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Figure 4. Electrophysiological phenotypes of
delE933-MYHS6. A, Representative activation iso-
chronal maps of HL-1 cells stably expressing wild-
type (WT) or delE933 MYH6 and control HL-1 cells.
An electric provocation with 10 pA was input on the
pointed electrode (arrow). B, Averaged conduction
velocity calculated from the time elapsed for the
impulse to reach all remaining electrodes (n=252
for each recording). C, Representative fluorescent
diastolic images of embryonic zebrafish hearts
(atrium [A], ventricle [V]) at 48 hpf: uninjected con-
trol (@), myh6-MO only (b), myh6-MO coinjected
with human WT MYH6 cRNA (c), and myh6-MO
coinjected with human delE933 MYH6 cRNA (d).
The atria of the myh6 MO morphant in the pres-
ence or absence of coinjected human MYH6 cRNAs
(b-d) were slightly dilated compared with the unin-
jected control (a). The ventricle and cardiac looping
pattern of the morphants, with or without MYH6
cRNAs, were similar to that of the control. Scale
bars, 100 um D, Heart rate recordings from zebraf-
ish (a—d). Data are shown as box and whisker plots
with minimum, maximum, median, 25th, and 75th
quartiles bars. Number in parentheses represents
the number of zebrafish in each group.
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Discussion

A growing body of evidence from genome-wide association
studies has demonstrated an association of MYH6 with sinus
node function.'-?* A common nonsynonymous single-nucleo-
tide polymorphism of MYH6 (A1101V) was previously shown
to be a genetic modifier for resting heart rate and PR inter-
val,'® and this was further replicated in a large meta-analysis,
including subjects of European ancestry from both the United
States and Europe.'™® A combination of A1101V with other
loci controlling heart rate further reduced the risk of SSS and
pacemaker implantation, implicating a heritable quantitative
trait."” By contrast, the rare MYH6 variation R721W, unique
to Icelanders, predisposes individuals to SSS and pacemaker
implantation.” These studies clearly demonstrate that MYH6
is a genetic modifier of sinus node function, but the mecha-
nisms of this have been unclear, and it was uncertain whether
MYHG6 could be a causative gene of familial SSS.

In this study, we identified a novel MYH6 mutation, delE933,
in one SSS individual among 9 probands of our familial SSS
cohort.”?> We found that the mutant delE933-MYH6 slowed
down action potential propagation when heterologously
expressed in the atrial myocardial cell line HL-1 (Figure 4A).
Moreover, knockdown of endogenous MYHG6 leading to
reduced heart rate in zebrafish could be compensated for by

+WT-MYHE  +delE933-MYH6

the coexpression of WT-MYH6 but not by delE933-MYH6
(Figure 4B). To our knowledge, this is the first experimental
evidence demonstrating that MYH6 variations can influence
heart rate and action potential propagation. However, lim-
ited information is available to delineate the functional link
between sarcomere components and sinus node function, and
it remains unknown whether a-MHC directly affects pace-
maker function or whether its actions are mediated though
undefined mechanisms.

The delE933 mutation is located in the coiled-coil struc-
ture of the a-MHC S2 region, a binding motif for MyBP-C,
and so is predicted to alter the tertiary structure and the cross-
linking affinity between 2 sarcomere components (Figure 2A
and 2B). Although the final consequences of such structural
and functional modifications are unknown, a previous study
that the MyBP-C mutation E334K, responsible for hypertro-
phic cardiomyopathy, impaired the ubiquitin-proteasome sys-
tem, leading to an accumulation of cardiac ion channels at the
sarcomere and electrophysiological dysfunction.®* Increased
protein levels were also observed for several other cardiac ion
channels, including Kv1.5, Nav1.5, HCN4, Cav3.2, Cavl.2,
SERCA, RYR2, and NCX1, which play major roles in control-
ling normal pacemaker function and atrial conductivity. Based
on these findings, we speculate that an abnormal association
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between delE933-0-MHC and MyBP-C might modulate the
expression of cardiac ion channels that affect pacemaker func-
tion, which in turn would lead to the development of SSS.

In the present study, overexpression of the SSS-susceptible
o-MHC mutants of R721W and delE933 in neonatal rat
ventricular cardiomyocytes impaired sarcomere structures.
However, it is unknown whether MYH6 mutations preferen-
tially impair the sinus node function or whether they might
eventually cause further extensive electric damage manifest-
ing as atrial fibrillation. Because the patient did not undergo
electrophysiological studies or cardiac biopsy, further infor-
mation regarding the spatial distribution and heterogeneity
of pathological damages and electrophysiological abnormali-
ties in the atrium is not available. Nevertheless, the T wave
inversion of ECG and mild dilatation of the right atrium and
LV (Figure 1A and 1B) are in accordance with the observa-
tion that targeted myh6 knockdown in zebrafish induced the
atrial dilatation associated with negative chronotropic effects,
indicating that MYH6 mutations may directly cause substan-
tial damage and electric disorder to the myocardium in the
atrium. This idea is further supported by the finding that het-
erozygous zebrafish expressing the MYH6 mutation N695K
(MYHG6"#2¥+) exhibited loss of atrial contractility, with resid-
ual beating restricted to the region near the atrioventricular
junction and sinus venosus.?’ These observations strongly sug-
gest that the final consequences of MYH6 mutations in humans
might also exhibit considerable heterogeneity with respect to
the structural and electrophysiological properties of the atrium
and sinus node.** Furthermore, these structural abnormali-
ties of atrial sarcomere may extend to more severe conduction
dysfunctions, such as atrial fibrillation or contractile failure,
depending on the functional severity caused by each mutation.
The slower conduction velocity observed in the HL-1 cells sta-
bly expressing delE933-MYH6 in the present study suggests
the possible involvement of MYH6 in conduction dysfunc-
tion. This idea is supported by a recent genome-wide associa-
tion study in which correlation studies of the MYH6 variant
R721W exhibited a significantly higher association with atrial
fibrillation both before (odds ratio, 2.39; P=0.00010) and after
(odds ratio, 2.03; P=0.015) exclusion of known SSS cases.?’
It is of note that the R719W of the ventricular 3-MHC gene
MYH?7, homologous to the R721W-MYHS, is responsible for
a malignant hypertrophic cardiomyopathy frequently associ-
ated with conduction abnormalities,* suggesting that o-MHC
and $-MHC may share some pathophysiological mechanisms
affecting cardiac action potential propagation.

SSS commonly occurs in older individual in the absence
of accompanying heart diseases but comprises a variety of
electrophysiological abnormalities in sinus node impulse
formation and propagation. Although less common, SSS
also shows familial inheritance, and implicated causative
genes include those encoding cardiac ion channels, such as
SCN5A. We recently found that familial SSS probands carry-
ing SCN5A mutations showed a significantly earlier disease
onset and a strong male predominance, whereas nonfamil-
ial SSS had a disease onset of over 70 years for both sexes,
which were affected equally.” The affected members of the
SSS family in the present study were both women, aged over
60 years, suggesting that familial SSS with MYH6 mutations

might constitute an SSS subgroup distinct from that caused by
SCN5A mutations. This may suggest the existence of a new
disease entity of inherited arrhythmias attributable to muta-
tions in genes encoding sarcomere proteins other than cardiac
ion channel or ion channel-associated genes.

