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DNA ISOLATION AND MUTATION ANALYSIS. Genomic
DNA was amplified using a standard polymerase
chain reaction method. High-resolution melting
(HRM) curve analysis (LightScanner, BioFire Defense,
Salt Lake City, Utah) or denaturing high-performance
liquid chromatography (dHPLC) (WAVE System
Model 3500; Transgenomic, Omaha, Nebraska) were
used to screen for KCNQ1, KCNH2, SCN5A, KCNE1,
KCNE2, and KCNJ5. Samples in which the melting
curve deviated from the wild-type control were sub-
jected to DNA direct sequencing.

INTERPRETATION OF SEQUENCE VARIANTS. Variants of
minor allele frequency (MAF) of <1% in the East Asian
population from the Exome Aggregation Consortium
(ExAC) were defined as rare. Combined Annotation
Dependent Depletion (CADD) software was applied to
predict the pathogenicity of LQTS-associated vari-
ants. CADD scores objectively integrate many diverse
annotations into a single measure (C-score), and a
scaled C-score of =10 indicates that the variant is
predicted to be among the 10% most deleterious
substitutions that can occur in the human genome: 1)
rare and null (nonsense, frameshift, canonical with or
without 1 or 2 splice sites) variants; and/or 2) rare
variants with a C-score of =10 were considered
pathogenic.

STATISTICAL ANALYSIS. The chi-square test and
Fisher’s exact test were used to assess the hypothesis
of independence between categorical variables. The
Student’s t-test was applied for comparison of means
between 2 groups. Bonferroni’s correction was per-
formed for multiple comparisons. Receiver-operator
characteristic (ROC) curve analysis and the area
under the ROC curve (AUC) were used to quantify the
ability of Schwartz scores to detect LQTS mutation
carriers. A p value of <0.05 was considered statisti-
cally significant. Statistical analysis was performed
using JMP Pro 11.0.0 (SAS Institute Inc., Cary, North
Carolina) and Origin 9.0 (OriginLab, Northampton,
Massachusetts).

RESULTS

BASELINE CHARACTERISTICS AND ECG PARAMETERS.

Table 1 summarizes the patient characteristics for the
entire cohort (n = 132) and for patients categorized
according to the recovery phase QTc during exercise
stress testing (QTc =480 ms, n = 72 vs. QTc <480 ms;
n = 60). A total of 29 of 132 patients (72 women;
mean age 18 + 14 years) had a family history of LQTS,
and 26 had a history of syncope or aborted cardiac
arrest. More patients with a QTc =480 ms at the
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4-min recovery phase had a positive family history
or a cardiac event than those with a QTc <480 ms
(Table 1).

Genetic analyses revealed 21 patients with 12 sin-
gle KCNQ1 mutations, 21 patients with 16 single
KCNH2 mutations, 4 patients with 4 single SCN5A
mutations, 1 patient with a single KCNE1 mutation,
and 5 patients with 4 compound mutations (Tables 1
and 2). The MAFs for all mutations were <1% in the
East Asian population in the ExAC data and browser,
and the CADD scores for all variants were >10
(Table 2). Forty-four of 72 patients with prolonged
QTc at the recovery phase had LQTS-related muta-
tions, whereas 8 of 60 patients without prolonged
QTc at the recovery phase had LQTS-related muta-
tions (p < 0.0001). Twenty of 72 patients with a
QTc =480 ms after exercise had LQT1 mutations,
whereas there was only 1 patient of 60 patients
who did not have post-exercise QTc prolongation
(p < 0.0001) (Table 1).

TABLE 1 Clinical, ECG; and Ger

Recovery Phase QTc During
Exercise Stress Testing

Entire Cohort QTc =480 ms QTc <480 ms

n=132) (n=72) (n = 60) p Value*
Ageys | ®Biw | 7iEf | Wis | 0005
Female 72 (55) 25 (42)

47 (65) 0.0068

88 + 20
480 + 56

0.2588
<0.0001

HR, beat/min
QTc, ms

: arriers
Mutation genes, n

KCNQ1 21 20 1 <0.0001
KCNH2 21 15 6 0.101
SCN5A 4 4 0 0.1255
KCNET 1 1 0.4545
Compound 5 5 o] 0.0629

Values are mean = SD or n (%). *p value between QTc =480 ms and QTc <480 ms. tp = 0.0002
versus the 2011 criteria. #p < 0.0001 versus the 2011 criteria. §p = 0.0014 versus the 2011
criteria.

ACA = aborted cardiac arrest; ECG = electrocardiography; HR = heart rate; LQTS = long QT
syndrome.
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TABLE 2 List nf M'dfétloﬁéi und in S:thu‘dy‘Pétyiehts‘ .
MAF MAF

Gene Mutation Region (EXAC, East Asian) Score CADD  Gene Mutation Region (EXAC, East Asian) Score CADD

Single mutations s e T R I
KCNQT  S177T 52-53 N/A 28.8 KCNH2  H492Y $2-S3 0.0001156 27
KCNQT  D242N 54-S5 N/A 32 KCNH2 R534C 54 N/A 217
KCNQT  W248F 54-S5 N/A 28.7 KCNH2 GBO1S SS-pore N/A 15.53
KCNQT  S277L S5 N/A 32 KCNH2  N633I pore N/A 25.6
KCNQT  Y281C S5 N/A 25 KCNH2  E637K S6 N/A 28.8 |
KCNQT  A341V S6 N/A 34 KCNH2 D712N S6/CNBD N/A 28.6
KCNQ1  IVS7+3A>G 56 N/A 23.6 KCNH2 H771fsX796  S6/CNBD N/A 35
KCNQT  R366W C-terminal N/A 34 KCNH2 1908fsX969 C-terminal N/A 35
KCNQT  K422fsX431  C-terminal N/A 35 KCNH2 G909fsx66  C-terminal N/A 34
KCNQT  R555H C-terminal N/A 34 KCNH2  G925fsX973  C-terminal N/A 31
KCNQ1  R59TH C-terminal N/A 32 KCNH2  G967fsX8 C-terminal N/A 34
KCNQT  IVS154-2T>C  C-terminal N/A 14.53 SCN5A  AT180V Dil-DHi 0.001614 18.09
KCNH2  G53S N-terminal N/A 33 SCN5A  R1644H Div-54 N/A 33
KCNH2  C64R N-terminal N/A 24.8 SCN5A  A1746T Div-54 N/A 23.4
KCNH2  M124T N-terminal N/A 252 SCN5A  E1784K C-terminal N/A 33
KCNH2  P151fsX165  N-terminal N/A 32 KCNET ~ R98W C-terminal 0.0001159 28.1
KCNH2 = G183fsX198  N-terminal N/A 26.4

Compound mutations O T s e e e
KCNQT  RS18X C-terminal N/A 39 SCN5A F532C DDl 0.0002703 282
KCNQT  A525V C-terminal N/A 34 SCN5A  AT180V DII-DI 0.001614 18.09
KCNH2  P114S N-terminal N/A 27.3 SCN5A  F532C DI-DlI 0.0002703- 28.2
KCNH2  P334L N-terminal N/A 31 SCN5A  D1114N N-terminal N/A 10.85

CADD = combined annotation dependent depletion; MAF= minor allele frequency; N/A = not available.

DISTRIBUTION OF STUDY PATIENTS ACCORDING TO
EACH CRITERIA. Based on the 1993 and the 2006
LQTS criteria, 32 and 36 of 132 patients were diag-
nosed as having a high probability of LQTS, respec-
tively (Table 1, Figure 1). Interestingly, the
application of the 2011 criteria significantly
increased the number of patients with a high prob-
ability of LQTS (32 vs. 62, 1993 vs. 2011; p = 0.0002,
and 36 vs. 62, 2006 vs. 2011; p = 0.0014) (Figure 1).
Of the 72 patients with post-exercise QTc =480 ms,
29 and 31 patients were diagnosed with a high
probability of LQTS by the 1993 and the 2006
criteria, respectively. In contrast, 57 of these 72 pa-
tients were diagnosed with a high probability of
LQTS by the 2011 criteria (p < 0.0001 vs. the 1993 or
2006 criteria) (Table 1).

FREQUENCY OF LQTS MUTATION CARRIERS AND
DIAGNOSTIC PERFORMANCE FOR MUTATION
CARRIERS—DIFFERENCES AMONG THE 3 DIAG-
NOSTIC CRITERIA. The probability of carrying mu-
tations in patients with a high probability for LQTS
was comparable among the 1993, 2006, and 2011
criteria; there were 23 of 32 patients (72%), 25 of
36 patients (69%), and 46 of 62 patients (74%),

respectively (Figure 1). However, in the intermediate
probability groups, the frequency of mutation car-
riers according to the 1991 and the 2006 criteria
was 27 of 51 patients (53%) and 25 of 47 patients
(53%), which was significantly higher than the 4 of
27 patients (15%) according to the 2011 criteria
(p < 0.0014 vs. the 1993 criteria, and p < 0.0013
vs. the 2006 criteria) (Figure 1). Figure 2 shows that
most mutation carriers who were diagnosed with
intermediate probability using the conventional
criteria were diagnosed as high probability by
the 2011 criteria, regardless of LQTS genotype.
The application of the 2011 criteria significantly
increased the number of mutation carriers with a
high probability of LQTS (23 vs. 46, 1993 vs.
2011; p < 0.0001, and 25 vs. 46, 2006 vs. 2011;
P < 0.0001) (Figure 2).

