mice, surface electrocardio-
gram (ECG) was recorded in the lead Il. In subgroup of animals, ambu-
latory ECG monitoring was performed under baseline, during
swimming, after administration of isoproterenol, and after surgical cre-
ation of myocardial infarction. Ultrasound echocardiography was per-
formed to evaluate left ventricular contractility and dimension in
short-axis view at the level of the papillary muscles. In vivo electrophysio-
logical study was performed with a custom-made 1 Fr four polar cath-
eter. Ex vivo optical mapping was performed on excised hearts under the

Langendorff perfusion with a voltage-sensitive dye, di-4-ANEPPS
(Sigma-Aldrich).

Patient collection and detection of mutations
We obtained genome DNA from lymphocytes in patients with VF in-
cluding idiopathic VF, Brugada syndrome, early repolarization syndrome,
and short-QT syndrome. Written informed consents were obtained
from the patients and were approved by the institutional review boards
of each institute. )

Genomic DNA was isolated from blood sample, was amplified with
PCR, and direct sequencing was performed.

In vitro analysis

In vitro analysis was performed in HL-1, a cell line derived from mouse
atrial myocytes, or in neonatal murine ventricular myocytes. Murine
Irx3 with or without mutation was subcloned into plasmid vector,
pcDNA3.1+ (Life Technologies) or adenoviral vector pAD-CMV-
DEST (Life Technology) and was introduced into HL-1 or neonatal mur-
ine ventricular myocytes. Quantitative RT-PCR was performed using
extracted murine mRNA.

Statistical analyses

All data are shown in terms of mean and SD values. Two-group com-
parison was analysed by unpaired two-tailed Student’s t-test unless de-
scribed otherwise, and multiple-group comparison was performed by
analysis of variance, followed by the Fisher’s protected least significant
difference test for comparison of each group. Categorical data were
compared with the Fisher’s exact test. Statistical analyses were per-
formed with Statview (version 5). P value of <.05 was considered stat-
istically significant.

Results

Arrhythmogenicity is increased in

Irx3~'™ mice

The Irx3-null (Irx3™ 7) mouse that we generated (Supplementary
material online, Figure STA—C) showed reduced expression of
Cx40 and Scn5a (Supplementary material online, Figures $4-57),
and ventricular conduction disturbance as previously reported
(Supplementary material online, Figure $2B and Table $1).° Gross
anatomical analysis found no apparent malformation, and echo-
cardiography showed no difference in ventricular chamber size,
ventricular wall thickness, or left ventricular contractile function
between WT and Irx3™'™ mice (Supplementary material online,
Figure 53 and Table 52). Thus, Irx3™'™ mice have disturbance exclu-
sively in the conduction of the His-Purkinje system in otherwise nor-
mal hearts, providing a suitable model to evaluate the possible link
between His-Purkinje system conduction disturbance and arrhyth-
mogenicity in apparently normal hearts.
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Telemetry ECG recordings in ambulatory conditions showed
that both homozygous 3™/~ and heterozygous Irx3+™ mice
but not WT mice frequently exhibited complete atrio-ventricular
(AV) blocks, ventricular tachyarrhytmias (VTAs) defined as
consecutive ventricular premature contractions (VPCs) more than
couplets, and ventricular tachycardias (VTs) defined as VPCs more
than triplets (Figure TA—C). Strikingly, these arrhythmic events oc-
curred predominantly at night, an active phase of mice, implicating
relation of these arrhythmias to elevated sympathetic nervous
system tone. We tested this possibility by monitoring telemetric
ECG under several pathophysiological conditions, in which sympa-
thetic nerve activity is believed to be high. Administration of a sym-
pathetic nerve B-receptor agonist, isoproterenol (0.05 mg/kg, i.p.),
induced transient AV block and VTAs in homozygotic Irx3 ™/~
mice (Figure 1D and E) and heterozygotic Irx3™ ™ (Figure 1F) mice,
but never in WT mice. In Irx3™'~ mice, ECGs during swimming re-
vealed frequent AV block and occasional VTAs (Figure 1G and H).
In the acute phase of myocardial infarction, activated sympathetic
nervous system plays a role in development of life-threatening
arrhythmias.6 Within 24 h after onset of myocardial infarc-
tion, Irx3 ™'~ mice, but not WT mice exhibited frequent VTAs
(Figure 11 and J). Ventricular premature contractions were seen in
both mice: however, the frequency of VPCs was markedly higher
in Irx3~/ mice than in WT mice (Figure 1K).

In the cardiac conduction system, the sino-atrial and AV nodes are
innervated by the autonomic nervous systems, while the His-
Purkinje system is relatively devoid of autonomic nerve supply.
Thus, sympathetic nerve activation enhances the automaticity in
the sino-atrial node and the conductivity in the AV node that can
stress the His-Purkinje system.7 We hypothesized that sympathetic
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nerve activation-induced stress in His-Purkinje system may bring out
an arrhythmogenic phenotype. To test this hypothesis, we carried
out ex vivo optical mapping. In the control condition, propagation
of the action potential over the epicardium was significantly slower
in Irx3~'~ mice than in WT mice (1.65 + 0.50 vs. 1.07 + 0.32 m/s,
P = 0.047) (Figure 2A), consistent with disturbed conduction in
Irx3™'" mice in the basal condition. Isoproterenol administration
(10 nM) hastened the heart rate both in WT and Irx3™'~ mice. In
all of seven WT mice tested, action potentials exhibited an identical
propagation pattern to that of the basal condition—propagation
from apex to base—without propagation delay. In four of six
Irx3™'~ mice, action potentials exhibited an entirely different propa-
gation pattern with marked slowing of propagation (Figure 2B). In
Irx3™'~ mice, but not in WT mice, various types of arrhythmias in-
cluding AV block, VTAs, and VTs were detected (Figure 2C and D).