Limitation of the Study

Lack of information about the genotype—phenotype cosegre-
gation of delE933-MYHG is the major limitation of this study
from the standpoint of human genetics. Although bioinformat-
ics evaluations, as well as in vitro and in vivo studies, have
suggested pathophysiological significance of the rare MYH6
variation delE933, it still does not exclude the possibility that
the proband manifested SSS attributable to factors, such as
aging rather than the MYH6 mutation. To demonstrate the
causality between SSS and MYH6, more extensive genetic
screenings in patients with familial SSS to find novel MYH6
mutations are required. Furthermore, it remains to be eluci-
dated how the impaired sarcomere structures and conduction
velocity elicited by delE933-MYH6 ultimately result in the
sinus node dysfunction. Electrophysiological studies using
induced pluripotent stem cell-derived cardiomyocytes from
MYH6 mutation carriers, as well as basic evaluations of MYH6
using genetically engineered animals, are also warranted.
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Background: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited cardiac disease.
While desmosomal gene mutations are considered major causes of ARVC, LMNA mutations have been
reported to be possible causes of ARVC. In this study, we performed extensive genetic screening for LMNA
mutations in our Japanese ARVC cohort to assess the prevalence and characteristics of LMNA mutation-
positive ARVC cases.

Methods: Our study cohort consisted of 57 ARVC probands. Genetic analyses were performed by using
direct sequencing and targeted sequencing of LMNA and four desmosomal genes. We compared clinical
features of probands with desmosomal gene mutations to those of probands with LMNA mutations.
cardiomyopathy Results: Among 57 clinically diagnosed ARVC probands, we identified desmosomal gene mutations in
Desmosome 26 probands (45.6%) and two LMNA mutations in two probands. The first LMNA mutation p.M1K was
PKP2 detected in a 62-year-old male proband, while the second mutation p.W514X was found in a 70-year-old
Pacemaker therapy male proband. Compared to the 26 probands with desmosomal gene mutations, in the two probands
with LMNA mutations, the mean age at diagnosis was significantly higher, and their heart rate at the
diagnosis was significantly slower. While both probands with LMNA mutations underwent pacemaker
implantation, only one proband with desmosomal mutations received this treatment (2/2 vs. 1/26).
Conclusion: Genetic screening for LMNA gene is important for ARVC patients, particularly in patients
with bradycardia.

Keywords:
LMNA
Arrhythmogenic right ventricular

© 2015 Published by Elsevier Ltd on behalf of Japanese College of Cardiology.

Introduction has been proposed [5]. Mutations in desmosomal protein genes

have been shown to be a major cause of AC [6-8]. However,

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is
a disease characterized by fibrofatty replacement in the right
ventricular myocardium and ventricular arrhythmia [1]. The
disease expression varies widely from sudden cardiac death
to severe heart failure which sometimes requires heart
transplantation [2]. Recognition of arrhythmogenic left ventric-
ular cardiomyopathy (ALVC) [3,4] and biventricular involving
subtype has led to a more comprehensive definition of this
disease entity. The term “arrhythmogenic cardiomyopathy (AC)”

* Corresponding author at; Department of Cardiovascular and Respiratory Medicine,
Shiga University of Medical Science, Seta-Tsukinowa, Otsu, Shiga 520-2192, Japan.
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causative mutations in those genes could only be identified in
40~60% of patients [9,10]. Mutations of the LMNA gene have
been associated with a variety of systemic diseases such as
Hutchinson-Gilford progeria [11], dystrophy [12], and dilated
cardiomyopathy [13]. A study conducted in England indicated
that several LMNA mutations are clinically associated with
ARVC. The authors screened 108 ARVC probands and found four
LMNA mutation carriers (4%), suggesting LMNA as a new
causative gene of ARVC [14]. Meanwhile, a Canadian team
reported a case of LMNA mutation cardiomyopathy with features
of ARVC [15].

In this study, we surveyed ARVC probands in our genetic
database for LMNA mutations and compared clinical features of
LMNA mutation carriers with those of desmosomal gene mutation
carriers.
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Methods
Genetic analysis

Our study cohort consisted of 57 ARVC probands who were
referred to our institute for genetic screening. The diagnosis of
ARVC was based on the International Task Force Criteria for ARVC
(2010) [16]. After obtaining written informed consent, genomic
DNA was isolated from peripheral blood lymphocytes. Coding
exons of LMNA, four desmosomal protein genes (PKP2, DSP, DSG2,
and DSC), and three major LQTS-related genes (KCNQ1, KCNH2, and
SCN5A) were amplified and sequenced using an ABI PRISM-3130
DNA sequencer (Applied Biosystems, Foster City, CA, USA). Among
mutation-negative probands, some had apparent family histories of
ARVC. In such a case, we used a personal next generation sequencer
(Ilumina®, San Diego, CA, USA) to analyze desmosomal protein
genes and LMNA again, by method of targeted gene sequencing. The
genetic variants identified were probed in 100 ethnically matched
control population (200 alleles) and in two available online
databases (http://evs.gs.washington.edu/and http://www.1000ge-
nomes.org/). The protocol for the genetic test was approved by the
institutional ethics committee and was performed under its
guidelines. We assessed the deleteriousness of detected variants
by using Combined Annotation Dependent Depletion (CADD, http://
cadd.gs.washington.edu/home)[17]. Variants with scaled C-score of
greater or equal 20 were considered deleterious.

Comparison of clinical features

Compatibility with the International Task Force Criteria for
ARVC (2010) [16] was assessed for patients with desmosomal
protein genes (1 = 26) and for those with LMNA mutations (n = 2).
For this comparison, we used clinical data obtained by echocar-
diogram and 12-lead electrocardiogram (ECG). Findings from other
tests such as cardiac magnetic resonance imaging (MRI), computed
tomography (CT) imaging, tissue biopsy, and signal-averaged
ECG were not compared because they were not performed for all
probands in our cohort. Using Student’s t-test for continuous
variables, and Fisher’s exact test for nominal variables, differences
were considered- statistically significant at p < 0.05. Data are
presented as mean =+ SD.

Results

ARVC cohort and the International Task Force Criteria for
ARVC (2010)

Table 1 summarizes the number of the probands, who are
carrying genetic variants in genes we screened, and the

Table 1

The summary of results of genetic screening and the compatibility of the
International Task Force Criteria for arrhythmogenic right ventricular cardiomyop-
athy [16].

compatibility with the International Task Force Criteria for ARVC
(2010) [16]. We identified two LMNA mutations in two probands,
one SCN5A mutation in one proband, and 21 desmosomal gene
mutations in 26 probands. Consequently, 28 probands were
negative for the genes screened (49.1%). Desmosomal gene
mutations were most frequently identified as mutations in PKP2
(12 cases). Three probands had compound mutations in two
different desmosomal genes.

Case 1: LMNA p.M1K mutation

A male proband first presented with atrial fibrillation and
complete atrioventricular block in his fifties. His QRS duration
progressively widened and atrial contraction weakened over the
following 20 years. When he was hospitalized for dyspnea on effort
at age 70 years, his resting ECG showed sinus arrest and junctional
irregular rhythm with wide QRS, while echocardiography and CT
imaging showed severe RV and mild LV dilatation (Figs. 1 and 2A).
Localized RV dyskinesis was apparent in RV apex (Fig. 1B). Holter
ECG revealed frequent premature ventricular contractions and
non-sustained ventricular tachycardia. His low cardiac function
and bradyarrhythmia with wide QRS required a cardiac resyn-
chronization therapy device implantation. He was diagnosed with
ARVC, based on the International Task Force Criteria for ARVC [16]
(two major and one minor criteria: structural alterations, family
history, and arrhythmia). Genetic analysis of his DNA revealed a
mutation in LMNA, namely p.M1K (c.2T>A, Fig. 2B) in a
heterozygous fashion. In available online databases and 100
ethnically matched control population, we could not identify the
same mutation. CADD score of this variant was 28, which
suggested the possibility that the variant caused his disease
(Table 2, Case 1).