Table 3 and Figure 3 show that a high probability of
LQTS diagnosed using the 1993 and the 2006 criteria
could predict mutation carriers with 44% sensitivity
(23 of 52 patients) and 89% specificity (71 of 80 pa-
tients) and with 48% sensitivity (25 of 52 patients)
and 86% specificity (69 of 80 patients), respectively.
In contrast, a high probability diagnosed using the
2011 criteria predicted mutation carriers with 88%
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The application of the 2011 criteria significantly increased the number of patients identified with a high probability of long QT syndrome (LQTS). The probability of
carrying mutations in patients with a high probability of LQTS was comparable among the 3 criteria. *p = 0.0002 or +p = 0.0014 versus high probability using the 2011
criteria; $p = 0.0014 or §p = 0.0013 versus mutation carriers with intermediate probability using the 2011 criteria. High = high probability of having LQTS;
Intermediate = intermediate probability of having LQTS; Low = low probability of having LQTS.

sensitivity (46 of 52 patients) and 80% specificity
(64 of 80 patients). The sensitivity for detecting
mutation carriers was significantly different between
the 1993 and the 2011 criteria, and the 2006 and the
2011 criteria (p < 0.0001, respectively). The negative

predictive value for detecting mutation carriers with
the 2011 criteria was 91%, which was significantly
higher than that of the 1993 criteria (71%) or the
2006 criteria (72%) (p = 0.001 and p = 0.0026,

respectively).
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Distribution of LQTS genotype in each clinical category is also shown. *p < 0.0001 versus high probability using the 2011 criteria. Abbreviations as in Figure 1.
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TABLE 3 Dmgnnstlc Performance of Each Crltena and Recavery
QTc for Mutation Carriers = g g

Genetic Analysis

Mutation (+) Mutation (-)

1993 criteria- S L
ngh probabmty e 23 9
Intermediate or. low probablllty 29 |
2006 criteria
High probability 25 1
Intermedlate or low prohabnluty 27 69

w ;iroBabili;y 6

QTc aftér e){e is;e
QTc =480 ms 44 28
QTc <480 ms 8 52

Among 52 mutation carriers, QTc =480 ms after
exercise testing was observed in 44 patients,
yielding a sensitivity of 85%. Similarly, 52 of 80
patients who were mutation-negative showed a
QTc of <480 ms after exercise testing, yielding a
65% specificity (Table 3, Figure 3). The sensitivity
for detecting mutation carriers using post-exercise
QTc was significantly higher than that of the
1993 criteria or the 2006 criteria; however, the
specificity using the post-exercise QTc was signifi-
cantly lower compared with that of these criteria
(Figure 3).

Percentage (%)
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P=0.0004 P=0.001

The 1993 criteria
The 2006 criteria
B The 2011 criteria
Exercise testing

NPV

Accuracy

Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and
accuracy using the 1993, 2006, and 2011 criteria, and exercise testing. *p < 0.0001,
between the indicated 2 groups. Abbreviation as in Figure 1.
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FREQUENCY OF SYMPTOMATIC LQTS PATIENTS BY
CONVENTIONAL AND UPDATED CRITERIA. In our
cohort, 26 patients were symptomatic (syncope in
25 patients and aborted cardiac arrest in 1 patient)
before the introduction of beta-blocker therapy
(Table 1, Figure 4). The frequency of symptomatic
patients in those with a high probability using the
1993 criteria was 59% (19 of 32 patients), which was
higher compared with the 34% (21 of 62 patients)
using the 2011 criteria (p = 0.0272). However, the
difference was not significant after the Bonferroni
correction (Figure 4).

DIAGNOSTIC PERFORMANCE OF THE UPDATED
CRITERIA. To confirm the diagnostic accuracy of the
2011 updated criteria, ROC curves were constructed
for predicting LQTS mutation carriers and detecting
symptomatic LQTS patients using the updated
criteria. The AUC for LQTS mutation carriers was 0.88
(95% confidence interval: 0.81 to 0.94) (Figure 5). The
optimal cutoff value for predicting LQTS mutation
carriers was 3.5.

DISCUSSION

The present study demonstrated that 1) more patients
were diagnosed with a high probability of LQTS by the
2011 criteria compared with the 1993 or the 2006
criteria (Figure 1); 2) in the groups with intermediate
probability of LQTS, more mutation carriers were
diagnosed in the 1993 or the 2006 than in the 2011
criteria group (Figure 1); and 3) both the sensitivity
and the negative predictive value for detecting
mutation carriers using the 2011 criteria were signifi-
cantly higher than those of the 1993 or the 2011
criteria (Figures 1 and 3, Table 3).

Schwartz et al. proposed a first set of diagnostic
criteria for LQTS in 1985, which provided a logical
and quantitative approach to the clinical diagnosis
of LQTS (6). They reported LQTS diagnostic criteria
in 1993 based on clinical presentation, including
ECG, and clinical and familial findings (7), and
arbitrarily modified the criteria in 2006 (12).
Recently, the diagnostic criteria were updated by
adding a more objective parameter, the evaluation
of the recovery phase of exercise (18). Vincent et al.
(13) reported that the QTc of normal subjects
showed no significant changes during exercise
compared with the value at rest, whereas those
with Romano-Ward syndrome demonstrated a sig-
nificant increase in QTc both before and after ex-
ercise. In this study, 29 of 32 patients, 31 of 36
patients, and 57 of 62 with a high probability of
LQTS diagnosed by the 1993, the 2006, or the 2011
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criteria, respectively, showed prolonged QTc =480
ms after exercise (Table 1).

Asymptomatic mutation carriers who show a
normal QT interval might be overlooked by applying 1993 criteria 2006 criteria 2011 criteria
the 1993 LQTS diagnostic criteria, because these
criteria do not consider any molecular diagnostic
characteristics of LQTS. A previous study showed a High
correlation between the conventional Schwartz score probability

120
and the results of genetic testing (10). In 123 patients

with a high probability of LQTS (score =4), 89 n=32 n=36 n=62
patients were genotype-positive (72%), whereas

among 215 patients with a score <4, 93 patients were ? F
still genotype-positive (43%) (10). In addition, in this Iintermediate or

study, the percentages of positive genotypes in pa- low probability

tients with high and intermediate probability by the
1993 criteria were 72% and 53%, respectively. These n=100 n=06 n=70
percentages were comparable with those calculated

using the 2006 criteria (69% and 53%). In contrast, the
application of the 2011 criteria resulted in the main-

 Therapy According'to.

print & web 4C/FPO

BB Symptomatic [} Asymptomatic

femance of the percentage o genotype-poitive pa- | 125/ THOT i i 19 by 7 i e
tients with a high probability of LQTS (74%), while criteria. *p = 0.0272 versus the frequency of symptomatic LQTS patients by the 2011
significantly reducing that in patients with interme- criteria.

diate probability (15%; p = 0.0002 vs. the 1993
criteria, and p = 0.0014 vs. the 2006 criteria),
regardless of the LQTS genotype (Figure 2).

The 1993 LQTS diagnostic criteria also had low
sensitivity in identifying disease carriers. A previous
study showed that 89 of 218 genotype-positive LQTS
patients were diagnosed with a high probability of
LQTS, yielding a 41% sensitivity (10). This value was
similar to our results: 44% by the 1993 criteria and
48% by the 2006 criteria. In contrast, the sensitivity
significantly increased to 88% using the 2011 criteria.
In this way, the 2011 criteria could detect more

The number of symptomatic LQTS patients in the
group with a high probability of LQTS were similar,
irrespective of the diagnostic criteria used (19 using
the 1993 criteria and 20 using the 2006 criteria vs.
21 using the 2011 criteria) (Figure 4). However, the
proportion of symptomatic patients with a higher

. . L o Optimum
asymptomatic LQTS mutation carriers in addition to cut off, 3.5
symptomatic LQTS patients in advance of gene
analysis. 1.0

Several studies reported that further QTc prolon-
gation after exercise could be useful for identifying 0.8+
LQTS mutation carriers (14,15). Horner et al. (15) @
performed treadmill stress tests in 243 LQTS pa- -3 0.6
tients and showed that stress testing could unmask @
patients with occult LQTS, particularly LQT1. They ﬁ 0.4
also reported that LQT2 and LQT3 patients responded
similarly to each other in peak exercise with an initial 0.2
shortening of their QTc, which was then followed by a 0.0 AUC 0.88 (0.81-0.94)

gradual increase in their QTc in recovery, which 00 0.2 Oi 4 0i6 018 10
approached their respective QTc intervals at rest (15). :

In this study, the prolonged QTc =480 ms after
exercise predicted mutation carriers with 85% sensi-
tivity and 65% specificity. The sensitivity of this test

1-Specificity

Receiver-operator characteristic (ROC) curve analysis with
corresponding area under the curves (AUCs) displaying the

is reasonable; however, the specificity was lower diagnostic performance of updated criteria for the detection of
compared with that of the 1993 or the 2006 diagnostic LQTS mutation carriers. Abbreviation as in Figure 1.
criteria.
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probability of LQTS diagnosed using the 1993
criteria (59%) was higher compared with that of
patients diagnosed using the 2011 criteria (34%).
Based on these findings, the 1993 criteria could
be useful for detecting more symptomatic LQTS
patients.