IRX3 gene defects are found in patients
with idiopathic ventricular fibrillation

Next, we asked if genetic defects in IRX3 are also related to lethal
ventricular arrhythmias in human. We analysed the sequence of
IRX3 exons in 130 probands of idiopathic VF, Brugada syndrome,
early repolarization syndrome, and short-QT syndrome, in whom
mutations in SCN5A had not been detected. As a control, the se-
quence of IRX3 exons was determined in 250 healthy volunteers.
In the idiopathic VF group, we found two novel mutations of IRX3
in a family of idiopathic VF with bundle branch block (Family #1,
Figure 3A) and that without bundle branch block (Family #2,
Figure 3B), respectively. We examined the sequence of exons in
13 proposed Brugada syndrome-related genes in human (SCN5A,
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AV block with VT
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GPD1-L, CACNA1C, CACNB2, KCNE3, SCN1B, SCN3B, KCNJ8, MOGT,
HCN4, KCND3, KCNES5, and SLMAP), and found no mutations in any
of 130 probands with idiopathic VF or 250 healthy volunteers. The
proband in the Family #1 is a 51 y.o. male who developed VF during
ice skating. He showed a type 1 Brugada-type ECG with incomplete
right bundle branch block (RBBB) pattern (Figure 3C). His father had
complete AV block demanding pacemaker implantation (Supple-
mentary material online, Figure ST0A), and his son showed complete
RBBB (Supplementary material online, Figure $70C). They had an
identical point mutation, 1262G>C, resulting in replacement of

arginine at residue 421 to proline (R421P) in IRX3. Mother and
daughter did not have this mutation, and the ECG was normal (Sup-
plementary material online, Figure S10B and D). The proband in the
Family #2 is a 15 y.o. male and exhibited VF during commuting. His
ECG did not show either Brugada-like ECG or early repolarization
(Supplementary material online, Figure S71A). The proband, grand-
mother, and mother had identical point mutation, 1453C>A, re-
sulting in replacement of proline at residue 485 to threonine
(P485T). The grandmother had experienced syncope with unknown
origin, while the mother as well as the father, the sister or the broth-
er did not experience an episode of SCD, VTAs, or syncope. Nei-
ther R421P nor P485T mutations were found in 250 healthy
velunteers, and were not reported previously including 1000 gen-
omes database.

IRX3 mutations recapitulate Cx40

and Scn5a down-regulation

Since the disturbance of the His-Purkinje system conduction in
Irx3™'™ mice is attributed to decreased expression of Cx40 and
Scnb5a, we examined if the [RX3 mutations found in humans affected
the expression of Cx40 and Scn5a. The sequence was highly con-
served between human IRX3 and mouse Irx3 (85% homologous in
nucleotide, and 91% in amino acid) (Figure 4A).2” The sites of
both mutations were conserved in mouse (reverse triangles in
Figure 4A). Thus, we infected adenovirus expressing mouse Irx3
without mutation or that with R426P (corresponds to human
R421P) or P491T (human P485T) mutation into HL-1 cells, a cell
line derived from mouse atrial myocytes or neonatal murine ven-
tricular myocytes. We also performed transfection of Irx3 in
pcDNA3 vector into HL-1 cells to exclude the non-specific effect
by adenovirus. To exclude the influence of variability in Irx3 expres-
sion level, Cx40 and Scn5a mRNA expression was normalized to
the expression of Irx3 mRNA using a Ct comparative method. In
all three conditions, the transfection of WT Irx3 increased the ex-
pression of Cx40 and Scnba, but not Cx43; up-regulation of Cx40
and Scn5a was significantly less with transfection of each of three
mutated Irx3 than with WT Irx3 (Figure 4B—G).

Discussion

A certain fraction of SCD occurs in apparently normal hearts, re-
ferred as idiopathic VF.2 We found genetic defects in a transcription
factor, IRX3, in patients with idiopathic VF. [RX3 is a transcription
factor specifically expressed in the His-Purkinje system in the heart®;
Irx3™'™ mouse had disturbance of ventricular fast conduction with-
out anatomical or contraction abnormalities, and exhibited frequent
VTAs. Up to the present, genetic defects in at least 13 genes have
been linked to idiopathic VF, including Brugada syndrome and early
repolarization syndrome. IRX3/Irx3 genetic defects appear to
be unique because they predominantly cause disturbance of the
His-Purkinje system conduction. The link between genetic defects
in cardiac transcription factors and cardiac arrhythmias has previ-
ously been reported for Nkx2.5 and Tbx5 in the context of cardiac
malformation.'®'" Among the genetic defects in cardiac trans-

. cription factors, the IRX3/Irx3 mutation is also unique because it
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