Family members with LMNA p.M1K mutation

The pedigree is shown in Fig. 2C. The proband’s brother had
undergone pacemaker implantation and died from severe heart
failure with RV dilatation in his sixties (II:3). While no DNA sample
from the proband’s brother was available, the same mutation was
detected in his daughter (Ill:4), indicating that the deceased
brother was an obligatory mutation carrier. The daughter (lll:4,
aged 42 years) had normal ECG and normal echocardiographic
findings. In addition, the proband’s daughter and son (Ill:1 and
1I:2, aged 47 and 40 years, respectively), and his half-brother (1I:5,
aged 54 years) had the same mutation. The proband’s son had
polymorphic premature ventricular contractions with normal
cardiac function and normal chamber size (1l1:2). Other mutation
positive members, the proband’s half-brother (11:5), the proband’s
daughter (11I:1), and the proband’s brother’s daughter (IIl:4), did
not show ECG and echocardiographic abnormalities.

Table 2
Genetic screening result of two LMNA mutation cases and analyses of
deleteriousnesss.

Genes
PKP2
Dsp
DSG2
Dsc2
DSP+DSG2
PKP2+DSP
DSG2+SCN5A
LMNA
SCN5A - -
Non-genotyped
Total i
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Fig. 1. Electrocardiogram and echocardiogram of LMNA p.M1K mutation carrier. (Panel A) Electrocardiogram of the proband in his sixties. (Panel B) Echocardiographic image
showing diastolic (left) and systolic phase (right) of both ventricles. Right ventricle (RV) shows focal akinesis in apex area (arrow heads). The lateral basal area of RV keeps its
contraction.

Case 2: LMNA p.W514X mutation A part of this proband’s clinical information was previously
reported [18]. His RV and right atrium (RA) were remarkably

A male proband was first hospitalized for atrial standstill and dilated, and an RV endomyocardial biopsy demonstrated fibrous
complete atrioventricular block at age 62 years (Fig. 3A left panel). tissue replacement of the myocardium (Fig. 3B). In addition, his

A

WT-allele ATG !
MT-allele AAG 1M1 2 13 4
Fig. 2. Computed tomography (CT) images and genetic analysis of LMNA p.M1K mutation carriers. (Panel A) CT scanning image showing dilated right atrium and ventricle.

(Panel B) Proband’s original sequence of LMNA showing a heterozygous mutation in exon1, replacing the first codon of the gene (ATG) with AAG. (Panel C) Pedigree of the LMNA
p.M1K mutation family. Arrow indicates the proband. Filled symbols indicate members affected by clinical phenotypes. Plus signs indicate mutation positive. NE = not examined.
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Fig. 3. Clinical information and genetic analysis of LMNA p.W514X mutation carriers. (Panel A) Electrocardiogram of the proband at age 62 years (left) and that of the
proband’s 45-year-old daughter (right) carrying the same mutation as that in the proband. (Panel B) Histological example of right ventricular myocardium, showing loss of
cardiomyocyte and fibrous tissue replacement. Slightly high power view. (Panel C) Proband’s original sequence of LMNA showing a heterozygous mutation in exon 8. (Panel D)
Pedigree of the LMNA p.W514X family. Arrow indicates the proband. Closed symbols indicate members affected by clinical phenotypes. Plus signs indicate mutation-positive

individuals. PMI = pacemaker implanted; NE = not examined.

left ventricular (LV) function was moderately reduced
(ejection fraction 33%), and he developed recurrent ventricular
tachycardia (VT) with a left bundle branch block morphology,
requiring implantable cardioverter defibrillator (ICD) implanta-
tion at age 70 years. Based on the International Task Force
Criteria for ARVC [16], he was diagnosed as having ARVC
(three major criteria: tissue characteristics, structural altera-
tions, and arrhythmia). Genetic testing identified a heterozygous
p-W514X (c.1542G>A) mutation in exon 8 of LMNA (Fig. 3C), but
was negative for mutations in the four ARVC-related desmo-
somal gene described above. In available online databases
and 100 ethnically matched control population, LMNA
¢.1542G>A was not identified. The CADD score of this variant
was 42, suggesting this mutation could cause the disease
(Table 2: Case 2).

Family members with LMNA p.W514X mutation

The pedigree is shown in Fig. 3D. The proband’s mother (1:2)
died suddenly in her forties, and both of the proband’s elder
brother (11:2) and the brother's daughter (IlI:1) had pacemaker
implantations; detailed information could not be obtained because
they lived abroad. The proband’s two daughters and son
underwent genetic analysis, ECG measurement, and echocardio-
graphic examination. The eldest, a 45-year-old daughter (Ill:2),
was found to carry the same heterozygous p.W514X LMNA
mutation. She had atrial fibrillation with AV conduction distur-
bance, but remained asymptomatic (Fig. 3A, right panel). Her
echocardiographic findings revealed dilatation of RA and RV,
compatible to that observed in ARVC. Moderate tricuspid and mild
mitral valve regurgitation were also recognized, while her LV
systolic function was normal (ejection fraction >60%). The two

other genotype-negative siblings showed no electrocardiographic
abnormalities (111:3, III:5).

Comparison between the characteristics of LMNA mutation carriers
and those of desmosomal gene mutation carriers (Table 3)

Table 3 shows characteristics of desmosomal gene mutation
carriers and LMNA mutation carriers. Because of atrioventricular
conduction disturbance, heart rate was significantly slower, and
pacemaker therapy was relatively more necessary in LMNA
mutation carriers than in desmosomal gene mutation carriers.
The age of diagnosis was significantly higher in LMNA mutation
carriers than in desmosomal gene mutation carriers (66 + 5.7 years
vs. 40.5 + 19.9 years, p=0.01). Although the difference was not
significant, epsilon waves, and inverted T waves in right precordial
leads, which are specific electrocardiographic signs of ARVC, were
absent in the two LMNA mutation carriers.

Table 3
Comparison of desmosomal arrhythmogenic right ventricular cardiomyopathy
(ARVC) vs. LMNA positive ARVC cases.

U
Number of probands (male) 26 (17) 2(2)
Age at diagnosis (years) 405+199 6657
Heart rate 60.6+£12.5 45+14
Pacemaker implantation” -\ 1 @%) L2679
Compatibility of diagnostic criteria
RV dilatationby UCG  20(77%) Co2em
Inverted T waves 9 (36%) 0
_ Epsilon wave = 405 0
LBBB type VT 6 (23%) 1(33%)

T
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Discussion

In this study, we surveyed 57 Japanese ARVC probands, and
identified two probands carrying heterozygous LMNA mutations
who displayed ARVC-like cardiomyopathy with conduction
disturbance. The disease concept of ARVC can be traced back to
the summary of 24 cases by Marcus et al. in 1982 [19]. The
diagnostic criteria were first published in 1994 [20], and were
revised in 2010 [16]. One of the major revisions was the inclusion
of genetic factors as a major criterion. This change was introduced
owing to the recent identification of genetic mutations in
desmosome-related protein genes underlying ARVC. Nowadays,
five desmosome-related proteins, plakoglobin, desmoplakin,
plakophilin-2, desmoglein-2, and desmocollion-2, have been
associated with ARVC, and mutations in these genes are detected
in approximately 40-50% of ARVC cases [9,10]. In addition to them,
current systematic genetic analyses have identified several non-
desmosomal gene mutations in families with ARVC, although their
prevalence is low. To date, TGFB3 [21], DES [22], TMEM43 [23],
PLN [24], CTNNA3, and TTN [25] have been associated with ARVC.
However, the genetic background of a considerable number of
ARVC cases remains unclear.