STUDY LIMITATIONS. First, it was a retrospective
study with a modest sample size. However, this study
demonstrated the significance of the 2011 criteria in
terms of an increase in the diagnosis of patients with
a high probability of LQTS-related gene mutations.
Statistical significance with small sample sizes might
be spurious, and conclusions might be limited. In
addition, some statistical comparisons were made
between subsamples, which might further limit con-
fidence in the results, especially whether they were
statistically significant. Second, genetic screening
were performed by HRM or dHPLC followed by Sanger
sequencing. However, these techniques have been
used successfully for screening. Compared with DNA
sequencing, the overall sensitivity and specificity of
HRM were 0.99 and 0.96, and those of dHLPC were
0.88 and 0.97, respectively (21). Finally, the geno-
typed mutation carriers in this study were mainly
LQT1 and LQT2 genotyped patients. However,
because the most prevalent forms of LQTS are LQT1
and LQT2 in general, our study population did not
limit the generalizability of results.

CONCLUSIONS

These results demonstrate that the 2011 LQTS diag-
nostic criteria can identify more silent LQTS-related
gene mutation carriers as being at a high proba-
bility of LQTS, which cannot be identified by the

JACC: CLINICAL ELECTROPHYSIOLOGY voL. M, NO. W, 2016
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conventional criteria. We suggest that the use of the
2011 criteria will facilitate the diagnosis of LQTS and
will avoid a number of false negative results.
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Impact of Updated Diagnostic Criteria for Long QT Syndrome on Clinical Detection of Diseased
Patients: Results From a Study of Patients Carrying Gene Mutations
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Hayato Tada, Toyonobu Tsuda, Yoshihiro Tanaka, Takekatsu Saito, Hidekazu Ino,

Masa-aki Kawashiri, Kunio Ohta, Minoru Horie, Masakazu Yamagishi

Hayashi et al. scored patients with the long QT syndrome (LQTS) using Schwartz diagnostic criteria,
and examined the validation of the criteria relevant to the frequency of LQTS-related gene muta-
tion. This study showed more patients were diagnosed with a high probability of LQTS by the
2011 criteria compared with the conventional criteria. Both the sensitivity and the negative predic-
tive value using the 2011 criteria for detecting mutation carriers were significantly higher than that
of the conventional criteria. The proportion of symptomatic patients with a high probability of LQTS
diagnosed using the 1993 criteria was higher than that of patients diagnosed using the 2011 criteria.

FLA 5.4.0 DTD m JACEP151_proof m 7 March 2016 & 3:09 pm W ce

0000

— 302 —




Journal of Arrhythmia ¥ (NEEE) NRN-EEE

ythunic

#obl
ELSEVIER

Review
Inherited bradyarrhythmia: A diverse genetic background
Taisuke Ishikawa, DVM, PhD, Yukiomi Tsuji, MD, PhD, Naomasa Makita, MD, PhD*

Department of Molecular Physiology, Nagasaki University Graduate School of Biomedical Sciences, 1-12-4 Sakamoto, Nagasaki 852-8523, Japan

ARTICLE INFO ABSTRACT

Article history: Bradyarrhythmia is a common heart rhythm abnormality comprising number of diseases and is asso-
Received 11 August 2015 ciated with decreased heart rate due to the failure of action potential generation and propagation at the
Received in revised form sinus node. Permanent pacemaker implantation is often used therapeutically to compensate for
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decreased heart rate and cardiac output. The vast majority of bradyarrhythmia cases are attributable
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either to aging or to structural abnormalities of the cardiac conduction system, caused by underlying
structural heart disease. However, there is a subset of bradyarrhythmia primarily caused by genetic
Keywords: . defects in the absence of aging or underlying structural heart disease. These include several genes that
Bradyarrhythmia ) play principal roles in cardiac electrophysiology, heart development, cardioprotection, and the structural
E;“z:;:r‘l’:[de association studies integrity of the membrane and sarcomere. Recent advances in the functional analysis of mutations using
Sinus node a heterologous expression system and genetically engineered animal models have provided significant
Cardiac conduction system insights into the underlying molecular mechanisms responsible for inherited arrhythmia. In this review,
current understandings of the genetic and molecular basis of inherited bradyarrhythmia are presented.
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1. Introduction

Bradyarrhythmia is a serious electrical disorder of the heart
with the potential to be life threating. The condition is caused by
an electrical dissociation in the cardiac conduction system (CCS)
comprising the sinus bradycardia, the sinoatrial (SA) exit block and
the atrioventricular block (AVB). It often manifests as abnormally
suppressed cardiac output in affected individuals, requiring per-
manent pacemaker implantation in order to compensate for
decreased heart rate. The CCS is equipped with a sophisticated
histological structure and specialized cellular function in order to
maintain proper impulse generation and propagation. The
mechanical burden and scars resulting from structural heart dis-
ease are a major cause of bradyarrhythmia. Accumulation of con-
nective tissue such as collagen is almost always associated with
progression of heart failure, as it promotes dissociation between
electrically coupled cardiomyocytes [1]. Collagen deposition is
associated with aging and underlying structural heart disease,
reflected by the increased incidence and prevalence of bradyar-
rhythmia associated with these factors [1,2]. In the absence of
underlying structural disease or aging, bradyarrhythmia may occur
primarily due to genetic defects. In this review, we aim to describe
the current understanding of inherited bradyarrhythmia with a
focus on diverse genetic backgrounds and molecular physiology
(Fig. 1 and Table 1).

2. Modulation mechanisms of heart rate and genetic exacer-
bation factors: physiological regulation of sinus rhythm

In the CCS, the sinoatrial node (SAN) is the primary pacemaker
component and functions as a resource for automaticity; that is,
spontaneous depolarization with regular intervals. Histologically,
the SAN is intramurally embedded at the junction of the right
atrium and the superior vena cava and lies along the crista ter-
minalis [3]. The SAN displays heterogeneous cellular morphology,
action potential configuration, and electrophysiological character-
istics [4]. The SAN's major pacemaker site is situated at its center,
however; this site may shift peripherally depending on various
interventional factors such as electrolyte concentrations, auto-
nomic nervous stimuli, and temperature [3]. The underlying
mechanisms of this pacemaker shift remain undetermined, how-
ever; the pacemaker tends to shift to the site where electrical
activity is least suppressed by extrinsic factors [3]. The molecular
mechanisms underlying myocyte firing in the central SAN are
characterized by the SAN'’s unique gene expression profile, with
minimal expression of KCNJ2 (inwardly rectifying K channel,
Kir2.1) and SCN5A (cardiac Na channel, Nav1l.5) and higher
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Fig. 1. Molecular modules involved in inherited bradyarrhythmia. Abnormalities in
multiple pathways involving membrane ion channels, SR ion channels, sarcomere
components, cardiac hormones, and membrane anchor proteins are associated
with inherited bradyarrhythmia.

expression of HCN4 (the pacemaker channel). The absence of
KCNJ2 expression allows the resting membrane potential depo-
larized to enable spontaneous depolarization, while the absence of
SCN5A expression can prevent rapid upstroke of action potential.
Abundant expression of the HCN4 pacemaker channel promotes
spontaneous, slow depolarization in response to phase 4 hyper-
polarization. The peripheral SAN, on the other hand, partially
shares the gene expression profile and electrophysiological char-
acteristics of the atrial myocytes [3]. The major role of excitation in
the peripheral SAN is the rapid transmission of the sinus impulse
to surrounding atrial myocytes. An abundant expression of SCN5A
causes fast upstroke of action potential in phase 0 and this gives
rise to rapid electrical conduction in the peripheral SAN. Thus,
loss-of-function mutations in SCN5A could result in SA exit block,
an electrical conduction blockade between the central SAN and
surrounding atrial myocytes [5].

The mechanism of cyclic activation in voltage-gated ion chan-
nels involves the action of the pacemaker current on the cell
membrane and is known as a membrane clock. Recently, a grow-
ing body of evidence has implicated the involvement of additional
complementary mechanisms in this process, in particular, the
rhythmic spontaneous release of Ca®* by the sarcoplasmic reti-
culum (SR), which is referred to as a calcium clock. The calcium
clock functions collaboratively with the membrane clock to form a
unified, automatic system, known as a coupled-clock pacemaker
system [6]. Genetic defects in the genes involved in membrane and
calcium clocks can potentially cause SA disorders.