LMNA is a gene encoding lamin, a structural protein of the
nuclear envelope. Mutations in this gene cause a variety of
systemic diseases that are commonly called laminopathy.
Laminopathy is associated with several tissues such as striated
muscles, peripheral nerves, and adipose tissues. Emery-Dreifuss
muscular dystrophy (EDMD) [11] and dilated cardiomyopathy
[12] are known as major striated muscle laminopathies, which
account for more than 50% of laminopathy cases [26]. Systemi-
cally, a premature-aging syndrome such as Hutchinson-Gilford
progeria syndrome is a known clinical manifestation of lamino-
pathy. In 2012, Quarta et al. reported on four families with LMNA
mutations mimicking ARVC-like phenotypes [14]. They screened
108 ARVC cases for desmosomal protein genes and LMNA, and
detected desmosomal gene mutations in 61 cases (56.5%) and
LMNA mutations in 4 (4%) cases, suggesting the possibility of
LMNA mutations being causative factors of ARVC. However, so
far, only one case report by a Canadian group [15] has followed
this study. In our study, we found two LMNA mutation cases in a
Japanese ARVC cohort. Additionally, we identified several clinical
features to distinguish these ARVC-mimicking cases from
“classical ARVC” cases. Clinically, both desmosomal and
LMNA-related ARVC were identified by their VT events or
remarkable RV enlargement on echocardiography. On the other
hand, typical electrocardiographic features such as epsilon
waves and inverted T waves in right precordial leads are rare
in LMNA cases. Instead, QRS widening and atrioventricular
conduction disturbance were frequently observed in LMNA
mutation-positive ARVC cases. Such ECG results were also
reported by Quarta et al. [14], and shared common features
with laminopathy DCM [13]. Therefore, it is not difficult to
distinguish LMNA mutation-positive ARVC cases from classical
desmosomal gene mutation-positive ARVC by careful assessment
of clinical characteristics.

The cosegregation and phenotype-genotype correlation in LMNA
p.M1K mutation family

The penetrance of lamin-cardiomyopathy is not 100%, and varies
widely, sometimes gender specifically. Arimura et al. [27] reported
the association of androgen receptor and disease progression of
lamin cardiomyopathy. In the study, they introduced severe
phenotype expression in male cases. In our study, younger
generation of family members carrying LMNA ¢.2T>A mutation
(Fig. 2C generation IlI) seems to have no apparent signs of

cardiomyopathy. And case 1I:5 (Fig. 2C), who is currently in his
fifties, does not have any signs of cardiomyopathy. However,
considering its gender-specific phenotype expression and age-
dependent progression, there is still a considerable possibility to
observe the expression of cardiomyopathy in these apparently
healthy members in the following decades. Careful follow-up is
necessary.

Combined annotation dependent deletion

To assess the deleteriousness of detected variants, we employed
the combined annotation dependent deletion (CADD) scoring
system [17]. This system ranked all ~8.6 billion single nucleotide
variants of the GRCh37/hg19 reference and scored “PHRED-like
scaled C-scores” to each variant. A scaled C-score of greater or
equal to 10 indicates that these are predicted to be the 10% most
deleterious substitutions, a score of greater or equal to 20 indicates
the 1% most deleterious and so on. To apply a cutoff on
deleteriousness, we put a cutoff value at 20, which indicates the
substitution is the rarest 1% in all possible variants.

Japanese ARVC cohort and arrhythmogenic cardiomyopathy

The disease expression of ARVC families widely varies. In
addition to classical RV pattern, some show left dominant pattern
and others show biventricular involvement. These days, the term
“arrhythmogenic cardiomyopathy (AC)” [5] has been proposed to
indicate a more comprehensive concept by some authors.
However, so far, there is still not a systematic diagnostic guideline
for AC, and left dominant AC cases tend to be missed or
misdiagnosed as dilated cardiomyopathy in clinical settings. Our
Japanese ARVC cohort also has this problem. It contains mainly
classic ARVC cases, but some biventricular involvement subtypes,
and a few end-stage ALVC cases are included. Actually in cases
carrying LMNA mutations, p.M1K mutation positive proband is
suspected to be a AC with biventricular involvement. In
future study, AC should be diagnosed more systematically, and
mixed cohort of different disease expressions should be more
carefully assessed. However at this moment, this mixed study
cohort represents Japanese ARVC cases in the actual clinical
situation.

Conclusion

Genetic screening of LMNA is an important diagnostic option for
late onset ARVC with bradyarrhythmia. Careful assessment of
electrocardiographic information is key to predicting associations
of LMNA gene mutation.
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Background: Hyperuricemia induces endothelial dysfunction, oxidative stress and inflammation, increasing cardio-
vascular morbidities. It also raises the incidence of atrial fibrillation; however, underlying mechanisms are unknown.

Methods and Results: The effects of urate on expression of Kv1.5 in cultured mouse atrial myocytes (HL-1 cells)
using reverse transcriptase-PCR, immunoblots, flow cytometry and patch-clamp experiments were studied. Treat-
ment with urate at 7mg/dl for 24 h increased the Kv1.5 protein level, enhanced ultra-rapid delayed-rectifier K+ chan-
nel currents and shortened action potential duration in HL-1 cells. HL-1 cells expressed the influx uric acid transporter
(UAT), URATV1, and the efflux UATs, ABCG2 and MRP4. An inhibitor against URATv1, benzbromarone, abolished
the urate effects, whereas an inhibitor against ABCG2, KO143, augmented them. Flow cytometry showed that urate
induced an increase in reactive oxygen species, which was abolished by the antioxidant, N-acetylcysteine (NAC),
and the NADPH-oxidase inhibitor, apocynin. Both NAC and apocynin abolished the enhancing effects of urate on
Kv1.5 expression. A urate-induced increase in the Kv1.5 proteins was accompanied by phosphorylation of extracel-
lular signal-regulated kinase (ERK), and was abolished by an ERK inhibitor, PD98059. NAC abolished phosphoryla-
tion of ERK by urate.

Conclusions: Intracellular urate taken up by UATs enhanced Kv1.5 protein expression and function in HL-1 atrial
myocytes, which could be attributable to ERK phosphorylation and oxidative stress derived from nicotinamide

adenine dinucleotide phosphate (NADPH)-oxidase.

(Circ J 2015; 79: 2659—2668)

Key Words: Atrial fibrillation; ERK; Kv1.5; Oxidative stress; Urate

are 0.5—-1 mg/d! or less, humans have a higher serum
urate level due to loss of uricase activity.! Hyperurice-
mia, defined as a condition with the serum urate level exceed-
ing 6.8 mg/dl, is a risk factor for gout, kidney stone and renal
failure.23 Recently, the guideline in Japan has indicated that
hyperuricemia is defined as the serum urate level of more than

C ompared to other mammals whose serum urate levels

7mg/dl.4 It is caused by an imbalance between urate synthesis
and its renal excretion; the predominant cause is reduced excre-
tion due to altered expression of uric acid transporters (UATSs)
in the kidney. UATs in renal proximal tubular cells play a
pivotal role in the regulation of serum urate levels.>6
Hyperuricemia has been reported to be associated with var-
ious kinds of diseases such as hypertension, metabolic syn-
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Reference Product

No. Transcript sequence (bp)
1 URAT1 M_0092033 431
2 URATV1 NM 0011024141 576
3 ABCG2 ! o 4%
4 NPT NM_009198.3 665
5 NPT4 . 001164743.1 527
6 OAT1 NM_008766.3 331
7  OAT3 0311945

8 MRP4
9 MCTS

* CAGTCCATCTTCCTGGCTGG ~ AGCTTGCCCACCGTGATGAG

- CCTACAACAACCCTGCGGAT  ACTACGAACAGCTCCACAGC

“TCACACTGATGGCGCAGAAT ACTAATGATGCCGCCCACAA
~ ACCTTGTGTGCTCTCATCGG AACTGGCCCAAGCTGTAGAC
CTTCCGATTCCTGTGTGGCT = TAGCCACACGTTGGAGTGTC

'CCTTCCTAAAAGCCTCGCCA :CCCAAMGAAGCTTGCCOAC‘ L

érd p! Reverse p
Sequence 5-3’ Sequence 5-3’

er

GAGGAGGACAAAGAAATGGTCC ATCACTCCGAACAGGTATGGC

GATGTCCTTGCTCCTCCCAC TGGTGAAGAGTITCCGGACG

CGTTAATTGAGGCACTCCGGT GGTAGGAGCTGCCCAGAATC

ABCG2, ATP-binding cassettes subfamily G second member 2 (also known as the human breast cancer resistance protein [BRCP]); bp, base

pairs; MCT, monocarboxylate transporter; MRP, multidrug resistance protein; NPT, Nat/phosphate cotransporter; OAT, organic anion trans-

porter; URAT, urate transporter.

dromes, diabetes mellitus, as well as chronic kidney disease 5
It increases oxidative stress, endothelial dysfunction and inflam-
mation, thereby increasing cardiovascular morbidity and mor-
tality.”8 Two possible mechanisms have been proposed for
hyperuricemia-related cardiovascular dysfunction: (1) xanthine
oxidase causes oxidative stress; and (2) urate induces vascular
smooth muscle cell proliferation, decreases nitric oxide pro-
duction and activates the renin-angiotensin system.'%-13 UATs
(eg, URAT1) are expressed not only in renal tubular cells, but
also in vascular smooth muscle cells, endothelial cells, adipo-
cytes and pancreatic S-cells.514-16 Thus, intracellular accumu-
lation of urate via activation of UATSs could cause systemic
cell damage through several signaling pathways.131517

Several clinical studies have reported a strong association
between hyperuricemia and the incidence of atrial fibrillation
(AF) in patients with hypertension,8 type 2 diabetes mellitus,"
and/or cardiovascular diseases?® such as chronic heart failure,!
ischemic heart failure,?? and cardiac events.?> Another cohort
study reported that hyperuricemia was associated with the
development of AF, indicating that the serum urate level is a
predictor for comorbidity with AF.2* High levels of serum urate
correlated with not only recurrence of paroxysmal AF after
catheter ablation,? but also permanent AF,? and increased risk
of left atrial thrombus as well as thromboembolic risk on trans-
esophageal echocardiography in patients with non-valvular
AF.2728 Suzuki et al recently reported that serum urate could
be a marker or an independent risk factor for AF in patients
with cardiovascular diseases.?® These reports indicate that the
measurement of the serum urate level could be useful in pre-
dictions of the onset and prognosis in AF patients,? and the
control of the serum urate level might be a therapeutic approach
for AF. Despite these correlations, however, the mechanisms
underlying the occurrence of AF in hyperuricemia patients
remains unknown.

AF is triggered by ectopic activity in the atrium or pulmo-
nary vein and is sustained by reentry that is characterized by
shortening of the effective refractory period (ERP), unidirec-
tional conduction block and slow conduction.?” Electrical prop-
erties of atrial myocytes in AF depend on electrical remodeling,
namely, altered expressions of atrial ion channels.3® Shorten-
ing of the atrial action potential duration (APD) shortens ERP,
which plays an important role in the initiation and sustainment
of AF.30 Both rate and rhythm control are essential in AF
management, however, their application must be considered
wisely due to serious adverse effects and limited long-term
efficacy. 3

Kv1.5 channels (voltage-gated potassium channel, shaker-
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related subfamily, member 5), encoded by the KCNAS5 gene,
confer the ultra-rapid delayed-rectifier potassium channel cur-
rents (Ikur) that strongly influence APD. It is more abundantly
expressed in the human atrium than in the ventricle.3? The
increases in mRNA and protein levels of Kv1.5 channels con-
tribute to the shortening of atrial APD, causing electrical
remodeling with atrial APD shortening in AF; therefore, inhi-
bition of Kv1.5 channel expression may be one of the thera-
peutic approaches for AF.33-35

HL-1 cells are cardiac muscle cells derived from the AT-1
mouse atrial cardiomyocyte tumor lineage. They are able to
contract spontaneously, propagate with an apparently unlim-
ited lifespan, and express the ion channels required for gener-
ating action potentials.3637 They have been used for studying
Kv1.5 channels, as reported in several publications.3”-%

Taken together, we hypothesized that urate could enhance
the expression of Kv1.5 in atrial myocytes. To verify this
hypothesis, we studied the effects of urate on the expression
and function of Kv1.5 channels using HL-1 cells, and explored
subcellular mechanisms underlying the hyperuricemia-induced
increase in AF incidence and alteration of Kv1.5 channels to
facilitate AF occurrence.

Methods

Cell Culture

HL-1 cells were cultured in Claycomb medium supplemented
with 10% Fetal bovine serum, 1% norepinephrine, 1% penicillin-
streptomycin, and 1% L-glutamin, on dishes coated with 0.02%
gelatin-fibronectin in an incubator at 37°C with 5% COq,
before being subjected to the assays.

Reagents

Urate (uric acid sodium salt) (Sigma Aldrich, St. Louis, MO,
USA) was dissolved in 10mmol/LL NaOH. It was administered to
cells at 60-70% confluence at the final concentration of 7mg/dL
We also used the influx UAT (URATV1) inhibitor, benzbro-
marone, and efflux UAT (ABCG?2) inhibitor, KO143 (Sigma
Aldrich), antioxidant N-acetylcysteine (NAC) (Sigma Aldrich),
NADPH-oxidase inhibitor, apocynin (Abcam Biochemicals),
and an extracellular signal-regulated kinase (ERK) inhibitor,
PD98059 (Sigma Aldrich).

mRNA Extraction and Reverse Transcriptase-PCR

Total RNA was extracted from HL-1 cells and mouse kidney
using a RNeasy kit (Qiagen). cDNA was synthesized using
PrimeScript with gDNA eraser (Takara Bio Inc, Kusatsu,
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Figure 1. Effects of urate on Kv1.5 protein levels in HL-1 cells. Protein expressions were analyzed by Western blotting using anti-
Kv1.5 and anti-a-tubulin as an internal control. Representative Western blots {Left) and averaged densities of Kv1.5 proteins
normalized to those of a-tubulin (Right) are shown. HL-1 cells were treated with urate at 7mg/dl or urate’s solvent (10mmol/L
NaOH) as a control for 24h. The relative density of Kv1.5 proteins in the urate-treated group is shown as a percentage to the

Urate 7mg/dL
Treatment

Control

Japan) according to the manufacturer’s protocol. PCR primers
are listed in Table 1.