2.1. HCN4

In mammals, the hyperpolarized-activated cyclic nucleotide-
gated channel (HCN) family is comprised of four distinct genes,
HCNT1, 2, 3 and 4; that are expressed in a wide variety of excitable
cells (HCN4 is predominantly expressed in the central SAN) [7].
HCN4 slowly becomes permeable for K* and Na™ in response to
hyperpolarization, thus giving rise to slow diastolic depolarization
resulting in automaticity [7]. Since the first description of an HCN4
mutation in familial sick sinus syndrome (SSS) [8], twenty-two
further mutations have been reported. Patch-clamp analysis of
these mutations using a heterologous expression system with
Xenopus oocytes or cultured cell lines have shown that reduced
peak current densities or a hyperpolarizing shift of the voltage-
dependence of activation are the major causes of disease [9,10].
Indeed, these loss-of-function properties decrease the slope of
diastolic depolarization, resulting in sinus bradycardia. Some HCN4
mutations disrupt the cyclic-nucleotide binding domain (cNBD) to
which cyclic nucleotide cAMP and cGMP bind directly in response
to P-adrenergic stimuli [8,9,11]. However, the molecular
mechanisms of HCN4 mutations are not yet fully elucidated; for
example, G482R has been reported in multiple families associated
with sinus bradycardia and left ventricular noncompaction cardi-
omyopathy [7,12]; however, the molecular mechanism underlying
left ventricular noncompaction remains unknown.

2.2. SCN5A

The cardiac Na channel a subunit Nav1.5 encoded by SCN5A
is associated with auxiliary B-subunits Navf1 and Navf33 [13].
Activation of the sodium channel initiates a rapid influx of Na*,
giving rise to the phase 0 upstroke of cardiac action potential,
which in turn triggers depolarization of neighboring cardio-
myocytes [13]. As this Na* influx determines the slope and
amplitude of phase 0, mutations in SCN5A may affect cardiac
conduction velocity. The genetic defects in SCN5A are associated
with multiple diverse inherited arrhythmias referred to as car-
diac sodium channelopathy and include type-3 long QT
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Table 1
Genes responsible for inherited bradyarrhythmia.

Gene name Protein name Inheritance Atrial phenotypes Conduction Ventricle Additional phenotypes Function
mode diseases phenotypes
lon channels
HCN4 HCN4 AD Sinus bradycardia LVNC, BrS Loss
SCN5A Nav1.5 AD, AR Sinoatrial block, AF, PCCD, AVB LQT3, BrS, DCM Loss
Atrial standstill
SCNI0A  Navlg AD? AF? ? BrS? Association with conduction parameters ?
in ECG, episodic pain syndrome
SCN1B Navpl AD BBB BrS Epilepsy Loss
KCNJ2 Kir2.1 AD LQT7(ATS), SQT,  Periodic paralysis, dysmorphic features
BrS
CACNAID Cavl3 AD Sinus bradycardia Congenital deafness Loss
KCNK17  TASK-4 AD PCCD, AVB, BBB  IVF? - Gain
TRPM4 TRPM4 AD PCCD, AVB, BBB  BrS Gain
Ca?* handling proteins on the sarcoplasmic reticulum
RYR2 Ryanodine receptor AD Sinus bradycardia CPVT, ARVC Loss
2
CASQ2 Calsequestrin AR Sinus bradycardia CPVT Loss
Gap junction channel
GJA5 Connexin40 AD PCCD, AVB, BBB Loss
Cardiac hormone
NPPA ANP AD Atrial standstill, Bia- Loss
trial dilatation
Transcription factors
TBXS5 Tbx5 AD ASD, AF AVB VSD Hand anomalies (heart-hand syndrome) Loss/gain
Nuclear membrane component
LMNA Lamin A/C AD PCCD, AVB DCM Laminopathies including muscular dys- Loss
trophy and Hutchinson-Gilford progeria
syndrome
Membrane adaptor protein
ANK2 Ankyrin-B AD Sinus bradycardia PCCD LQT4 Loss
Sarcomere protein
MYH6 Atrial myosin heavy AD Sinus bradycardia, AF, HCM, DCM Loss

chain ASD

AD, autosomal dominant; AR, autosomal recessive; LQT, long QT; AVB, atrioventricular block; BrS, Brugada syndrome; BBB, bundle branch block; LVNC, left ventricular non-
compaction; CPVT, catecholaminergic ventricular tachycardia; ATS, Andersen-Tawil syndrome; ASD, atrial septal defect; VSD, ventricular septal defect; PCCD, progressive
cardiac conduction defect; AF, atrial fibrillation; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy; IVF, idiopathic ventricular fibrillation.

syndrome, Brugada syndrome, SSS, atrial fibrillation (AF), pro-
gressive cardiac conduction defect (PCCD), dilated cardiomyo-
pathy (DCM) and sudden infant death syndrome [13]. Patients
with SCN5A mutations often display mixed arrhythmic pheno-
types of cardiac sodium channelopathy, known as overlap syn-
drome [14]. As mentioned above, the molecular basis for SSS
resulting from SCN5A mutations is an exit block at the periph-
eral SAN, caused by decreased conduction velocity from the
central SAN [5]. Likewise, impaired sodium channel function
may cause a conduction block within the CCS, referred to as AVB
or bundle branch block (BBB). The presence of SCN5A mutations
may distinctly affect the clinical outcomes associated with
several arrhythmias. In Brugada syndrome, SCN5A mutations are
associated with prolonged interatrial conduction times and AF
induction; however, they do not appear to be related to spon-
taneous AF episodes, among other clinical variables [15]. In SSS,
SCN5A mutation carriers exhibit significantly early onset as well
as profound male predominance, thus resembling Brugada
syndrome with a considerably earlier age of onset [16].

2.3. Mutations in genes responsible for calcium regulation

The third gene responsible for SSS is ANK2, which encodes the
anchor protein ankyrin-B, thus linking integral membrane proteins
to the underlying spectrin-actin cytoskeleton of cardiomyocytes
[17]. Genetically engineered Ank2 heterozygote knockout mice
develop sinus bradycardia and exercise-induced aberrant ven-
tricular tachycardia due to a Ca®*-handling abnormality [18].
Immunohistochemical analysis of cardiomyocytes from these mice
showed mislocalization of the Na*/Ca®?* exchanger, Na*/K*-
ATPase, and the IP3 receptor {19,20]. Biophysical analysis of SAN
cells using a patch-clamp identified reduced currents in the Na™*/
Ca®* exchanger and L-type Ca?* channels [17]. These observa-
tions suggest that human ANK2 mutations may predispose indi-
viduals to SAN dysfunction as a result of the biophysical dis-
turbance of multiple proteins involved in Ca?*-handling.

The Cav voltage-gated Ca®* channels, Cav12 and Cavl3,
mediate L-type Ca®* current essential for normal cardiac pace-
maker activity and conduction in both the SAN and the atrioven-
tricular node. Cav1l.3 activates more rapidly and under more
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hyperpolarized membrane potentials when compared with Cav1.2
[21]. These properties allow Cavl.3 to contribute more sig-
nificantly to the diastolic depolarization of SAN cells. Loss-of-
function mutations in the CACNAID encoding Cav1.3 cause SAN
dysfunction with congenital deafness, attributable to the loss of
rapid activation kinetics and negative activation thresholds of
Cav1.3 in humans [22], which is consistent with the phenotypes
observed in mice with genetic inactivation of CACNA1D [23].
Genes responsible for sinus bradycardia via abnormal Ca®*
regulation include the ryanodine receptor RYR2 and the calse-
questrin CASQ2, both of which are known to be causative genes for
catecholaminergic polymorphic ventricular tachycardia (CPVT)
[24~26]. CPVT-related mutations in these genes affect Ca™* reg-
ulation by disrupting its storage and release from the SR during
periods of exercise or emotional stress, resulting in sinus brady-
cardia and fatal ventricular tachyarrhythmia [27]. Postma et al.
found a markedly lower resting heart rate in CPVT probands and
their family members with RYR2 mutations when compared with
those of non-carrier family members {25]. They further reported
that CPVT patients with CASQ2 mutations develop sinus brady-
cardia, consistent with observations in Casq2 homozygote knock-
out mice [24]. The identification of gene mutations contributing to
Ca* release and storage in the SR served to reinforce the critical
role of calcium clocks in the maintenance of normal sinus rhythm.

3. Genetic basis for atrial standstill
3.1. SCN5A

SCN5A is abundantly expressed throughout the ventricular
working myocardium and the CCS, as well as in the atrium [13].
Certain SCN5A mutations cause conduction block in the entire
atrium, leading to atrial standstill and SSS [16,28]. A retrospective
study of patients who experienced cardiac device-lead capture
issues, including atrial standstill, showed a high prevalence of loss-
of-function SCN5A mutations [29].

3.2. NPPA

Mutations in NPPA, the gene encoding atrial natriuretic peptide
(ANP), are associated with certain atrial arrhythmias [30,31]. A
deletion mutation in NPPA has been identified in an AF family
spanning three generations. Affected members exhibited a tran-
sition from paroxysmal to chronic AF accompanied by atrial arrest
in their forties [30]. Another mutation, R150Q, has previously been
described in six AF families and is characterized by progressive,
extreme biatrial dilatation and atrial standstill [31]. ANP is a cir-
culating hormone that, via stimulation of the intracellular second
messenger cGMP, plays a primary physiological role in the reg-
ulation of intravascular blood volume and vascular tone by means
of natriuresis, diuresis, and vasodilatation. Moreover, cGMP sig-
naling triggered by ANP has been shown to shorten both atrial
conduction times and the effective refractory period, thus pro-
viding an arrhythmia substrate by direct modulation of cardiac ion
channel properties [32,33]. However, the electrophysiological
effect of these NPPA mutations on the cardiomyocytes themselves
remains elusive.

4. Genetic basis of conduction block

4.1. LMNA

The LMNA gene encodes the ubiquitous inner-nuclear mem-
brane protein lamin A/C, responsible for maintaining the structural

~

integrity and stability of the nuclear envelope. LMNA is further
involved in various nuclear functions such as gene replication and
chromatin organization [34]. Mutations in LMNA result in lami-
nopathy, a wide spectrum of phenotypes with at least eleven
distinct diseases [34]. Of these, progressive conduction block with
DCM is the most frequently described cardiac phenotype [35].
LMNA-related DCM leads to severe and progressive damage to the
heart, resulting in a higher risk of sudden cardiac death [36]. Male
carriers have a worse prognosis due to the high prevalence of
malignant ventricular arrhythmias and end-stage heart failure
[37,38]. Knock-in mice for H222P-LMNA display male pre-
dominance for high mortality and progression of heart failure and
provide a satisfactory mouse model for laminopathy {39].

4.2. Mutations in sodium channel complex genes

SCN1B mutations have been reported in patients with cardiac
conduction abnormalities associated with Brugada syndrome [40].
SCN1B encodes the auxiliary Na* channel subunit Navf1 that
increases the current density of Nav1.5 [13].

A new gene responsible for cardiac conduction is SCN10A that
encodes the neuronal Na* channel Nav1.8. Several genome-wide
association studies (GWAS) have demonstrated that variation of
SCN10A has a significant impact on resting heart rate, PR duration,
and QRS intervals in the general population [41] despite the
extremely low level of SCN10A expression in the heart. The precise
mechanisms underlying SCN10A variation modulation of cardiac
conduction properties and arrhythmia triggers, such as BrS and AF,
are not fully elucidated. A possibility is that mediation could be
directed by the activities of the autonomic nervous system, in
which SCN10A is predominantly expressed [42-44].

4.3. GJA5 (C(x40)

Additional electrical modulators for rapid electrical propaga-
tion in the CCS are gap junction channels formed by connexins
(Cx) [45]. In the heart, three major Cx subtypes are expressed;
namely Cx40, Cx43, and Cx45; that together form a hexameric Cx
complex (connexon) at the cell membrane [45]. Gap junction
channels are composed of two connexons between two adjacent
cardiomyocytes and allow for rapid electrical conduction by pas-
sing signal molecules and ions. Of the three Cx subtypes, the high
conductance Cx40 is exclusively expressed in the atrium and CCS
[45]. A GJA5 gene mutation, Q58L, has been reported to be asso-
ciated with progressive familial conduction block and sudden
cardiac death [46]. Heterologously expressed mutant Cx40 shows
a profound reduction in gap junction conductance, as well as
defective formation of membrane plaques. When the structural
analysis of Cx26 is compared with (x40, residue Q58 of Cx40 is
expected to form symmetric hydrogen bonds to the same residue
of the opposite monomer in parallel [47]. Therefore, Q58L-Cx40 in
all likelihood has a structural abnormality that prevents assembly
of two Cx40 hexamers.

4.4. KCNj2

KCNJ2 is the gene responsible for encoding the inward rectifier
potassium channel Kir2.1 and is the major regulator of excitability
and resting membrane potential in most cardiomyocytes, with the
exception of nodal cells [48]. To date, over 40 loss-of-function
mutations in KCNJ2 have been identified in approximately 70% of
patients with Andersen-Tawil syndrome, a condition diagnosed
using the clinical triad of periodic paralysis, dysmorphic features,
and ventricular arrhythmia [49]. However, KCNJ2 mutation carriers
do not always present with the clinical triad [50] and conduction
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abnormalities, such as first-degree AVB and BBB, have been
documented in 23% of cases [51].

4.5. TRPM4

TRPM4 encodes the Ca?*-activated transient receptor potential
cation channel subfamily M member 4 and is preferentially
expressed in Purkinje fibers and the right ventricle [52]. The first
responsible loci for progressive familial conduction block was
found in 19q13 [53] and was identified as TRPM4 [54]. Further
genetic screening of various conduction disturbances has shown a
high prevalence of TRPM4 mutations in the right BBB (26%; 5 of 19
probands) and AVB (12%; 3 of 26 probands) [55). Mutations in
TRPM4 have been further identified in cases of Brugada syndrome
(4.4%; 11 in 248 probands) [56].

4.6. KCNK17

A mutation in the KCNK17 gene encoding the pH-sensitive
cardiac two-pore domain potassium channel (K2P) TASK-4 has
been identified as a contributor to progressive and severe cardiac
conduction disorder combined with idiopathic ventricular fibril-
lation by whole exome sequencing [57]. Mutant TASK-4 channels
generated a three-fold increase in currents, while surface expres-
sion unchanged. Overexpression of the mutant TASK-4 leads to
hyperpolarization and strong inhibition of the upstroke velocity in
the spontaneously beating cardiomyocyte cell line HL-1. Strong
expression of KCNK17 has been observed in human Purkinje cells.
These results support the likelihood that TASK-4 is functionally
relevant for cardiac conduction disorders [57]. However, no spe-
cific TASK-4 blockers are available and mice do not functionally
express the KCNK17 gene; thus, little is known regarding the
function and role of TASK-4 in the heart.

5. Genes involved in cardiac development and bradycardia

Development of the CCS is a complex biological process with
the potential to be wrought with problems. Several transcription
factors, including homeodomain proteins and T-box proteins, are
essential for CCS morphogenesis and the activation or repression
of key regulatory genes [58]. Of the cardiogenic transcription fac-
tor genes; GATA4, NKX2-5, TBX3, and TBX5 play key roles in the
development of the primary and second heart fields, while
mutation results in congenital heart diseases such as patent fora-
men ovale, itself often associated with conduction disorders [59].
Holt-Oram syndrome is an inherited, multi-organ anomaly caused
by TBX5 mutation [60]. As TBX5 promotes the expression of several
genes involved in the development of the upper limbs, varying
degrees of upper limb abnormalities have been recognized in
Holt-Oram syndrome cases. Approximately 75% of probands have
cardiac anomalies, whereas about 40% of affected family members
present only with ECG abnormalities and without heart mal-
formations [61}. Common ECG abnormalities include first degree
AVB and bradycardia [61], which is in line with the preferential
expression of TBX5 in the endocardial cushion region during the
developmental stage. The vast majority of TBX5 mutations in Holt-
Oram syndrome are truncation mutations that often delete the T-
box domain and result in haplo-insufficiency of T-box activity. In
contrast, most missense mutations result in less severe anomalies
as the full protein structure is well preserved. A missense muta-
tion, G125R, has been identified in a family suffering from faint

digit abnormalities and a higher prevalence of AF without heart

malformation [62]. AF is believed to be associated with the
increased expression of NPPA, GJA5, KCNJ2, and TBX3 [62].

6. Advanced genetic and genomic technologies

Many of the causative genes described here were identified
using a candidate gene approach, in which genes are selected
based on findings of preceding genetic linkage analysis or mole-
cular pathway information [63]. Considering that the human
genome encodes at least 20,000 protein-coding genes, the candi-
date gene approach focuses only on a small fraction of the genome
with the remainder unanalyzed. Genome-wide association studies
(GWAS) using single nucleotide polymorphisms (SNPs) can sig-
nificantly expedite linkage analysis by narrowing the regions of
interest for further directed sequencing. GWAS has been used in
the cardiac electrophysiological field and has resulted in the
identification of several new loci involved in long QT syndrome, a
key role for calcium signaling pathways in myocardial repolar-
ization [64], and many other ECG parameters [41,65].