Western Blot Analysis

Cells were collected in lysis buffer containing 0.01 M phos-
phate buffered saline (PBS), 1% nonidet P-40 (w/w), 0.5%
sodium deoxycholate (w/v), 0.1% sodium dodecyl sulphate
(w/v), 10 ug/ml aprotinin, 10 ug/ml leupeptine, 10 yg/ml pep-
statin and 1 mmol/L phenylmethylsulfonyl fluoride, and were
lysed by repeat pipetting. Insoluble materials were removed
by centrifugation, and the protein concentration of the super-
natant was determined by using the Bradford Protein Assay
method. An aliquot of 10-15ug protein was subjected to
sodium dodecylsulfate poly-acrylamide gel electrophoresis
and electrotransferred to a polyvinylidene fluoride membrane.
After being blocked with 5% skim milk, membranes were
probed with primary antibodies against Kv1.5 (1:400; Alomone
Labs, Jerussalem, Israel), a-tubulin (1:5,000; Abcam, Tokyo,
Japan), phosphorylated ERK (1:500; Cell-signaling Technology)
or total ERK (1:1,000; Cell-signaling Technology). The sec-
ondary antibodies were either anti-rabbit IgG or anti-mouse
IgG (1:3,000); both are horseradish-peroxidase-linked (GE-
Healthcare Limited, Buckinghamshire, UK). The blots were
developed using the enhanced chemiluminescence (ECL) sys-
tem (Amersham Bioscience, Piscataway, NJ, USA). The band
intensities were quantified using Image J version 1.42q soft-
ware (NIH, Bethesda, MD, USA).

Assay of Reactive Oxygen Species (ROS) Level

HL-1 cells were treated with urate (7mg/dl) alone, urate (7 mg/dl)
with either NAC (10mmol/L) or apocynin (1 mmol/L), or the
solvent NaOH (10mmol/L.) as a control, washed with PBS, and
incubated in the presence of 20umol/L 2’,7’-Dichlorofluorescin
diacetate (DCFH-DA) (Sigma Aldrich) for 30 min. Cells were
then washed with PBS, trypsinized, resuspended in fluores-
cence-activated cell sorting (FACS) buffer, and analyzed by
BD FACSAria™ flowcytometry (BD Bioscience, San Jose,
CA, USA).

Electrophysiological Recordings

After treatment with urate, Kv1.5 channel currents correspond-
ing to Ixur were measured. Outward membrane currents were
elicited every 6s by 300-ms test pulses ranging from —60 to
+80mV (in 10mV increments) with a holding potential (HP)
of ~60mV. A specific inhibitor of Kv1.5 channel currents,
4-aminopyridine (4-AP), at a dose of 100gmol/L was used to
isolate Ixw. To eliminate the contamination by another out-
ward current, rapidly activating delayed rectifier potassium
channel current (Ikr), the outward currents were recorded in
the presence of 5pmol/L E4031, which blocked Ik almost
completely. Thus, the currents measured here were 4-AP-sen-
sitive, E4031-insensitive currents. The extracellular solution
contained (in mmol/L) 140 NaCl, 4 KCl, 1.8 CaClz, 0.53
MgClz, 0.33 NaH2POs4, 5.5 glucose, and 5 HEPES, with the pH
adjusted to 7.4 by NaOH. The internal pipette solution contained
(in mmol/L) 100 K-aspartate, 20 KCl, 1 CaClz, 5 Mg-ATP, 5
EGTA, 5 HEPES, and 5 creatine phosphate dipotassium (pH
7.2 with KOH). Patch pipettes had a resistance of 5-10MQ
when filled with the pipette solution. Series resistance (Rs)
was determined by fitting a single exponential function to the
capacitive current decay to estimate its time constant and
membrane capacitance. After the Rs compensation of 50-60%,
the voltage errors arising from Rs were estimated to be less
than 5mV. The membrane potential was not corrected for the
liquid junction potential, which was estimated to be <10mV.
Currents were recorded with an Axopatch-200B amplifier (Axon
Instruments, Union City, CA, USA). The capacity-corrected
data were digitally filtered at 2kHz, then analyzed using
pCLAMP9 software on the computer. Action potentials were
measured in current-clamp mode, elicited at a rate of 0.5Hz
by 5-ms square current pulses of 1nA, and sampled at 20 kHz.
All currents and AP measurements were conducted at 37°C.

Statistical Analysis

The data were presented as meantSD, and the graphs were
built using Excel 2013 for Windows. Data were checked for
its distribution before further analysis. To analyze the differ-
ence between the 2 groups, the Student’s unpaired t-test was
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Figure 2. Effects of urate on the Kv1.5 channel current, the ultra-rapid delayed rectifier potassium channel currents (lku). (A) Patch

100umol/L) in HL-1 cells treated with or without urate at 7 mg/di. 4-AP-sensitive currents were determined by subtracting the cur-
rent in the presence of 4-AP from that in the absence of the agent (Right). Al current measurements were conducted in the pres-
ence of 5umol/L E4031, which eliminates rapid delayed-rectifier potassium channel currents (Ikr). (B) Voltage-dependent activation
of 4AP-sensitive currents recorded from the urate-treated (red circles) and control (blue circles) cells. Peak amplitudes of the
outward currents were determined and plotted as functions of the test potentials. The currents from the urate-treated cells were

(Left) and during (Middie) administration of 4-aminopyridine (4-AP;

*P<0.05).

used. Analysis of variance (ANOVA) followed by Fisher’s
Least Significant Difference (LSD) post-hoc test was used to
assess the difference between multiple groups. A P value of
<0.05 was considered significant. All of the statistical analyses
were performed by using OriginPro 9.1.0 (OriginLab Corporation,
Northampton, MA, USA).

Results

Urate Increased Kv1.5 Protein Levels and Enhanced lur

Figure 1 shows the representative Western blot of Kv1.5
proteins expressed by HL-1 cells treated for 24 h with or with-
out urate (7mg/dl). The summarized data on the density of
Kv1.5 proteins normalized to a-tubulin density confirmed that
urate significantly increased the protein level of Kv1.5. To exam-
ine whether urate increases the activity of Kv1.5 channels on
the cell surface, we measured Ixur through Kv1.5 channels.
Figure 2A shows original current traces of 4-AP-sensitive Ikur
in HL-1 cells treated with or without urate (7 mg/dl). Depolar-
izing test pulses elicited outward currents, which were almost
completely blocked by 4-AP at 100ymol/L. As HL-1 cells
were known to express another component of outward currents,
Ix:, we eliminated Ixr contamination using the Ixr inhibitor,
E4031. Treatment with urate for 24 h increased the amplitude
of Ixur elicited by the depolarizing pulses from a HP of -60mV.
Urate did not influence the capacitive currents (35£3.2 pF in
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control, 36.7+3.0 pF with urate). Summary data of the volt-
age-dependent activation of Ixur in HL-1 cells in the absence
and presence of urate indicate that urate significantly augmented
Ikur in a potential range from —30 to +60mV without affecting
the threshold potential (Figure 2B). Urate did not affect the
L-type calcium channel currents or protein level, as shown in
Figures S1 and S2.

Figure 3 shows the representative action potentials recorded
from HL-1 cells treated with (black and blue) or without urate
(red and green), and averaged APDs at 50% repolarization
(APDs0) and 90% repolarization (APDoo). Urate significantly
shortened APDso (32.83%6.51 ms in control, 17.74£5.85ms
with urate) and APDg (113.18%18.51ms in control,
53.284+23.29 ms with urate) without changes in resting mem-
brane potentials (—69.38+2.85mV in control; —69.60+1.77mV
with urate). The details on action potential parameters are
presented in Table 2. To ensure that the changes in APDs
were specifically caused by the increase of Ikur, we also com-
pared APDs in the control and urate groups in the absence and
presence of 4-AP. The results showed that after addition of
4-AP, the APDs in urate-treated cells were significantly pro-
longed, but shorter than those in the control group.

Inhibition of UATSs Influenced a Urate-Induced Increase

in Kv1.5 Channel Proteins in HL-1 Cells
We evaluated the mRNA expression of 9 UATs in HL-1 cells
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Figure 3. Effects of urate on action potentials of HL-| cells. (A) Action potentials recorded from HL-1 cells treated with (blue and
pink) or without (black and red) urate at 7 mg/d| before and during application of 4-aminopyridine {(4-AP). (B) Action potential
durations at 50% repolarization (APDso) and 90% repolarization (APDso) measured for the control and urate-treated cells. Both
APDso and APDao values were significantly shorter in the urate-treated cells than in control cells (n=10; *P<0.05).