GWAS on heart rate revealed the genetic heterogeneity of heart
rate regulation and 21 loci were identified; including HCN4, gap
junction gene GJA1, and the atrial o-myosin heavy chain (a-MHC)
gene MYH6 [41]. A rare MYH6 variant, R721W, that predisposes
individuals to SSS susceptibility has been previously identified
[66]; however, the disease-causing MYH6 mutations for familial
SSS and their underlying mechanisms remain unknown. We
screened nine genotype-negative probands with SSS families for
mutations in MYH6 and identified an in-frame 3-bp deletion that
was predicted to delete one residue (delE933) at the highly con-
served coiled-coil structure within the binding motif of myosin-
binding protein C in one patient [66]. Irregular fluorescent
speckles retained in the cytoplasm with substantially disrupted
sarcomere striation have been observed in neonatal rat cardio-
myocytes transfected with o-MHC mutants carrying delE933 or
R721W. In addition to sarcomere impairments, delE933 a-MHC
exhibited electrophysiological abnormalities both in vitro and
in vivo. The atrial cardiomyocyte cell line HL-1 stably expressing
delE933 a-MHC showed a significantly slower conduction velocity
on multielectrode array when compared with those of wild-type
o-MHC or control plasmid transfected cells. Furthermore, targeted
morpholino knockdown of MYH6 in zebrafish resulted in sig-
nificantly reduced heart rate that could be rescued by co-
expressed wild-type human o«-MHC and not by delE933 o-MHC.
These data reinforces the relevance of MYH6 in sinus node func-
tion and suggests that structural damage to the sarcomere and
functional impairment of atrial action potential propagation may
underlie familial SSS with MYH6 mutations [66].

7. Conclusions

It is now clear that a number of genes are involved in inherited
bradyarrhythmia. Recent genetic studies have demonstrated that
inherited arrhythmia is attributable to many genes with diverse
functions. While the precise underlying mechanisms remain to be
elucidated; these genetic defects may disrupt important cardiac
functions including electrophysiological properties, development,
cardioprotection, and the structural integrity of the membrane and
sarcomere, ultimately leading to bradyarrhythmia. However, there
are a large number of patients suffering from bradyarrhythmia
whose etiologies remain unknown. As we have recently identified
a novel MYH6 mutation based on the most advanced genomic
findings using GWAS to investigate SSS [66], new technologies
such as next generation sequencing may provide the opportunity
to identify new genes for inherited bradyarrhythmia as well as
novel insights into the molecular mechanisms behind cardiac
rhythm regulation.
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Novel Mutation in the a-Myosin Heavy Chain
Gene Is Associated With Sick Sinus Syndrome

Taisuke Ishikawa, DVM, PhD; Chuanchau J. Jou, DO, PhD; Akihiko Nogami, MD, PhD;
Shinya Kowase, MD; Cammon B. Arrington, MD, PhD; Spencer M. Barnett, BS;
Daniel T. Harrell, BS; Takuro Arimura, DVM, PhD; Yukiomi Tsuji, MD, PhD;
Akinori Kimura, MD, PhD; Naomasa Makita, MD, PhD

Background—Recent genome-wide association studies have demonstrated an association between MYH6, the gene encoding
o-myosin heavy chain (a-MHC), and sinus node function in the general population. Moreover, a rare MYH6 variant,
R721W, predisposing susceptibility to sick sinus syndrome has been identified. However, the existence of disease-causing
MYHG6 mutations for familial sick sinus syndrome and their underlying mechanisms remain unknown.

Methods and Results—We screened 9 genotype-negative probands with sick sinus syndrome families for mutations in MYH6
andidentified an in-frame 3-bp deletion predicted to delete one residue (delE933) at the highly conserved coiled-coil structure
within the binding motif to myosin-binding protein C in one patient. Co-immunoprecipitation analysis revealed enhanced
binding of delE933 o-MHC to myosin-binding protein C. Irregular fluorescent speckles retained in the cytoplasm with
substantially disrupted sarcomere striation were observed in neonatal rat cardiomyocytes transfected with o-MHC mutants
carrying delE933 or R721W. In addition to the sarcomere impairments, delE933 a-MHC exhibited electrophysiological
abnormalities both in vitro and in vivo. The atrial cardiomyocyte cell line HL-1 stably expressing delE933 a-MHC showed
a significantly slower conduction velocity on multielectrode array than those of wild-type o-MHC or control plasmid
transfected cells. Furthermore, targeted morpholino knockdown of MYHG in zebrafish significantly reduced the heart rate,
which was rescued by coexpressed wild-type human a-MHC but not by delE933 a-MHC.

Conclusions—The novel MYH6 mutation delE933 causes both structural damage of the sarcomere and functional impairments
on atrial action propagation. This report reinforces the relevance of MYHG6 for sinus node function and identifies a
novel pathophysiology underlying familial sick sinus syndrome. (Circ Arrhythm Electrophysiol. 2015;8:400-408.

DOI: 10.1161/CIRCEP.114.002534.)

Key words: genetics m MYH6 m myosin heavy chain m sick-sinus syndrome m sinus node dysfunction

Sick sinus syndrome (SSS) is a common arrhythmia often
associated with aging, structural heart diseases, or surgical
injury, but can also occur in a familial form.' Several stud-
ies have demonstrated genetic mutations in both sporadic and
familial cases of SSS.2# Affected ion channel or ion channel-
associated genes identified to date include sodium channel,
Nav1.5 (SCN5A),? ankyrin-B (ANK2),? and hyperpolarization-
activated channel (HCN4).* Mutations in HCN4 result in sinus
node dysfunction caused by a reduction of the pacemaker
current, whereas SCN5A mutations lead to conduction delay
within the sinus node or exit block.’

MYH6 and MYH7 encode the homologous myosin heavy
chain (MHC) isoforms a-MHC and 3-MHC, respectively, in

cardiomyocytes, which play pivotal roles in the organization of
sarcomeric structures and muscle contraction.** MYH7 is pre-
dominantly expressed in the adult ventricle, whereas MYH6 is
mainly expressed in the fetal heart and adult atrium.® MYH7 is a
well-established causative gene with over 300 mutations respon-
sible for hypertrophic cardiomyopathy and dilated cardiomy-
opathy,'®'" whereas more limited MYHG6 mutations have been
reported in cardiomyopathy'>' and congenital heart disease, such
as atrial septal defect.”'*'” On the contrary, recent genome-wide
association studies demonstrated that a common nonsynonymous
variant A1101V in MYH6 was associated with an increased rest-
ing heart rate,''* whereas another rare nonsynonymous variant
(resulting in R721W) was associated with a high risk of SSS.2°
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WHAT IS KNOWN

e Sick sinus syndrome (SSS) is often associated
with aging and structural heart diseases, but it
may occur in a familial form.
Recent genome-wide association studies un-
covered MYH6 encoding atrial myosin heavy
chain as a susceptibility gene for heart rate and
SSS; however, its underlying mechanisms and
the existence of causative mutations for SSS
remain unknown.
® Here, we report a novel MYH6 mutation
delE933 in an SSS patient who has a family
history of SSS.

WHAT THE STUDY ADDS

© When expressed in cardiomyocytes, delE933-
MYH6 impaired the atrial action potential
propagation and disrupted sarcomere integrity
consistent with the R721W-MYH6, a high risk
genetic predisposition for SSS demonstrated in
Icelanders.

® Our data reinforces the relevance of MYH6 of
sinus node function and suggested that structural
damages of the sarcomere and functional impair-
ments on atrial action potential propagation may
underlie familial SSS with MYH6 mutations.

Moreover, heterozygous zebrafish carrying the MYH6 mutation
N695K (MYHG6"*) displayed partial atrial contractile defects.”
Based on these observations, it is conceivable that some MYH6
variations impair the sarcomere structure and function of the
atrium, which in turn would cause electrophysiological abnor-
malities and sinus node dysfunction. However, it remains to be
elucidated whether (1) MYHG is the causative gene for familial
SSS and (2) the genetic variations of MYH6 associated with SSS
confer pacemaker dysfunction through structural damage of the
sarcomere of the atrial muscle surrounding the sinus node or by
functional impairment of the pacemaker channel or sodium chan-
nel. The present study identified a novel MYH6 mutation in one
SSS proband and investigated the means by which this could con-
fer sinus node dysfunction.

Methods
Genetic Screening of MYH6 Mutations

We previously performed genetic screening of mutations in SCN5A
and HCN4 in 15 probands afflicted with familial SSS and found 6
distinct SCN5A mutations.? In this study, we enrolled 9 SSS families
out of this cohort, which were free from SCN5A or HCN4 mutations.
Age at diagnosis of the probands (3 male and 6 female) ranged from
3 to 65 years old (44.6+21.8 years old; mean+SD).

Genomic DNA was extracted from peripheral blood of each sub-
ject using standard methods. Coding regions of MYH6 were am-
plified by polymerase chain reaction using exon-flanking intronic
primers (Table I in the Data Supplement). Direct DNA sequencing
was performed using ABI 3130 genetic analyzers (Life Technologies,
Carlsbad, CA). Mutations were validated by the analysis of unrelated
400 healthy Japanese individuals and dbSNP, 1000 Genome Project,

MYHG6 Mutations in Familial SSS 401

Exome Variant Server, and Human Genetic Variation Database
(HGVD, Japanese variation database, http://www.genome.med.
kyoto-u.ac.jp/SnpDB/). All probands and family members who par-
ticipated in the study gave their written informed consent in accor-
dance with the Declaration of Helsinki. The research protocol was
approved by the Ethics Review Committee of Nagasaki University
and the Ethics Review Committee of Medical Research Institute,
Tokyo Medical and Dental University.