P
Treatment Resting membrane

AP amplitude

Overshoot APDsp APDso

~ group ) potential (mV) ) (mvV) (mV) (ms) (ms) ’
1. Comrol  -6938:285  90.73:6.69 2135:7.03 3283:651  113.18«1851
2 Urate —69.60+1.77 87.45+5.21 17.85+5.20 17.74+5.85 53.28+23.39

APDso, action potential durations at 50% repolarization; APDso, action potential durations at 90% repolarization.

using RT-PCR (Figure 4A), which detected the expressions
of an influx transporter (URATv1) and two effiux transport-
ers (ABCG2 and MRP4). All of these expressed UATs were
also expressed in human embryonic stem cell-derived cardio-
myocytes (Figure S3).

To test how the expressed UATSs could be involved in the
urate-induced enhancement of Kv1.5 protein expression, we
examined the effects of UATS inhibitors on the Kv1.5 protein
expression in HL-1 cells. Figure 4B shows the representative
Western blots of expressed Kv1.5 proteins after a 24-h treat-

ment with or without urate. Pretreatment with benzbromarone
(20pmol/L), an inhibitor of the influx transporter, URATVI,
abolished the urate-induced increases in Kv1.5 protein expres-
sion. Figure 4C shows the representative Western blots of
Kv1.5 proteins after a 24-h treatment with or without urate in
the absence and presence of KO143 (100nmol/L), an inhibitor
of the efflux urate transporter, ABCG2. KO143 (100nmol/L)
enhanced the urate-induced increase in Kv1.5 protein expres-
sion. Either benzbromarone or KO143 alone did not affect the
Kv1.5 expression (data not shown).
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Figure 4. Expression of uric acid transporters (UATs) and their roles in urate-induced Kv1.5 upregulation in HL-1 cells. (A) mRNA
expressions of UATs in HL-1 cells determined by polymerase chain reaction (PCR) analyses. Data for HL-1 cells’ cDNA (H) and
mouse kidney's cDNA as a control (K) are shown in pairs. HL-1 cells expressed URATv1, ABCG2 and MRP4. Control (-) indicates
a control for gDNA contamination during reverse-transcriptase reaction, of which the reverse-transcriptase enzyme was not added
to the reaction. Control (+) means a control for the reverse-transcription process, indicating that cDNAs could be well synthesized.
During amplification, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers were added to both Controls. (B) Effect of
benzbromarone on the expression of Kv1.5 proteins. HL-1 cell cultures were assigned to 3 groups, and treated with 10 mmol/L of
NaOH as a control, 7mg/d! urate alone, or 7mg/dl urate with 20umol/L benzbromarone. Protein lysates were taken after 24h.
Representative Western blots (Lower) and the averaged density of Kv1.5 proteins normalized to that of a-tubulin (Upper) are
shown, The averaged density data shown as percentages to the control values revealed a significant increase of Kv1.5 expression
in the group administered urate alone, and a reduction of the urate effect in the presence of 20 umol/L benzbromarone (n=3;
*P<0.05). (C) Effect of KO143 on the expression of Kv1.5 proteins. HL-1 cell cultures were assigned to 3 groups, treated with
10 mmol/L NaOH as a control, 7 mg/dl urate alone, or 7 mg/d! urate with 100 nmol/L KO143. Protein lysates were taken after 24 h.
Representative Western blots (Lower) and the averaged density of Kv1.5 normalized to that of a-tubulin (Upper) are shown. The
averaged density data demonstrate an increased Kv1.5 expression in the group treated with urate alone, and a further increase
of Kv1.5 expression in the presence of KO143 (n=4; *P<0.05).

Oxidative Stress Is Involved in Urate-Induced Upregulation
of Kv1.5 Channel Proteins

We also examined whether oxidative stress was involved in
the urate-induced enhancement of Kv1.5 expression. Treat-
ment with urate increased ROS by approximately 30%, and
this effect was cancelled by simultaneous treatment with an
antioxidant, NAC (Figure 5A Left). Figure 5B (Left) shows
the representative Western blots of Kv1.5 proteins after 24-h

treatment with or without urate in the absence and presence of
NAC. Treatment with NAC (10 mmol/L) for 1h prior to urate
exposure abolished the enhancing effect of urate on Kv1.5
protein expression, while NAC alone did not affect the Kv1.5
expression (data not shown).

As ROS generation induced by urate has been reported to
involve nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase, we tested the effects of a NADPH-oxidase

Circulation Journal Vol.79, December 2015

— 331 —




Urate-Induced Enhancement of the Kv1.5 Channel

2665

A

Contro}

G

ontrot

o

Cor
Ky 5

¢

oot

Urate+NAC10mM

140

120

1.0

2.80 -
065 -
D40
420 -
000 -

ROS{+ Cells normalized

=

Urate Tmgldl  Urate + NAC
10mbg

Cottral

Trestment 30 min

Ut
NAC TomM

Control

Urate

Kvls B

A~

50~
kDa

_ atgbulin

Control

U

Treatmaent 30 minutes

Coufrol  Unste

e R

Figure 5. Involvement of oxidative
stress in the urate-induced upreg-
ulation of Kv1.5. (A) Representa-
tive records of reactive oxygen
species (ROS) level analysis using
flow cytometry (Upper parts) and
averaged ratios of ROS-positive
cells (Lower parts). (B) N-acetyl-
cysteine (NAC) and apocynin inhi-
bitions of the urate-induced
enhancement of Kv1.5 expression.
HL-1 cells were assigned to each
3 groups as for the ROS level anal-
ysis. Cells in the urate+drug group
were pre-treated with NAC (Left
side) or apocynin (Right side) for
1h prior to the 24-h exposure to

fate Trogfdi Urate + Aporyoin
i

L+ Apoggnin
106 uM

Kvis

a-Tubulin

R T

urate. Protein lysates were taken

and subjected to Western blot

8
g2
fod

analyses (Upper part). The aver-
aged density of Kv1.5 proteins

g
&

% Relative Density
% Relative Density
g

Contrat Urats Fplil Usalns NAC
Tregtment  H0eW

Conteol

500 i g - :
EEEY e
‘ |
LD e J—
P S

Ursts Zongldl. Uras

Treat

normalized to that of a-tubulin
(Lower part) showed a significant
reduction of Kv1.5 expression in
both NAC-treated and apocynin-
treated groups, as compared 1o
the groups treated with urate alone
(n=4 each; *P<0.05).

soeyain

meant o usd

inhibitor, apocynin. Figure 5A (Right) shows the effects of
apocynin on ROS productions in the presence of urate. Flow
cytometry confirmed the increase of ROS in the urate-treated
group, and that apocynin at 1 mmol/L. reduced ROS to the
control level. Figure SB (Right) shows the representative
Western blots of Kv1.5 proteins after 24-h treatment with or
without urate. Treatment with apocynin on urate-treated cells
abolished the urate-induced enhancement of Kv1.5 expres-
sion. Apocynin alone did not affect Kv1.5 expression (data not

shown). Each of the flow cytometry experiments was con-
firmed by another experiment.

ERK Pathway Is Involved in Urate-Induced Kv1.5
Upregulation

We further examined an involvement of the ERK pathway, the
downstream signaling pathway activated by oxidative stress, in
the urate-induced enhancement of Kv1.5 expression. Figure 6A
shows the representative Western blots of Kv1.5 proteins after
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Figure 6. Involvement of the extracellular signal-regulated kinase (ERK) pathway in the urate-induced upregulation of Kv1.5. (A)
Effect of the ERK-inhibitor, PD98059, on Kv1.5 expression. HL-1 cells were treated with NaOH at 10mmol/L (Control), urate
(7 mg/dl) alone, or urate (7 mg/di)+PD98059 (20umol/L) for 24 h. Protein lysates were taken, and subjected to Western blot analy-
ses (Right). The averaged density of Kv1.5 proteins normalized to that of a-tubulin (Left) showed a significant reduction of Kv1.5
expression in the PD98059-treated group (n=3; *P<0.05). (B) Effect of PDI8059 on phosphorylated-ERK. HL-1 celis were treated
as per the Kv1.5 expression analysis described above. Western blots using an antibody against phosphorylated ERK (pERK)
revealed an increase of pERK level in the urate-treated celis (right). The averaged density of pERK as a percentage to the total
ERK, normalized to the density in the control group, showed significant inhibition of the urate-induced pERK increase by PD38059
(Left; n=3; *P<0.05). (C) Effect of N-acetylcysteine (NAC) on phosphorylated-ERK. HL-1 cells were treated with NaOH at 10 mmol/L
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significant inhibition of the urate-induced-pERK-increase by NAC (Left; n=3; *P<0.05).
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24-h treatment with or without urate in combination with an
ERK inhibitor, PD98059. PD98059 (20 umol/L) abolished the
urate effect. Urate increased phosphorylated ERK (pERK) in
HL-1 cells (Figure 6B), and PD98059 (20 umol/L) abolished
this enhancement. We finally examined effects of NAC on the
level of pERK in urate-treated cells (Figure 6C). NAC abolished
the increase of pERK caused by urate, indicating that the urate-
induced enhancement of ERK phosphorylation is due to oxida-
tive stress.

Discussion

In the present study, we investigated whether urate, a soluble
form of uric acid, could alter the expression and function of
Kv1.5 channels in HL-1 cells. Treatment with urate increased
the protein level of Kv1.5, which was accompanied by an
increase in Ikur and shortening of APDs.

Kv1.5 channels, encoded by the KCNA5 gene, confer Ixur.
In humans, the Kv1.5 channel is selectively expressed in atrial
myocytes where it is an important contributor for action
potential repolarization and controls APD.3 Overexpression
of Kv1.5 in rat cardiomyocytes shortens APD,* leading to the
shortening of ERP, which plays an important role in the gen-
eration of reentry circuits to cause tachyarrhythmia. Yamashita
et al reported that the enhancement of Kv1.5 expression by
rapid pacing resulted in APD shortening and AF.3 In the pres-
ent study, the urate-induced increase in Kv1.5 expression was
associated with APD shortening. This is the first study to
report that intracellular elevation of urate could shorten atrial
APD and ERP via enhancement of Kv1.5 channel currents.
Elevation of the serum urate level has been reported to
increase the incidence of AF, and a recent study has indicated
that hyperuricemia is an independent risk factor of AF.2 Our
findings are consistent with these reports.

The intracellular urate level is regulated by UATs.5¢ The
intracellular accumulation of urate via activation of influx
UATs could cause cellular damage through several signaling
pathways. In a previous report by Kang et al, urate induced
vascular smooth cell proliferation through activation of an influx
UAT, voltage-driven urate transporter 1 (URATV1, also known
as SLC2A9).13 There is no report regarding the expression of
UATs in human atrium, while there is a report of UATs
expressed in human umbilical endothelial cells (HUVECs).16
This report indicated that URATVI, as well as ATP-binding
cassettes subfamily G second member (also known as the
human breast cancer resistance protein, BRCP; ABCG2), mul-
tidrug resistance protein 4 (MRP4) and monocarboxylate
transporter 9 (MCT9) were expressed in HUVECs; thus, the
types of UATs in HUVECs were similar to those in HL-1
cells. We confirmed that the expressed UATs were also
expressed in human embryonic stem cell-derived cardiomyo-
cytes (Figure S3). Based on these data, there might be sig-
nificant expressions of URATv] and other UATs in human
atrium as well. However, further experiments would be neces-
sary to clarify whether hyperuricemia really shortens the
refractory period in human atrium via the enhancement of
Kv1.5 channel expression.

In the present study, HL-1 cells expressed mRNA of the
influx transporter, URATV1, as well as the efflux transporters,
ABCG2 and MRP4. The authentic URATV1 inhibitor benzbro-
marone abolished, but the ABCG?2 inhibitor, KO143, enhanced
the urate-induced increases of Kv1.5 proteins. These findings
support our hypothesis that the intracellular accumulation of
urate via UATS increases Kv1.5 proteins in HL-1 cells.

Urate-induced oxidative stress is implicated in various patho-

physiological states.!1215 Urate stimulates the production of
oxidant in both adipocytes and vascular smooth muscle cells.!741
‘We observed an increase of ROS in urate-treated HL-1 cells.
This increase was proportional to the increase of Kv1.5 pro-
teins. Reversal of the increase by the antioxidant, NAC, con-
firms an involvement of oxidative stress. ROS is well-known
to be generated by NADPH oxidase and urate-induced ROS
production via activation of NADPH oxidase.*! The NADPH
oxidase inhibitor, apocynin, reduced the ROS level and inhib-
ited the urate-induced enhancement of Kv1.5 expression. Chao
et al reported that urate stimulated the expression of endothe-
lin-1 and NADPH oxidase in human aortic smooth muscle
cells.#! Taken together, we conclude that urate-induced oxida-
tive stress via activation of NADPH oxidase increased the
protein level of Kv1.5.

Several studies reported involvement of the ERK 1/2 path-
way as part of the downstream signaling of urate-derived
ROS.1542 In the present study, treatment with urate increased
the level of pERK, which was suppressed by pretreatment
with the antioxidant, NAC. This finding is consistent with
previous reports for vascular smooth muscle cells, adipocytes
and pancreatic f-cells.’>1741 The present study demonstrates
that urate enhances Kv1.5 expression through xanthine oxidase
and NADPH oxidase-dependent oxidative stress, and activa-
tion of the ERK1/2 pathway.

Some limitations in this study should be considered. The
Kv1.5 channel is known to have a complex regulatory mecha-
nism, starting from its transcription, translation, and post-trans-
lational modifications affecting its glycosylation, trafficking,
surface expression and degradation.®® Our study measured
only the total expressed Kv1.5; further studies are needed to
clarify which part of the regulations is actually affected. The
mean current increased 3-fold, while the Kv1.5 protein expres-
sion increased by only approximately 30%. This discrepancy
might be caused by the involvement of other factors that we
did not observe. In this study, we used the HL-1 mouse atrial
myocytes cell line, of which electrophysiological and biologi-
cal properties have been well characterized. However, experi-
ments using primary cultured cardiomyocytes or in vivo stud-
ies are necessary in the future. Another limitation is that we
selected only some of the commonly known UATSs to be
analyzed for their presence in HL-1 cells. Thus, the presence
of other UATSs in HL-1 cells is unknown.

In summary, urate enters the cell through UATs, and enhances
Kv1.5 protein expression. This effect is exerted by NADPH
oxidase-dependent oxidative stress and the ERK pathway.
Because the atrium with increased Kv1.5 currents is predis-
posed to AF, the use of influx UAT inhibitors and antioxidants
may be beneficial for the prevention of AF in patients with
hyperuricemia. Confirming this finding can lead to a more
comprehensive treatment of hyperuricemia, particularly for
the prevention of an overexpression of K* channels, which
may increase the risk of tachyarrhythmias, including AF.
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