Alignment of Amino Acid Sequences and Structural
Prediction of a-MHC

Amino acid sequence of human a-MHC was aligned using the
HomoloGene program with those of other species, and the phyloge-
netic conservations were testified among human MHC isoforms (the
GenBank accession number of each gene is listed in Tables II and
III in the Data Supplement). Alterations of the coiled-coil structure
of the a-MHC were predicted in silico by using SWISS-MODEL
(http://swissmodel.expasy.org/) and visualized by a software RasTop
(http://www.geneinfinity.org/rastop/).

Plasmids and cRNA preparation

A 5.8 kb cDNA fragment of human MYH6 was obtained by reverse
transcription-polymerase chain reaction from human heart RNA
using a primer pair MYHG6-F-EcoRV and MYH6-R-Sall (Table I
in the Data Supplement) and was cloned into pEGFP-C1 (Takara
Bio, Shiga, Japan) to make green fluorescent protein (GFP)-tagged
MYHG6 plasmid (pEGFP-MYH6). Mutant MYH6 plasmids of R721W
(c.2161C>T) and delE933 (c.2797_2799delGAG) were constructed
using an overlap-extension polymerase chain reaction strategy.

To assess the binding affinity of the mutant S2 region of a-MHC to
myosin-binding protein C (MyBP-C) on the basis of the previous re-
port,* cDNAs corresponding to the binding regions for human o-MHC
(S2 region; aa. 884-965 of NP_002462) and human MyBP-C (C1C2
region; aa. 256-363 of NP_000247) were amplified and cloned into
the c-myc-tag plasmid pCMV-Tag3B (Takara Bio; pCMV3B-MYH6-
S2) and the pEGFP-C1 (pEGFP-MYBPC3-C1C2), respectively. All
constructs were sequenced to ensure that no errors were introduced.

For the zebrafish experiments, wild-type (WT) and mutant MYH6
cDNA fragments were, respectively, cloned into pIRES2-EGFP
vector (Takara Bio; pIRES2-EGFP-MYHG6) and pCS2+ vector®
(pCS2-MYH6) by using specific primer pairs (Table I in the Data
Supplement). cRNAs of human MYH6 were synthesized using the
mMessage mMachine in vitro transcription kit (Life Technologies)
and purified as described previously.* Purified mutant cRNAs were
sequenced by the University of Utah sequencing core facility.

Coimmunoprecipitation Assay

HelLa cells were cotransfected with pEGFP-MYBPC3-C1C2 and pC-
MV3B-MYHG6-S2 using Transfectin lipid reagent (BioRad, Hercules,
CA). After 48 hours of the transfection, cells were lysed in protein
extraction buffer (1% Nonidet P-40, 1 mmol/L EDTA, 150 mmol/L
NaCl, and 10 mmol/L Tris-HCI, pH 7.8) containing Protease Inhibitor
Cocktail. Total cellular lysate was obtained by centrifugation at
13000g for 5 minutes, and its protein concentration was measured
by BCA (bicinchoninic acid) protein assay (Thermo Fisher Scientific,
Waltham, MA). Coimmunoprecipitation assay was performed using
equal amount of cellular lysate with goat anti-myc polyclonal antibody
(Sigma-Aldrich, St. Louis, MO) using the Catch and Release version
2.0 reversible immunoprecipitation system (Millipore, Billerica, MA).
Immunoprecipitates were separated on a 9% SDS-polyacrylamide gel
and transferred to a nitrocellulose membrane. After blocking with 5%
skim milk in PBS, membranes were incubated with primary anti-GFP
monoclonal antibody (1:100, Santa Cruz Biotechnology, Dallas, TX)
overnight at 4°C and rabbit-anti mouse IgG horseradish peroxidase
(HRP)-conjugated antibody (Dako, Grostrup, Denmark) for 1 hour at
RT. Signals were visualized by Immobilon Western Chemiluminescent
HRP Substrate (Millipore) and Luminescent Image Analyzer LAS-
3000 mini (Fujifilm, Tokyo, Japan).
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Immunofluorescence Study
Immunohistological study was performed using neonatal rat ven-
tricular cardiomyocytes prepared from I-day-old Sprague-Dawley
rats as described previously.” Briefly, neonatal rat ventricular car-
diomyocytes (4x10%) were transfected with WT or mutant pEGFP-
MYHG6 plasmid with Lipofectamine LTX. Twenty-four hours later, the
cells were fixed with 100% ethanol, stained by primary mouse anti-
a-actinin antibody (1:100, Sigma-Aldrich) overnight at 4°C and visu-
alized with secondary Alexa Fluor 568 goat antimouse IgG antibody
(1:500, Life Technologies). The fluorescent images were analyzed
using LSM510 laser-scanning confocal microscope with a 63x oil
immersion objective lens (Carl-Zeiss Microscopy, Jena, Germany).
All care and treatment of animals were in accordance with the
guidelines for the Care and Use of Laboratory Animals published
by the National Institute of Health (NIH Publication, eighth edi-
tion 2011) and subjected to prior approval by the animal protection
authorities of Nagasaki University and Tokyo Medical and Dental
University.

Action Potential Propagation Velocity
Measurements in HL.-1 Cells Stably Expressing
Human MYH6

The mouse atrial cardiomyocyte cell line HL-1 (4x10%), gift from Dr
Claycomb, was cultured as previously described.? Cells were trans-
fected with 2 pg of linearized pIRES2-EGFP-MYH6 plasmids of WT
or delE933 or pIRES2-EGFP plasmid and 4 pl of Lipofectamine LTX
(Life Technologies) according to the manufacturer’s instructions.

Forty-eight hours after transfection, cells were cultured in the pres-
ence of 400 pg/mL G418 (Life Technologies) for 4 weeks to establish
stable cell lines.

Stable HL-1 cells (1x10° cells) expressing WIT-MYHG6, delE933-
MYHG6, or mock pIRES2-EGFP were plated on 8x8 planner multi-
electrode arrays (array size 1 mmx] mm; electrode diameter 50 pm;
Alpha MED Scientific Inc., Osaka, Japan) precoated with gelatin and
fibronectin (Sigma-Aldrich). Seventy-two hours later, a single stimu-
lus of 10 pA was applied on a designated point to initiate spontane-
ous beating, and electric field potentials were recorded for 1 minute.
Action potential propagation velocity was calculated by averaging
the velocities between the stimulation point and the remaining 63
points. Cell numbers on the array were counted after recordings with
detaching them from the arrays with Trypsin-EDTA. These proce-
dures were repeated 4 times for each line.

In Vivo Evaluation of Overexpressed MYH6 in
Zebrafish

Transgenic zebrafish (cmlc2:GFP, Danio rerio) embryos were used
to functionally characterize the zebrafish myh6 and human MYHG6
variant. MYH6 ATG-blocking morpholino antisense oligonucleotide
(myh6 ATG-MO) was designed to target myh6 (Table 1 in the Data
Supplement).” Myh6 ATG-MO (0.5-1 ng/embryo) was injected
alone or coinjected with WT or delE933 MYH6 cRNA (0.4 nglem-
bryo) at the 1- to 2-cell stage. After the injection, embryos were
maintained in embryo water at 28°C and staged according to age and
morphological criteria.?® Cardiac phenotypes were screened using

Figure 1. ECG and echocardiography of
the sick sinus syndrome (SSS) proband.

A, ECG recordings of the proband (age
62 years) displayed sinus bradycardia

(42 beats per minute) with unusual P
wave axis and junctional escape beat

(last beat in V4-V6). T waves in I-lll, aVF,

and V4-6 were inverted. B, Holter ECG
showed sinus arrest with a maxium RR
interval of 5.59 s. C, Echocardiography
revealed mild dilatation of left ventricle
(LV) and right atrium without obvious
evidence for cardiomyopathy, congenital
heart disease, or cardiac dysfunction. LV
internal diameter, 57 mm; LV posterior
and interventricular wall thickness, each 6
mm; LV ejection fraction, 63%.
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fluorescent microscopy at 48 hour-post-fertilization (hpf). Heart rate
and rhythm were recorded. Videos obtained from the embryos were
analyzed using Image J (National Institutes of Health) to determine
the heart rate and the duration of cardiac pauses.

Statistical Analyses
Results are presented as means+SE otherwise stated, and statistical
comparisons were made by using 1-way analysis of variance fol-
lowed by Bonferroni adjustment to estimate the significance of differ-
ences between the mean values of all pairwise. Statistical significance
was assumed for P<0.05.

Results

Case Presentation

Genetic screening of MYH6 mutations in 9 probands with
familial SSS identified a novel mutation in a 62-year-old Japa-
nese woman. She attended the hospital because of several epi-
sodes of presyncope with which she had been afflicted for 5
years. Her 12-lead ECG showed sinus bradycardia (heart rate
42 beats per minute) with unusual P wave axis and junctional
escape beat (Figure 1A), and Holter ECG revealed sinus arrest
with maximum RR interval of 5.59 s (Figure 1B). She had
no history of other arrhythmias, including atrial fibrillation.
Echocardiography revealed mild dilatation of the left ventricle
(LV) and right atrium, but there were no obvious signs of car-
diomyopathy, congenital heart disease, or cardiac dysfunction
(LV internal diameter in diastole, 57 mm; LV posterior wall in
diastole, 6 mm; interventricular septal wall in diastole, 6 mm;
and LV ejection fraction, 63%; Figure 1C). A pacemaker was
implanted after the diagnosis of SSS. Her deceased mother
also had a pacemaker implanted because of SSS during the
7th decade of her life.

Identification of the Novel MYH6 Mutation
delE933

The novel mutation identified in the proband was an in-
frame 3-bp deletion, ¢.2797_2799delGAG, located in exon
22 of MYH6. This was predicted to delete one residue within
the glutamic acid triplet at aa.931-933 of a-MHC (delE933;
Figure 2A). This triplet is located in the S2 segment of
o-MHC, a crucial structure required for binding to MyBP-C
and for regional phosphorylation of MyBP-C,¢ thereby facil-
itating a flexible link between thin and thick filaments. The
S2 hinge region is highly conserved among o-MHC from
different species, as well as between other MHC isoforms
(Figure 2B).

The proband has no siblings or offspring, and DNA was not
available from her deceased mother. The delE933 mutation
was not identified in 800 MYH6 alleles from healthy Japanese
controls or in the public genetic variation databases of dbSNP,
1000 Genomes, Exome Variant Server, and HGVD. The com-
mon variation A1101V was not found in the proband, whereas
3 out of 8 other probands in our cohort were heterozygous for
A1101V. The rare MYHG6 variation R721W (¢.C2161T), asso-
ciated with SSS in Icelanders,” was not found in our familial
SSS cohort. No other disease-related mutations were identi-
fied in SCN5A, HCN4, SCN3B, KCNJ3, KCNJ5, or GJAS in
our familial SSS cohort. Polymorphisms identified in MYH6
are listed in Table IV in the Data Supplement.

MYHG6 Mutations in Familial SSS 403

delE933-MYH6 Mutation Disrupts Sarcomere
Structures
The S2 segment is a coiled-coil domain of a-MHC composed
of a motif of heptad repeats of amino acids.®®¥ SWISS-
MODEL simulation predicted that the delE933 mutation
would cause local disruption of the coiled-coil structure
(Figure 3A). Immunoprecipitation studies using a recombi-
nant MyBP-C C1-C2 protein and WT and delE933a-MHC
S2 region proteins expressed in HeLa cells showed that the
binding ability of a-MHC with MyBP-C was substantially
enhanced by the delE933 mutation (Figure 3B).

Because structural damage of sarcomere have been reported
in association with MYH6 mutations responsible for atrial
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Figure 2. Genetic and protein information of the MYH6 muta-
tions. A, An electropherogram of exon 22 of MYH6 of the pro-
band. Boxes indicate the codons of triplicate glutamic acids
E931-E933 of the wild-type (WT) allele and an in-frame deletion
of GAG resulting in delE933. B, Protein structures of a-myosin
heavy chain (a-MHC) and its binding partner myosin-binding
protein C (MyBP-C). a-MHC consists of S1 motor, S2 hinge, and
light meromyosin (LMM) regions. The S2 hinge region interacts
with the region of MyBP-C between the 1st (C1) and 2nd globular
structure (C2). Locations of the 2 MYH6 mutations, a rare vari-
ant R721W identified in lcelanders? and delE933 (this study), are
shown with red dots. Protein sequence alignment shows that the
MyBP-C binding site (residues 884-965) are highly conserved
among a-MHCs from different species, and the glutamic acid
triplet is perfectly conserved among different species and dif-
ferent MHC isoforms of cardiac (MYH6, MYH?7), skeletal muscle
(MYH1, MYH2, MYH3, MYH4, MYHS8, MYH13, MYH15),and a
nonmuscle type (MYH14). SSS indicates sick sinus syndrome.
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Figure 3. In silico prediction and in vitro functional evaluation

of delE933-MYH6. A, Ribbon representation of 3-dimensional
structure of the S2 region in human a-myosin heavy chain
(a~MHC) predicted and visualized by SWISS-MODEL and Ras-
Top, respectively. The coiled-coil structure is partially disrupted
at the truncated amino acid E933 (arrowhead). B, Co-immuno-
precipitation study of the S2 region of a-MHC and C1C2 region
of cardiac myosin-binding protein C (MyBP-C). The S2 fragment
of delE933 shows increased binding to the C1C2 fragment of
MyBP-C. A nonspecific double band was often observed on

the input of a mock pEGFP-C1 plasmid (third column). C, Fluo-
rescence images of neonatal rat ventricular cardiomyocytes
transiently expressing wild-type (WT), delE933, or R721W MYH6
fused to green fluorescent protein (GFP). WT o-MHC shows a
striated pattern of GFP together with the proper striated sarco-
meric pattern of a-actinin (a and d). a-MHC with mutations of
R721W and delE933 show brightly fluorescent speckles without
well-organized sarcomere structure (b and ¢). The a-actinin
images show a misaligned and disrupted pattern of myofibrils
(e and f), indicating sarcomere disintegration. Scale bar, 10 pm.

septal defect,” we next explored whether the MYH6 variation
R721W, as well as delE933, disrupted integrity of sarcomere
structures. To investigate the functional consequences of
MYH6 mutations on the atrial sarcomere structure, we used
a heterologous expression system in cultured rat cardiomy-
ocytes in which the predominant ventricle MHC isoform is
0o-MHC.* Neonatal rat ventricular cardiomyocytes were tran-
siently transfected with a GFP-tagged MYH6 WT, delE933,
or R721W plasmids. Confocal microscopy analysis revealed
comparable GFP intensities after transfection of all 3 MYH6
plasmids (Figure 3C, a—c), indicating that the expression lev-
els and stability of heterologously expressed o-MHC proteins

were similar. Endogenous sarcomeric a-actinin expression
at the Z-disc indicated the sarcomere integrity of transfected
myocardial cells (Figure 3C, d-f). Cells expressing WI-MYH6
displayed a striated staining pattern, indicating that heterolo-
gous 0-MHC was correctly integrated into the sarcomere.
However, both MYH6 mutants, delE933 and R721W, exhib-
ited a substantially disrupted a-actinin staining pattern and
perinuclear aggregation of a-MHC, suggesting that structural
damage to the sarcomere had occurred in cells expressing
MYHG6 variants predisposing to sinus node dysfunction.

Atrial HL-1 Cells Stably Expressing the delE933-
MYH6 Showed Impaired Electric Propagation

A recent genome-wide association study showed that the
Iceland-specific MYH6 variant was significantly associated
with atrial fibrillation,®® we hypothesized that the functional
defects caused by mutated MYH6 may affect action potential
propagation in the atrium surrounding the sinus node, lead-
ing to SSS manifestation. We cultured the mouse atrial car-
diomyocyte cell line HL-1 stably expressing WT or mutant
MYHG6 on 64-well electrode arrays and analyzed electric
propagation velocities (Figure 4A). The propagation velocity
was unchanged between WT-MYH6 and control mock-trans-
fected cells, but cells expressing delE933-MYH6 exhibited
a significantly slower propagation velocity (control, 3.6+0.6
mm/s; WT, 3.8+1.2 mm/s; delE933, 2.9+0.8 mm/s; n=252 for
each line, P<0.001 for WT versus delE933; Figure 4B). Cell
numbers of each array were comparable (P=0.49; Table V in
the Data Supplement). These data suggest that mutant MYH6
delE933 impairs cell-to-cell action potential propagation in
the atrial myocardium.

delE933-MYH6 Failed to Rescue the Heart Rate
Reduction in Zebrafish With Morpholino myh6
Knockdown

To determine whether the human MYHG6 orthologue myh6
could influence heart rate control in zebrafish, we performed
targeted myh6 knockdown experiments with ATG-MO.
Zebrafish cardiac phenotypes, including heart rate and car-
diac rhythm, were assessed at 48 hpf. The myh6 morphants
exhibited atrial dilatation (Figure 4C), which is consistent
with a previous report using decreased functional myh6 tran-
script.”’” Myh6 morphants also showed a significantly slower
heart rate than uninjected embryos (myh6-MO, 137.7+£2.2
beats per minute, n=28; uninjected 150.2+1.6 beats per min-
ute, n=25; P<0.001; Figure 4D). Cardiac asystole was not
observed in uninjected embryos or morphants. As shown in
Figure 4D, coinjection of WT human MYH6 cRNA rescued
the bradycardia (148.7+1.4 beats per minute, n=26; versus
myh6-MO P<0.001), suggesting that the human MYH6 com-
pensated for the loss of the zebrafish orthologue. By con-
trast, human MYH6 carrying the delE933 mutation failed to
rescue the bradycardia (142.3+2.5 beats per minute, n=24).
Human MYH6 RNA was detected by reverse transcription-
polymerase chain reaction in embryos at 24 and 48 hours
after injection (Figure in the Data Supplement), suggesting
that the delE933 mutation of MYHG6 is responsible for sinus
node dysfunction.
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